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Abstract

A reduced expression level of the cyelin-dependent kinase
inhibitor p27*?’ is associated with increased tumor malig-
nancy and poor prognosis in individuals with various types
of cancer. To investigate the basis for this relation, we
applied microarray analysis to screen for genes differentially
expressed between p27*'~ and parental (p27**) HCT116
human colon carcinoma cells. Expression of the gene for G
protein-coupled receptor 48 (GPR48) was increased in the
p27+/ ~ cells. Forced expression of GPR48 increased both
in vitro invasive activity and lung metastasis potency of
HCT116 celis. In contrast, depletion of endogenous GPR48 by
RNA interference reduced the invasive potential of Hela and
Lewis lung carcinoma ¢ells not only in vitre but alse in vive.
Moreover, GPR48 expression was significantly asseciated with
lymph node metastasis and inversely correlated with p27
expression in human colon carcinomas. GPR48 may thus play
an important role in invasiveness and metastasis of carcinoma
and might therefore represent a potential prognostic marker
or therapeutic target. (Cancer Res 2006; 66(24): 11623-31)

introduction

Metastasis is a major clinical determinant of the poor prognosis
of various human' cancers. There are enorimous studies indicating
biological markers agsociated with. distant metastasis, including
lymph node metastasis. The expression of 4 cyclin-dependent
kinase (CDK) inhibitor p27°%7 (hereafter p27) is reduced in many
types of human cancey, including breast {1, 2) and colorectal (3)
carcinomas, and it is inversely related to tumor aggressiveness and
directly associated with prognosis in individuals with such cancers
(4). p27 functions as an important negative regulator of the cell
cycle by inhibiting the activity of G; cyclin-CDK complexes during
Gy and G, phases (5). Degradation of p27 results in the activation of
Gy cyclin-CDK complexes and consequent promotion of cell cycle
progression from Gy to S phase. Elimination of p27 is regulated by
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SCF? an SCF-type ubiqiitin ligase that catalyzes the ubiquity-
lation of p27 and thereby targets it for degradation by the 268
proteasome (6). Kipl ubiquitylation-promoting complex was also
recently identified as a ubiquitin ligase for p27 that promotes G;
progression (7). The reduced abundance of p27 in human tumors
results from enhanced degradation of this protein by the ubiquitin-
proteasome pathway (8, 9). Expression of Skp2 is increased in
certain transformed cell lines and various types of human cancer
(10). Such increased expression of Skp2 may enhance the
degradation of p27 and thereby promote cell cycle progression.
However, accelerated cell growth alone cannot fully explain the
highly aggressive nature of, and poor prognosis associated with,
tumors with a low level of p27. To identify other mechanisms by
which down-regulation of p27 expression might promote malig-
nancy, we established a human cell line with a reduced level of p27
expression through targeted disruption of the p27 gene in HCT116
colon carcinoma cells and then examined the effects of p27
deficiency in these cells on gene expression. We found that
expression of the gene for G protein-coupled receptor 48 (GPR48)
was increased in the p2’7+/ ~ cells.

GPR48, also known as leucine-rich repeat (LRR)-containing G
protein-coupled receptoi- 4 (LGR4), is-a member of the G protein—
coupled receptor (GPCR) family of proteins, but its biclogical
function is unclear (11, 12). The GPCR family comprises proteins
with seven transmembrane domains that function as the receptors
for various classes of ligand, including peptide hormones and
chemokines (13), and which are major targets for pharmaceutical
development. (14). Several GPCRs, including thyroid-stimulating
hormone receptor and chemokine (C-X-C) receptor 4, have also
been found to contribute to carcinogenesis (15). GPR48 is
composed of a large NHy-terminal extracellular domain containing
18 LRRs, the seven miembrane-spanning segments, and a COOH-
terminal intracellular domain (11, 12). Although it is structurally
similar ‘to. receptors for gonadotropins and thyreid-stimulating
hormone, GPR48 is currently classified as an orphan receptor
because its ligand has not been identified. However, GPR48
knockout mice were shown to manifest intrauterine growth
retardation and renal development (16, 17).

We have now identified GPR4S8 as a gene whose expression is
up-regulated in p27-deficient HCT116 cells, and forced expression
of GPR48 was found to increase the invasive and metastasis
potential of HCT116 cells. Furthermore, GPR48 expression was
inversely correlated with the expression of p27 in human colon
carcinomas and was significantly associated with lymph node
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Materials and Methods

Cell culture snd establishment of stable transformants. Primary
mouse -eimbryoric fibroblasts (MEF) were obtained from embryos at 13.5
days after coitum by standard procedures (18-20). MEFs and all cell lines
were cultured under-a humidified atmosphere of 5% CO,at'37°C in DMEM
supplernented ‘with 10% fetal bovine sertim, penicillin (100 nnits/mb), and
streptomyein (100 pg/mL). GPR48 and Skp2 ¢DNAs were generated by
reverse trangeription-PCR (RT-PCR) from Hela cell mRNA and subcloned
into pcDNA4 (Invitrogen, San Diego, CA); and the resulting plasmids were
introduced into HCT116 cells by transfection with the FuGene reagent
(Roche, Indianapolis, IN). Stable transformants were selected by culture in
the presence of zeocin (400 ug/mi).

Targeted disruption of the p27 gene in HCT116 cells. The targeting
vector contained about 9 kb of p27 intron sequences and polyadenylate
[poly(A)]-less G418-resistant gene substituted for p27 coding region:
Translation of neo mRNA was thus dependent on. integration of the vector
upstream of the poly(A) sequence of the p27 gene in HCT116 cell line that
has .also been used previously to genetate somatic knockout cells {21).
HCT116 cells were transfected with the targeting vector with the use of the
Lipofectamine reagent (Invitrogen), and stable transformants were selected
with G418 (600 pg/mL). The resulting clones were screened for. homologous
recombinants by PCR analysis of genomic DNA. Only ane clone among 464
(3418-resistant colanies screened proved to be heterozygous for the p27
gene. Thisfinding was confirmed by Southern blot analysis (data not shown).

Microarray analysis. Gene expression was compared between p27*’ -
and parental HCT116 cells by DNA microarray analysis with Motorola
CodeLink Biocarrays {Kurabo, Osaka, Japan).

Quantitative RI“PCR analysis; Total RNA was isolated from frozen
tissue specimensor eultured cells with the nse of an Isogen kit (Wako, Osaka,
Japan,) and wis subjected to reverse transcription with random hexanucleo-
tide primers .and SuperScript Reverse Transcriptase II (Invitrogen). The
resulting ¢DNA was subjected to real-time PCR with the LightCycler
System and a QuantiTect SYBR Green PCR kit (Qiagen, Chatsworth, CA).
The primer sequences were TGGGAATCTTTTCCTGTCTG and GAACACT-
GAGACAGTATGCC for Skp2, CAGTACCCAGTGAAGCCATT and
TGITGTCATCCAGCCACAGA. for GPR48, AACGTGOGAGTGTCTAACGG
and GCCGTGTCCTCAGAGTTAGCC for p27, and ACTGCTGCGGCCAA-
TGCGAA and TGGGCTGCTCTACGCAACCATCT for p57. The abundance of
transcripts of interest was hormalized by that of glyceraldehyde-3-phosphate
dehydrogenase mRNA or 185 rRNA as an internal standard. At least three
independent analyses were done for each sample and for each gene.

Generation of ‘antibodies to GPB48. A peptide (CQEQKMLRTLDL)
based on the large NHp-terminal ectodomain of human GPR48 was
chemically synthesized, conjugated with Keyhole: limpet hemocyanin, dnd
injected into rabbits. Specific antibodies to GPR48 were purified from the
resulting antisertumn by affinity chromatography with the peptide antigen as
described in Gao et-al. (22).

Immunoblot analysis. Cell lysates were prepared with lysis buffer (23),
fractionated by SDS-PAGE on an 8% gel, and subjected to immunoblot
analysis with antibodies to p27 (Transduction Laboratories, Lexington, KY),
to Skp2 (Zymed, South San Francisco, CA), to R-actin (S8igma, St. Louis,
MO), to CDK4(Transduction Laboratories), to tubulin (Sigma), or to X-press
(Invitrogen). Immune complexes were detected with horseradish peroxi-
dase-conjugated secondary antibodies (Promega, Madison, WI) and an
enhanced chemiluminescerice system. (NEN, Boston, MA).

BNA interfereénce. Knockdown vectors for GPR48 or p27 small
interfering RNAs (siRNA) were constructed by introduction of the 345
CAGTACCCAGTGAAGCCAT-369 (NM._018490) and 217-GTACGAGTGG-
CAAGAGGTG-235 (X84849), respectively, into the pSuper RNA interference
(RNAI) vector (Oligoengine; Seattle;, WA). Theé resulting plasmiids or the
control vector were introduced inte Hela or HCT116 cells by transfection
with the use of FuGene (Roche), and stable “knockdown” clonies were
selected with hygromycin (150 pg/mL).

Luciferase reporter assay. Cells (200,000 per well) cultured in six-well
plates ‘were transfected with the usée of the GI-1 reagent {(Dojindo,
Kumiamoto, Japan) with 1 ug of ‘& luciferase reporter plasmid based on

PGV-B (Wako) and with 250 ng of the CMV-B-gal plasmid, with ot without
40 ng {or the indicated amount) of an expression vector for human E2F1 (a
gift from Dr. E. Hara, Tokushima University, Tokushima, Japan). Cells were
Iysed 48 hours after transfection and assayed for luciferase and B-
galactosidase activities, with the former being normalized by the latter.

Chromatin immunoprecipitation assay. HEK293 cells-grown overnight
in 100-mm dishes to 60% to 70% confluency were transfected with 1 pg of
the promoter construct using the FuGene reagent (Roche). The untrans-
fected 293 cells. for analysis of endogenous GPR48 gene and promoter-
transfected 293 cells were cross-linked with formaldehyde and harvested,
and chromatin immuneprecipitations with anti-E2F1 (Santa Cruz Biotech-
nology, Santa Cruz, CAJ and control mouse IgG were done. The remainder
of the procedure followed standard protocels for chromatin immunopre-
cipitation analysis deseribed by Upstate. The resulting DNA was analyzed by
PCR reactions with a forward primer 5-CGAAGTACCCTTAAAGCCGTAGTT
and a reverse primer 5-AAACATCTGAGTGGGAGGTGACTA.

Invitro cellinvasion assay. Cells (5 % 10° per well) were placed inthe upper
chamber of a 24-well Transwell apparatus containing Matrigel membranes
(BD Biosciences, San Jose, CA), and the lower chamber was filled with 750 pL
DMEM supplemented with 0.1% bovine sertum albumin and fibronectin
(10 jig/ml; Roche) as a chemoattractant. After inctibation for 36 hours at 37°C,
cells that had migrated to the lower surface of each membrane were staitied
with the use of & Dift-Quik kit {International Reagents, Kobe, Japan) and
counted: Each experitent was donie with triplicate wells and repeated thrice.

In vivo tumor metastasis. To estimate the metastatic ability of GPR4S,
we used two lung colonization models: Briefly, HCT116 cells were prepated
as single-cell suspensions in sterile PBS at a concentration of 2 X 107 per
mlLy and a volume of 250 il (5 % 10° cells) was s.c. injected inta 6-week-old
male athymic nude mice (BALB/c nu/nu; purchased from Seiken Co. Ltd.,
Tokyo, Japan). HeLa cells were prepared as mentioned above af a
congentration of 5 X 10° per md, and a volume of 200 L (I' X 10° cells)
was injected via the tail vein (i.v.) into 6-week-old miale athymic nude mice.
Animals were' sacrificed ‘on ‘a days between 35 and 42. The lungs were
excised, fixed in formalin overnight, and sectioned discontinuously into six
portions. The 5-um sections were immunostained with mouse anti-haman
cytokeratin monoclonal antibody (Santa. Cruz Biotechriology). Metastatic
deposits <6.2 mm were considéred micrometastases.

Patient characteristics and tissue specimens. Specimens of colon
carcinomaand paired normal mucosal tissue were obtained from 29 Japanese
patients (19 men and 10 women)who received no therapy before surgery. The
histopathologic grade of tumor differentiation was defined as described (24).
The median age of the patients was 64.9 years (range, 42-88 years)

Immuneostaining. For immunochistochemical analysis, formalin-fixed,
paraffin-embeédded sections (thickness = 5 pm) were depleted of paraffin,
rehydrated, and irradiated in a microwave oven for 40 minutes in 10 mmol/L
sodium citrate buffer (pH 6). The sections were thern incubated with 0.3%
H,0, in absolute methanol for 30 minutes to quench endogenous
peroxidase “activity before exposure to antibodies to p27 (Transduction
Laboratories) or to GPR48 (Hokkaido System Science generated in the
present study). Immune complexes ‘were detected with biotin-conjugated
secohdary antibodies, streptavidin-conjugated horseradish peroxidase, and
diaminobenzidine with the use of a kit (Histofine SAB kit, Nichirei, Tokyo,
Japan). The sections were lightly counterstained with hematoxylin and
mounted with a permanent: mounting medium. For the evaluation of p27
expression, the number of stained nuelei was counted (25) at least 10 high-
power- fields were chosen randomly for scoring of the percentage of cells
positive for p27 staining among 1,000 cells examined per section:

Statistical analysis. Data are presented as ‘means + SE, and the
statistical significance of differences was assessed with Fisher's exact test.
P < 0.05 was considered statistically significant.

Resulls

GPR48 expression is inversely related to p27 expression in
HCT116 and MEF cells. To examine the mechanism by which p27
down-regulation increases tumor malignancy, we studied the human
colon carcinoma cell line HCT116, which possesses wild-type p53
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and retinoblastorna protein (pAB) genes and in which p27
degradation seems to ‘occur normally during the cell cycle. This
cell line has also been used previously to generate somatic
knockout cells (21). We subjected the p27 gene in HCT116 cells to
targeted disruption (Fig. 1A4), resulting in the isolation of one
heterozygous recombinant clone (p27°/7) as revealed by PCR
analysis (Fig: 15, lane I). Immunoblot analysis showed that the
abundance of p27 was markedly reduced in the P27+ cell clone
compared ‘with that in the parental HCT116 cells (wild type), and
in Skp2-15.cell clone compared with that of the clone transfected
with the corresponding empty vector (Fig. 1C, Vec). The stable
transformants and heterozygous recombinant clone above were
subjected to an in vitro assay of cell invasion. The invasive activity
of p27*'~ was increased compared with parental cells (Fig. 1D, Jef).
Therefore, down-regulation of p27 enhanced carcinoma cell
invasiveness. With the use of DNA ‘microarray analysis, we then
scréened for genes that are expressed differentially in the p27t ™
and parental HCT116 cells. We found 26 differentially expressed

genes between p27*/~ and their parental cells by the microarray
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Figure 1. Up-regulation of GPR48 gene expression in p27-deficient HCT116
cells. A, structure of the targeting vector, the -human p27 gene, and the mutant
p27 locus after homologous recombination. Numbered boxes, exons of the
p27 gens; with the coding regions shaded. Arrows, positions of PCR ‘primers
(sizes of the corresponding amplification products are shown). B, PCR-based
screen for homologous recombination ‘events in HCT116 cells transfected with
the p27-targeting vactor. Sizes of PCR products derived from the wild:type and
mutant alleles are shown. Lane 1, p27*~ vacombinant clons; fanes 2 16 6,
non-racombinant clohes; lane 7, positive control; Jane 8, negative control;

lane M, size markers. G, immunoblot analysis-of p27 in HCT 116 cells stably
averexpressing Skp2 (8kp2-18) or transfacted with the correspondirig empty
vector (Vec)), inthe p27*~ recombinant clone, and in parental HCT116 cells
(WT). The abundance of CDK4 was simifarty probed as a loading control.

D, the pa7*"~ yecombinant clone (p27*) and parental HCT116 (WT) were
assayed for invasive activity in vitro with'a Transwell apparatus containing
Matrigel membranes. The numbers of migrated cells were quantitated in three
independent experiments: (faff). GPR48 mRNA in p27*~ and parental (WT)
HCT116 cells 'were measured by quantitative RT-PCR analysis (right).
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Figure 2. Inverse corrslation of expression Jevels betwesn GPR48 and p27.
A, mHNA levels of both p27 and GPR48 in HCT116 clones stably transfected
with-a vector for p27 shRNA (p27-KD25 and p27-KD45) or with control siRNA
plasmid vector (Cont:13 and Cont-16). were analyzed by quantitative RT-PCR.
*, P<.0.05. B, up-ragulation of GPR48 expression in p27~"~ MEFs and its
down-ragulation in Skp2™'~ MEFs. RT-PCR-analysis of ps7"* (female)

and Skp2 mRNA and immunocblet analysis.of p27 in MEFs of the indicated
genhotypas. Glyceraldshyde-3-phosphate dehydrogenase (GAPDH) mRNA and
p-actin were analyzed as respective controls. Levels of GPR48 mRNA were
measured by quantitative: RT-PCR analysis.

analysis. Among these genes, 22 were down-regulated, and 4 were
up-regulated. in p27*" cells compared with the parental ones, We
selected several genes that could have potential to modulate signal
transduetion or cell motility or adhesion. We then did quantitative
RT-PCR analyses of these genes to confirm the results of
microarray analysis. Thus, we found that expression of the gene
for GPR48 was reproducibly increased in the p27*/~ HCTI116
(Fig: 1D, right). We confirmed that the abundance of GPR48 mRNA
in HCT116 cell lines stably expressing p27-shRNA was increased
compared with that in control lines transfected with control short
hairpin RNA (shRNA) plasmid vector (Fig. 24). Moreover; Skp2-
overexpressing cell lines with low p27 also showed an increased
abundance. of GPR48 mRNA (data not shown). The ligand and
cellular functions: of GPR48 are unknown, Because GPR48
kmockout mice were shown to manifest intrauterine growth
retardation and remal development (16, 17), we presumed that
GPR48 might be involved in cell motility or differentiation as well
as developmental events. Therefore, we focused on GPR48.

The inverse relation apparent between the expression of p27 and
that of GPR48 in HCT116 cells was confirmed by experiments with
MEF derived from p27 knockout (p27'[ 7) mice (18), heterozygous
p57°%? knockout (p57+’ 7} mice (19), -and Skp2 knockout (Skp‘Z'/ )
mice (ref 20; Fig. 28). The amount of GPR48 mRNA was increased
in 27/~ MEFs compared with that in p27'"* MEFs, did not differ
between p57"'" and p57"* MEFs, and was reduced in Skp2™~
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Figure 3. Activation of the GPR48 promoter by E2F1.
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MEFs relative to that in Skp2*”* MEFs. Together, these results
suggested that p27 negatively affects expression of the GPR48 gene.

Activation of the GPR48 promoter by E2F1. To investigate
the mechanism by which p27 deficiency results in increased
GPR48 expression, we first examined the promoter of GPR48 for
transcription factor binding sites with the use of the Tf-binding
database.” We identified four putative E2B-binding sites (E2FA,
E2FB, E2FC, and E2FD) in the GPR48 promoter (Fig. 34, top). We
speculated that the fransactivation activity of E2F might be
increased as a result of down-regulation of p27 expression, given
that ‘an increase in CDK activity has been shown to activate E2F
in the pRB pathway (26). To determine whether E2F1 activates
the GPR48 promoter, we did a luciferase reporter assay with the
plasmid PGVB-GPR48-1671, which contains nucleotides —1671 to
+444 (NM_018490; relative to ‘the transcription start site) of
Human GPR48 and with various mutants thereof (Fig. 34). The
GPR48 promoter was activated by E2F1 in a concentration-
dependent manner in transfected HCT116 cells (Supplementary
Fig. S1). The luciferase activity of cells transfected with the
plasmid PGVB-GPR48-239 in the absence or presence of the E2F1
plasmid was greatly reduced compared with the corresponding
vilies obtained with PGVB-GPR48-1671 (Fig 34, left). Moreover,

7 httpy/ fwwivifti.org/ Thsitescany/,

mutation of the E2FB site (mtE2FB) or of E2FB, E2FC, and E2FD
sites (mtE2FBCD) resulted in a marked reduction in both basal
and E2Fl-dependent transcriptional activity of the GPR48
promoter (Fig. 34, right). These tesults suggested that the E2FB
site is indispensable for basal and E2F1-dependent activity of the
GPR48 promoter. Next, we examined whether GPR48 promoter
activity was enhanced in p27+/ ~ cells using ‘the reporter assay.
The luciferase activity derived from PGVB-GPR48-1671 was
substantially greater in p27"/~ cells than in the wild-type cells,
whereas that derived from PGVB-GPR48-mtE2FB was low and
similar in cells of both. genotypes (Fig. 3B). Moreover; to address
the ‘mechanisms of activation of GPR48 promoter in p27*'~ cells,
E2F and RB protein were analyzed by Western blotting. We found
that phosphorylation of RB protein was increased in p27*/~
HCT116 cells (Fig. 3C). Moreover, we examined whether E2F1
protein actually bound to E2FB site using chromatin immuno-
precipitation assay. As shown in Fig 3D, immunoprecipitates
with anti-E2F1 from cells ‘with or without transfection of PGVB-
GPR48-1671 reporter plasmid were contained with E2FB site on
the GPR48 promoter. The result suggests that E2F1 actually
bound to endogenous as well as exogenous the GPR48 promoter
These findings thus suggested that the up-regulation of GPR48
expression induced by deficiency of p27 is mediated by an
increase in the transactivation activity of E2F1, which may be
free from RB protein.

Cancer Res 2006; 66: (24). December 15, 2006

11626

www.aacrjournals.org



p27-induced GFR48 Down-reguiation Enhances Metastasis

GPR48 increases the invasive activity of HCT116 cells. As
described above, the invasive activity of p27*/~ was increased
compared with parental cells (Fig. 1D). Our findings suggested
that GPR48 might be important in metastagis' of himan tumors.
To determine whether GPR48 affects the invasive activity of
HCT116 cells, we generated lines stably transfected with
expression veetors for wild-type GPR48. There was no significant
difference in growth rate between clones expressing wild-type
GPR48 and conirol clones (see Supplementary Fig. $2). Compar-
ing the structures of the constitutively active mutants of the
luteinizing hormone and thyrotropin receptors with that of the
related protein GPR48, we have successfully constructed GPR48-
T7551, a constitutively active mutant of human GPR48 recently
(22). Ectopic expression of GPR48-T7551 into HEK293 cells
enhanced basal cyclic AMP (cAMP) levels compared with that
of wild-typs GPR48 (Supplementary Fig. §3). HCT116 cell clones
stably expressing ‘GPR48-T7551 (GPR48-M6 and GPR48-M8) were
about -3-fold higher cAMP levels than wild-type GPR48-expressing
clones (22). As shown in Fig. 44, the invasive activity of cell
clones expressing wild-type GPR48 (GPR48-19 and GPR48-33) was
significantly higher than that of those transfected with the
corresponding empty vector (Vector2 and Vector6). The consti-
tutively active mutant GPR48-T755] was more effective on the cell
invasiveness (GPR48-M6 and GPR48-MS8). These results thus
indicate that GPR48 increases the invasive potential of colon
carcinoma cells.

Acceleration of lung metastasis by ectopic expression of
GPR48 in HCT116, To examine whether the invasive effect of

GPR48 in vitro has a physiologic relevance # vivo, we injected
HCT116 clones into-nudé mice s.c. and compared the occurrence of
pulmionary colonization in GPR48-overexpressing clones (GPR48-
19 and GPR48-M6; see Fig. 44) versus corresponding vector-
transfected HCT116 clones (Vector2) after a period of 6 weeks. To
confirm that these metastatic lesions had originated from injected
cells, we check theses samples by imununostaining with human-
specific cytokeratin (Fig: 4B). We defined that metastatic deposits
<0.2 mm were considered micrometastases, and >0.2 mm were
considered maecrometastases. We used eight mice for each lung
metastasis assay and did statistical analyses, Interestingly, over-
expression of wild-type GPR48 significantly increased the number
of macrometastasis and micrometastasis in lung compared with
vector-transfected cells (Fig. 4B and C), whereas there was no
significant difference in primary s.c. tumor weight between clones
overexpressing wild-type or mufant GPR48 and control clones
(Supplementary Pig: S4). Moreover, constitutive active mutant of
(BPR4& (GPR48-M6) was more effective on metastasis than wild-
type GPR48 (GPR48-19). The results suggest that enhanced
expression of GPR48 promotes not only invasiveness but also
metastasis,

Depletion of endogenous GPR48 reduces the invasion
potential of HeLa eells. Quantitative RT-PCR analysis showed
that GPR48 expression was quite low in parental HCT116 cells; as
shown in Supplementary Fig. S5. Because the invasive activity of
HCTI116 was also low (Fig. 1D and Fig 44), we thought that
HCT116 was suitable to evaluate the effects of GPR4& over-
expression on invasiveness and metastasis. To confirm the relation

e
o

Figure 4. Effects of GPR48 on the invasive activity of
human carcinoma cell lines. A; HCT118 cell clones stably
transfected either with expression vectors for wild-type
GPR48 (GPR48-19 and GPR48-33).0r the constitutively
active mutant GPR48-T755] (GPR48:-M6 and GPR48-M8)
or with the corresponding empty vector (Vector2 and
Vactors) were assayed for invasive activity in vifro with

a Transwell apparatus containing Matrigel membranes.
The numbers of migrated cells were quantitated in three
independent experiments (closed column). The various
stably transfected HCT116 cell clones weré subjected 1o
quantitative RT-PCR analysis-of GPR48 (open cofumin).
* P« 0,08, *P < 0.01. B, accelerationi of iung metastasis
by ectopic expression of GPR48 in HCT1186. HCT116 cell
clones, vector2, GPR48-18, and GPR48-M6 werg s.c.
injectad into nude mice (n =8). Five weeks:after injection,
mice were sacrificed. Weights of their s.c. primary tumors
were unchanged as indicated in Supplemsntary Fig. 54.
Reprasentative immunostainings with anti-human
cytokeratin monoclonal antibody for macrommetastasis
{open arrowhead) and micrometastasis (clossd
arrowhgads) In the lung. Original magnification, x200.

C, quantification of macro and micro lung metastasis of
Vector2, GPR48-19, and GPR48-M6 cells. *, P < 0.01,
GPR48-19 or GPR48-M8& versus Vecior?, **, P < 0.05,
GPR48-M6 versus GPR48-19,
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between GPR48 expression and cell invasion potential, we used
RNAi to deplete endogenous GPR48 of Hela and Lewis lung
carcinoma {(mouse LLC) cells (Fig. 54). Expressions of GPR48 in
HeLa and LLC cells were 17- and 3.7-fold, respectively, higher than
that in HCT116 cells (Supplementary Fig..85). Moreover, these two
cells showed high invasive potential as shown in Fig. 8B and C,
respectively. Therefore, we thought that Hela and LLC cells were
suitable to evaluate the effects of down-regulation of endogenous
GPR48 on invasiveness and metastasis. We found that siRNA
against GPR48 (GPR48-si450) ‘remarkably inhibited invasion of
HeLa cells. Moreover, we established HeLa cell clones stably
expressing GPR48 shRNA (GPR48-KD! and GPR48-KD4). The
depletion of GPR48 was confirmed by immunofluorescence
(Supplementary Fig. 564) and quantitative RT-PCR (Fig. 5B, open
column) analyses; the amount of GPR48 mRNA was reduced by
580% in these clones compared with that in control clones
transfected with control shRNA plasmid vector (Cont-1 and Cont-
3). The invastve activity of both GPR48-KD1 and GPR48-KD4 clones
was significantly reduced compared with that of the control clones
(Fig. 5B, closed column; Supplementary Fig. $64). The depletion of
endogenous GPR48 in LLC cell clones stably expressing GPR48
shRNA also diminished invasive activities of both GPR48-KD3
and GPR48-KD24 clones (Fig. 5C). These results thus confirmed
that endogenous GPR48 is involved in the invasive potential of
cancer cells.

Depletion of endogenous GPR48 suppresses lung metastasis.
Next, we injected GPR48-deplsted HeLa célls (GPR48-KD4; see
Fig. 5B) or the contrel clone (Cont-1) via the tail vein of nude mice.
After 5 weeks, we found that GPR48-depleted Hela cells have
significantly reduced pulmonaty colonization compared with
control cells (Supplementary Fig: $68 and C). Moreover, we s.c.
injected: GPR48-depleted LLC cells (GPR48-KD3 and GPR48-KD4;
see Fig: 5C) or the control clone {(Cont-5 and Cont-6) into mice.
Lung metastasis potencies of LLC cells were significantly decreased
by stably expressing GPR48 shRNA (Fig. 5D), whereas there was no
significant difference in primary tumor weight between GPR48-
depleted and control clones (data not shown). These data suggest
that GPR48 contributes to metastasis ‘of earcinoma in vivo as
well as in vitro. Because metastasis is a multi-step process, we
investigated whether GPR48 affected angiogenesis using immuno-
histochemical analyses with anti-CD34 antibodies. Although
further experiments are required, there was no significant effect
of GPR48 expression on angiogeniesis in the primary tumors (data
not shown): Moreover, we did terminal deoxynucleotidyl transfer-
ase-mediated nick-end labeling assay with the primary tumors and
found no significant effect of GPR48 expression on apoptosis in the
primary tumors (data not shown).

Clinical relevance of GPR48 expression in colon earcinema.
To evaluate clinical relevance between GPR48 expression and
metastasis, we' next measured the amount of GPR48 mRNA in

Cont-1 Cont-3 KD-1 KD-4

Figure 5. Effects of depletion of endogenous
(GPR48 on invasiveness and metastasis.

A, Hela cells were tiéated with siRNA-oligos
{200 nimol/L} specific for GPR48
(GPR48-sl450) of with nionspecific control
(control-8i) for 48 hotrs, and then they were
assayed for invasive activity /n vitro with a
Transwell apparatus containing Matrigel
membranes (closed column).. >, P < 0.01
versus valuaes for control-si. Efficacies of
GPRA48 depletion were avaluated by
quantitative RT-PCR analysis (epen column).
B, Hsla clones stably transfected with an
expression vector for GPR48 shRNA
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(GPR48-KD1 and GPR48-KD4) or with the
corresponding control ShRNA plasmid
vector (Cont-1 and Cont-3) were subjected
to immunocfiucrascence analysis with
ariti-GPR48 antibody and quantitative
RT-PCR analysis of GPR48 mRNA. The
invasive activity of the various Hel.a cell
clones was assayed /nviiro. Quantitative
data. *, P < 0.05 versus valuas for Cont-1 ‘of
Cont=3.-C, LLC call clones stably transfected
with an expression vector for GPR48 shRNA
(GPR48-KD3 and GPR48-KD24) of with
LLC the corresponding control shRNA plasmid
vector {Cont-5 and Cont-6) were subjected to
quantitative RT-PCR analysis of GPR48
mRNA. The invasive activity of the indicated
clones was assayed in vitro. Quarntitative
data. *, P < 0.05 versus values for Cont-5 or
Cant-6.-D, suppression of lung metastasis by
depletion of GPR48. LLC cell clones, Cont<5;
Cont-6, GPR48-KD3, and GPR48-KD24 in
(C) wers s.c. injécted.into micé (n = 8). Four
weeks after injsction, mice were sactlificed.
Rapresentative photographs of pulmonary
colonization (opan arrowheads) were
indicated (fop). The pulmonary colonies
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analysis.(boftorn). *, P < 0.05.
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Figure 6, Expression of GPR48 in human
colon carcinoma,. A, the amount of GPR48
mRNA was determined in 28 specimens
of human cofon carcinoma and paired
adjacent normal mucosal tissue. *, cases in
which the abundance of GPR48 mRNA in
the tumor tissue was more than twice

that inthe corresponding normal tissue.

B, relation betwesn the tumor/normal
tissue ratio of GPR48 mRNA abundance
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sutgical specimens of human colon carcinoma and paired adjacent
normal mucosal tissue. The abundance of GPR48 mRNA in the
colon carcinoma tissue was more: than twice that in the normal
tissue for 15 (52%) of the 29 specimens examined (Fig. 64). The
mean amount of GPR48 mRNA for all tumor samples was
significantly greater than that for all normal tissue samples (data
not shown). The potential relation between GPR48 expression and
clinicopathologic features of colon carcinoma was also examined
(Fig. 6B). The extent of the ‘up-regulation of GPR48 mRNA in
tumors was greater in moderately differentiated carcinomas than
in well-differentiated carcinomas. The extent of the increase in the
amount of GPR48 mRNA was also significantly greater in timors
with lymphatic involvement or with lymph node metastasis than in
the corresponding tumors without such involvement or metastasis.
No significant differences in GPR48 expression among tumors were
apparent with regard to age or sex of the patient. tumor size, or

vascular involvement. These data suggested that up-regulation of
GPR48 expression might contribute to lymphatic invasion or
metastasis of human colorectal carcinoma.

Relation among p27, Skp2, and GPR48 expression in colon
carcinoma. We investigated the relation between the abundance
of p27 and GPR48 in the 29 specimens of colon carcinoma. As
shown in Fig. 6C, as a representative data using immunohisto-
chemieal analysis, the amounts of the two proteins seemed to be
inversely related. Quantitation of the proportion of tumor cells
expressing p27 in each specimen indeed revealed an inverse
correlation with the abundance of GPR48 mRNA (Fig: 6D, tp). In
contrast, the amount of Skp2 mRNA was directly correlated with
that of GPR48 mRNA iin the tumor samples (Fig. 60, bottom ). These
results indicated that GPR48 expression was significantly associ-
ated with lymph node metastasis and inversely correlated with p27
expression in human colon carcinomas.
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Discussion

Given: that p27 is an important negative regulator of the cell
cycle; the major effect of a decrease in the expression of p27 has
been thought to be an increass in the rate of cell growth. Pathologic
studies have revealed that the abundance of p27 in tumors is
inversely correlated with malignancy and is associated with clinical
prognosis of human cancers (9). However, the biological mecha-
nism. underlying the increased malignancy of p27-deficient tumors
has not been shown. The expression of Skp2, a component of
an SCF-type: ubiquitin ligase that targets p27 for degradation, is
associated with poor prognosis in several human cancers (9, 10).
Skp2 regulates the degradation not only of p27 biit also of p130 (9),
e-Mye (27), p57°%% (19), p21°¥7 (28), and Cdtl (9). We therefore
subjected the p27 gene of the HCT116 hunian colon ¢arcinonia cell
line to targeted disruption to provide a model for carcinoma cells
with a low level of pZ7 expression. We found that expression of the
GPR48 gene was increased not only in p27*/~ HCT116 cells but
also in HCT116 cells depleted of p27 by RNAi and in p27™~ MEFs,
and that the expression of p27 and the abundance of GPR48 mRNA.
were inversely correlated in clinical specimens of colon carcinoma.
Moreover, we showed that GPR48 increases the invasive or
potential of cancer cells in vitro, promotes metastasis in vive and
GPR48 expression, was associated with lymphatic metastasis of
colon carcinoma. There was no difference in iz vitro cell growth
(Supplementary Fig. 82; data not shown), in vivo primary tumor
growth (Supplementary Fig. $4), and soft agar colony formation
{data not shown) regardless of GPR48 expression. These data
strongly suggest that GPR48 enhances carcinoma cell invasiveness
and metastasis but not cell proliferation and cell transformation.
GPR48 is an orphan receptor of which function and signal
transduction have not been clear. Although further study is
required, our study shows that up-regulation of GPR48 mduced
by p27-down-regulation promotes tumor cell invasion.

We identified four putative E2F-binding sites in the upstream
regulatory region of GPR48 and showed that these sites mediate
transcriptional induction of GPR48 in response to down-regulation
of p27 expression. A decrease in the abundance of p27 is thought to
result in activation of Gy cyclin-CDK complexes, phosphorylation
and inactivation of pRB, and abrogation of inhibition of E2F by pRB
(26). The resulting increase in E2F activity might thus underlie the
transcriptional activation of GPR48 apparent in p27-deficient cells.

Previous studies have suggested that p27 inhibits the motility of
various cell types (29-31). Cytoplasmic p27 has:also been shown to

inhibit stathmin-mediated microtubule destabilization by binding
to stathmin and thereby inhibits sarcoma cell migration (32). Skp2
also promotes the formation of filopodia and cell motility (33). On
the other hand, p27 and other members of the Cip-Kip family have
been shown to inhibit the Rho signaling pathway that underlies
reorganization of the actin cytoskeleton and cell migration (34, 35).
The increase in cancer cell invasiveness induced by degradation of
p27 may thus be mediated by CDK-independent effects on
microtubules and actin filaments as well as by CDK-dependent
transcriptional -activation of GPR48 via unknown mechanisms. It
has been reported that some GPCR, such as endothelin receptor,
linked Rho family via. Gal2 and RhoGEF to promote tumor
metastasis (36, 37). GPR48 is an orphan GPCR of which function
has not been elucidated except for stimulation of cAMP production
by its activation as recently reported by us (22). We will investigate
whether GPR48 also links Rho family GTPase and regulate actin
filament organization promoting cell motility:

Whereas expression of GPR48 in normal colon tissue was low, it
was markedly up-tegulated in colon carcinoma. Moreover, a high
level of GPR48 expression was associated with lymph node
metastasis and lymphatic involvement. GPR48 is thus a potential
marker for prediction of metastasis or poor prognosis in-colorectal
carcinoma. Depletion of endogenous GPR48 by RNAi resulted in a
marked decrease lung metastasis in mouse models as well as in the
invasive activity of HeLa and LLC cells. A similar down-regulation
of GPR48 expression induced by a ‘specific siRNA or antisense
oligonueleotides in vivo might thus preverit metastasis of colorectal
carcinoma ot other tumors. Human type neutralizing monoclonal
antibody against GPR48 may be clinically applicable for prevention
of metastasis. Identification of the native ligand for GPR48 should
also facilitate the development of GPR48-based therapeutics.
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SPECIFIC AIMS

Matrix metalloproteases (MMPs) play an important
role in lung remodeling in response to various environ-
mental agents; however; their role in asbestossinduced
lung diseases remains unexplored. In this study we
tested the hypothesis that asbestos causes transcrip-
tional upregulation of various MMPs via a PKCS-
dependent pathway both in vitro and in vivo. Moreover,
we hypothesized that asbestosinduced MMPs were reg-
ulated by multiple signaling pathways and goverried
extracellular signal-regulated kinase (ERK1/2) phos-
phorylation via epidermal growth factor receptor
(EGFR) activation in epithelial cells.

PRINCIPAL FINDINGS

1. Asbestos exposure causes up-regulation of MMP
mRNA levels in lungs that are reduced in
PECS (/) miice

Oligonucleotide microarray analysis (Affymetrix) on
RNA prepared from whole lungs of C57B1/6 wild-type
(WT) [PRCS (+/+)] and PRCS (-/-~) mice after
asbestos inhalation (~7 mg/ m? air, 6 h/ day, 5 d/week
for 8, 9, or 40 d) was used to identify transcriptional
changes in MMPs. Asbestos exposure resulted in signif-
icant increases in MMP12 mRNA levels in the lungs of
WT mice at 3, 9, and 40 d (Fig 14). Asbestos-induced
up-regulation of MMP12 mRNA levels was significantly
attenuated in PRC8 (~/-) mice (Fig 1B). Gene profil-
ing also revealed an elevation of MMP13 levels after
ashestos inhalation for 9 d that was reduced in PKCS
(~/=) mice (Fig 1C). Microarray results were confirmed
and expanded using ribonuclease protection assays
[rNase protection assay (RPA}] (#=6 mice/group/
time point). Increased steady-state mRNA levels of
MMP12, MMP13, and TIMP] were observed in lungs of
WT mice exposed to ‘asbestos, whereas other MMPs
(MMP3, 7, 8, and 9) and TIMP2 and 3 did not change.

0892-6638/06/0020-0997 © FASEB

As observed in microarrays, PKCS (~/~) mice showed
reduced steady-state mRNA levels of MMP12 and
MMP13 compared with WT animals. PKC8 (~/~) did
not inhibit asbestos-induced TIMPL mRNA levels,

2. Asbestos increases steady-state mBNA levels of
MMP12, MMP13, and TIMP1 in a time-dependent
manner in lung epithelial cells and fibroblasts

In vitro studies were performed to determine the
mechanisms of MMPup-regulation and relevarit signal-
ing pathways in epithelial cells and fibroblasts, the
known target cell types of asbestos-induced lung can-
cers and fibrosis, respectively. Murine alveolar epithe-
lial type II cells (C10) exposed to asbestos (5 pg/cm?)
for 4, 8, and 24 h showed time-dependent increases in
steadystate mRNA levels of MMPI13 and TIMP1 as
determined by RPA. Primary lung fibroblasts also
showed time-dependent increases in steady-state mRNA
levels of MMP12, MMP13, and TIMP1 after exposure to
asbestos. MMP12 was abundant in fibroblasts but was
undetectable in epithelial cells as confirmed by quan-
titative reverse-transcriptase polymerase chain reaction
{TagMan).

To show that increased steady-state mRNA levels of
MMPs by asbestos were not due to stabilization of
mRNA, epithelial cells were treated with actinomycin. D
at different concentrations (50, 100, 200, 500 ng/ml)
for 30 min prior to exposure to asbestos. Pretreatment
with actinemycin D completely blocked asbestos-in-
duced increases in MMP13 and TIMP1 mRNA, indicat-
ing transcriptional up-regulation of MMP18 and TIMP1
by -asbestos.

'Correspondence: Department of Pharmacology, Univer-
sity of Vermont, 89, Beaumont Ave., Burlington, VT 05405,
USA. E-mail: karen Jounsbury@uvm.edu

doi: 10.1096/1.05-4554fje
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Figure 1. Asbestos inhalation causes increasesin steady-state
mRNA levels of lung MMP12, MMP13, and TIMPI in WT
mice [PRC3{+/+)]; MMP12 and MMP13 are inhibited in
PRC8 {~/~} mice. WT and PKGS (-~/~) mice were exposed to
asbestos (7 mg/ms, 6 h/day, b d/week for 3, 9, or 40 ). RNA
was prepared from the lung, purified, and subjected to
microarray analysis using an U74Av2 oligonucleotide chip.
Data were analyzed using the GeneSifter program and vali-
dated by ribonuclease protection assays (RPAs). A) Time-
dependent effects of asbestos inhalation 6n MMP12. B) Effect
of asbestos inhalation (3 d) on MMP12 levels in PRCS (/=)
mice. C) Effect of asbestos inhalation (9 dy on MMP18 levels
in WT and PRKCS (—/-) mice*P = (.05 compared with
respective control group, *P =< 0.05 as compared with asbestos
exposed group.

3. Multiple cell signaling pathways are involved in
regulation of asbestos-induced MMP12, MMP13,
and TIMP1

To reveal the signaling pathways involved in regulation
of MMPs and TIMP1 transcription by asbestos, C10 cells
(MMP13 and TIMPL) or primary lung fibroblasts
(MMP12) were exposed to different small molecule
kinase inhibitors before addition of asbestos for 24 h,
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As shown in Fig 24, pretreatment of cells with an
ERK1/2 inhibitor (U1026; 10 uM) decreased asbestos-
associated increases in MMP12, MMPI138, and TIMP1.
Whereas the PISK inhibitor TY294002 (10 and 20 pM)
inhibited transcription of both MMP12 and MMP13 by
ashestos, the EGFR phosphorylation inhibitor AG1478
(10 and 20 wM) inhibited MMP13 expression signifi-
cantly but MMP12 expression only slightly (Fig 2B).
The PKC8-specific inhibitor rottlerin (5 pM) blocked
asbestos-induced transcription of both MMP12 and
MMP13; however, a general PKC inhibitor, bisindoly-
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Figure 2. Asbestosinduced MMPs are regulated via an EGFR
(or other growth factor receptors)/PI3K/PRC3/ERK1/2
pathway. Lung epithelial type 11 cells (C10) (MMP13, TIMP1)
and primary lung fibroblasts (MMP12) were pretreated with
either (A) a mitogenactivated protein kinase (ERK1/2)
inhibitor {U1026 10 uM for 1 h), (B) a phosphatidylinositol
3-kinase (PI3K) inhibitor (LY 294002, 10 or 20 uM for 1 h),
or an EGF receptor inhibitor (AG1478, 10 or 20 pM for 1 h)
or {C) a'protein kinase C general inhibitot (Bis 5 uM for 1 h)
or PRCS specific inhibitor (rottlerin 5 yM for 1 h), before
exposing them to asbestos (5 ug/em?) for 24 h. RNA was
prepared and analyzed by a ribonuclease protection assay
(RPA). Quantitation of autoradiograms was performed using
a phosphoimager. *P = 0.05 compared with untreated con-
trol, #P = 0.05 as compared to asbestos-exposed group.
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Figure 3. Hypothesis for the regulation of MMPs by-asbestos.
Asbestos exposure results in EGFR activation in epithelial
cells and/or other growth factor receptors in fibroblasts,
which leads to activation of PI3K/PKC3/ERK1/2 and MMPs.
MMPs once activated can further activate EGFR and down-
stream signaling pathways in epithelial cells. Inhibition of
MMPs by GM6001 inhibited asbestos-induced ERK1/2 phos-
phorylation and EGFR. activation in epithelial cells. EGE;
EGFR, EGF receptor; ERK1/2, extracellular signal regulated
kinase; GM6001, broad-spectrum MMP inhibitor; PI3K; phos-
phatidylinositol 3-kinase; PKCS, protein kinase C delta.

maleimide T (Bis, 5 pM), inhibited asbestossinduced
up-regulation of MMP12 but had no effect on steady-
state mRNA levels of MMP13 (Fig 20).

4. MMPs regulate asbestos-induced EGFR activation
and ERK1/2 phosphorylation

To directly show the consequences of MMPs up-regu-
lated by asbestos, C10 cells were pretreated with the
broad range MMP inhibitor GM6001 (10 pM), 1 h
prior to addition of asbestos fibers for 8 h. GM6001
significantly inhibited both asbestos-induced ERK1/2
phosphorylation and EGFR activation. These events
may be mediated by shedding of EGF by MMPs (a
known phenomenon), which can then activate EGFR
and down-stream ERK1/2 signaling. These studies
shiow that ashestos can up-regulate MMPs via multiple
signaling pathways and that MMPs can further activate

MMP UP-REGULATION BY ASBESTOS

asbestos-induced responses via subsequent activation of

EGFR (Fig. 3) in epithelial cells.
CONCLUSIONS AND SIGNIFICANCE

Asbestos fibers: cause pulmonary fibrosis and lung can-
cers, diseases that involve epithelial cell-fibroblast inter-
actions and result in lung remodeling. MMPs are a
family of secreted or transmembrane zincdependent
endopeptidases that can degrade extracellular matrix
(ECM) and basement membrane componernts and may
be important in re-epithelization and remodeling of
damaged lungs. In addition to enhancing ECM turn-
over and tissue remodeling, MMPs may also have
profound effects on the release of pro-fibrotic growth
factors and cytokines,

We show that asbestos exposure causes increased
MMP12, MMP13, and TIMP1 transcription both in
vitro (lung epithelial cells and fibroblasts) and after
inhalation of fibers. Using PRCS (-/~) mice, we also
show that PRCS plays an important role in transcrip-
tional up-regulation of asbestosinduced MMP12 and
MMP13. Further studies using cell cultires and ‘small
molecule inhibitors. showed that asbestosinduced MMP
upregulation is dependent on signaling by growth factor
receptors as well as the PISK, PKC8 and ERK1/2 pathways.

MMPs up-regulated by asbestos can further activate
ashestos-induced signaling pathways in epithelial cells.
Inhibition of MMPs inhibited EGFR activation and
ERK1/2 phospherylation by asbestos, suggesting a role
for MMPs in previously characterized asbestos-induced
signaling pathways. In support of our findings several
studies have shown that various MMPs play a critical
role in shiedding of EGF and activation of the EGFR,

In conclusion, our study 1s the first demonstration
that ‘asbestos can transcriptionally up-regulate MMP12
and MMP13 in a growth factor receptor/PISK/PKCS/
ERK1/2-dependent manner (Fig. 3). Once upregu-
lated, MMPs can further activate asbestos-induced sig-
naling pathways via EGFR activation. The interplay
between asbestos-induced MMPs and TIMPs may be
crucial in the development of asbestos-induced lung
diseases, and relevant signaling pathways or MMPs miay
be targeted for intervention and therapy.
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Transcnptlonal up-regulation of MMP12 and MMP13
by asbestos occurs via a PKCo-dependent pathway in

murine lung
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*Departments of Pathology and Pharmacology, University of Vermont, USA, Burlington, Vermont,
USA; and "Department of Molecular Genetics, Medical Institute of Bioregulation, Kyushu University,

Fukuoka, Japan

ABSTRACT Asbestos is a known inflammatory, carci-
nogenic, and fibrotic agent, but the mechanisms lead-
ing to asbestos-induced lung diseases are unclear. Using
a murine inhalation model of fibrogenesis, we show
that asbestos causes significant increases in mRNA
levels of lung matrix metalloproteinases (MMPs 12 and
18) and tissue inhibitor of metalloproteinases (TIMP1),
as well as increased activities of MMP 2, 9, and 12 in
bronchoalveolar lavage fluids (BALF). Asbestos-ex-
posed PRKCS knockout (PKCS—/~) mice exhibited de-
creased expression of lung MMP12 and MMP13 com-
pared with asbestosiexposed wild-type mice. Studies
using small molecule inhibitors in murine alveolar
epithelial type II cells (C10) and primary lung fibro-
blasts confirmed that asbestos transcriptionally up-
regulates MMPs via an EGFR (or other growth factor
receptors)/PISK/PKCS/ERKL/2 pathway. Moreover,
use of a broadspectrum MMP inhibitor showed that
MMPs play an important vole in further enhancing
asbestos-induced signaling events by activating EGFR.
These data reveal a potentially important link between
asbestos signaling and integrity of the extracellular
matrix (ECM) that likely contributes to asbestosin-
duced lung remodeling and diseases.—Shukla, A., Bar-
rett, T. F., Nakayama, K. 1., Nakayama, K., Mossman, B.
T., Lounsbury, K. M. Transcriptional up-regulation of
MMP12 and 13 by asbestos occurs via a PKC8-depen-
dent pathway in mwine lung, FASER j. 20, E160-E169
(2006)

Key Words: TIMP ~ fibrosis +
lium

lung cancer ~ lung epithe-

THE DEVELOPMENT OF cancers (lung cancer, mesothe-
lioma) and pulmonary fibrosis. (ashestosis) is associated
with the inhalation of asbestos fibers [reviewed in (1,
2)]. Although these diseases have been studied in-
tensely by basic and clinical research scientists, litile is
known about the erucial cellular mechanisms that
initiate and drive the processes of carcinogenesis and
fibrogenesis. A multiplicity of interactions between
effector cells of the immune system (alveolar ‘macro-

E160

phages, neutrophils, lymphocytes) and target cells,
including bronchiolar and alveolar epithelial cells and
fibroblasts, may govern the pathogenesis and progres-
sion of these diseases. We have shown previously that
oxidative stress by asbestos fibers is linked causally to
inflammation and the development of pulmenary §-
brosis (3), as well as airway epithelial cell injury and
proliferation (4).

Matrix metalloproteinases (MMPs) and tissue inhib-
itors of metalloproteinases (TIMPs) appear to be criti-
cal in the development and maintenance of lung
architecture and function, their dysregulation resulting
in lung damage, and remodeling (5-7). Abnormal
ECM deposition is observed in the lungs of patients
with idiopathic pulmonary fibrosis (IPF), due in part to
an imbalance between MMPs and TIMPs (8, 9). Gene
expression analysis also reveals that matrilysin (MMP7)
may be a key regulator of pulmonary fibrosis in mice
and humans (10).

In the pathogenesis of lung cancers and fibrosis;
MMPs may be critical, not only in the breakdown and
remodeling of lung tissues but also in the release
and/or activation of profibrotic growth factors such as
insulin growth factors (IGFs), transforming growth
factor-beta (TGF-B), and tumor necrosis factor-alpha
(INF-a) (11-18).

We have previously shown a role for PKCS signaling
in the regulation of proliferation and apoptosis of lung
epithelial cells exposed to asbestos (14, 15). In the
present investigation, using a mouse inhalation model
of fibrogenesis (16) and isolated lung epithelial cells
(C10 line) and fibroblasts, we show for the first time
that asbestos causes up-regulation of MMPs 12 and 13
via a PRCO-dependent pathway. In vitro studies also
imiplicate interactions between phosphatidylinositol 3
kinase (PISK)-PKC8-extracellular signalregulated ki-
nase (ERK1/2) pathways in transcriptional upregula-

'Correspondence: Department of Pharmacology, Univer-
sity of Vermont College of Medicine, 89 Beaumont Ave.
Burlington, VT 05405, USA. E-mail: karenlounsbury
@uvm.edu

doi: 10.1096/1).05-4554fe
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tion of MMP12 and MMP13. Increases in expression of
MMP12 and MMP13 in lung tissues of niormal asbestos-
exposed mice were attenuated in asbestos-exposed
PRCS knockout [PRCY (—/—)] mice, confirming 2 reg-
ulatory role of PKCS in MMP transcription. Finally, we
show that MMPs up-regulated by asbestos stimulate
ashestos-induced signaling pathways via activation of
the EGFR in epithelial cells.

MATERIALS AND METHODS
Inhalation experiments

Animal experiments were conducted in accordance with the
NIH Guide for the Care and Use of Laboratory Animals
{publication 85-23, 1985) following protocols approved by
the University of Vermont Institutional Animal Care and Use
Committee. CB7B1/6 mice (8 to 12 wk of age) were exposed
to ambient air or the NIEHS reference sample of chrysotile
asbestos (7 mg/rn‘;S air; 6 h/day; 5 d/week for 3, 9, or 40.d) as
described previously (16}. Briefly, mice were euthanized with
an intraperitoneal (i:p.) injection of pentobarbital (Abbott
Laboratories, Abbot Park, IL), chest cavities were opened,
and hungs were cannulated via the trachea with polyethylene
tubing. Lungs were then lavaged 1X with sterile: Ca*"-and
Mg®*free PBS at a vol of 1 ml. The vol of retrieved PBS in
bronchoalveolar lavage fluid (BALF) was also recorded. One
Iung lobe was excised following lavage and stored in RNA-
later (Ambion, Austin, TX) for RNA analysis using ribonucle-
ase protection assays rNase protection assay (RPA) and Af-
fymetrix microarray analyses (Affymetrix Inc, Santa Clara,
CA). BALF was centrifuged at 600 g to obtain a cellfree
supernatant for MMP activity assays using gelatin zymography
(see below).

PECS. (-/~) mice

A breeding pair of PRCS (&) mice (17), originally bred into
the CB7B1/6 background, was a kind gift from Dr. K L
Nakayama. These mice were subsequently maintained in the
UVM facility and bred into the C57Bl/6 background 4-6X
before use with normal wildtype (WT) [PRCS (+/+)] litter-
mates in inhalation experiments. Tail DNA was evaluated
using the polymerase chain reaction (PCR), and primers for
PKCS were obtained from MWG Biotech. Inc. (High Pointg,
NC). Lung tssue from PKCS (~/-) mice was examined by
Western blot analyses using antibodies for PRCS and other
isoforms (&, ¢, 8) of PRC (Santa Cruz Biotechnology, Inc,
Santa Cruz, CA) to confirm that only PKGS protein is absent
while other isoforms of PKC are present.

Cell cultures and exposures to agents

A contactinhibited, nontransformed murine alveolar epithe-
lial type II cell line (C10) (18) was propagated in CMRL-1066
medium containing penicillin (100 U/ml), streptomycin
(100 wg/ml), rghutamine (2 mM), and 10% FBS (Life
Technologies, Inc,, Grand Island, NY). For all experiments,
cells were grown to confluence, complete medium was re-
moved, and medium containing 0.5% FBS or no serum was
added 24 h before exposure to agents. Primary mouse lung
fibroblasts were isclated frem 10-wk-old C57B1/6 mice using
an enzyme digestion method {collagenase-trypsin-DNase)
and propagated in Dulbecco’s modified Eagle medium
(DMEM, GIBCO Life Technologies, Inc., Grand Island, NY}

MMP UP-REGULATION. BY ASBESTOS

with 10% FBS, penieillin, streptomycin, and 1-glutamine at
concentrations above, Antibodies for phesphorylated form
(p-ERK44/42) and total ERK1/2 (ERK44/42) and EGFR
were from Cell Signaling (Beverly, MA). Inhibitors of PI3K
(LY249002, 10 and 20 pM), ERK1/2 (U1026; 10 pM), PKC3
[Rottlerin, 5 pM (19}], general PKCs (Bisinolymaleimide I, 5
uM), EGFR phosphorylation (AG1478, 10 and 20 M) and
broad-spectrum MMP inhibitor (GM6001, 10 uM) were ob-
tained from Calbiochem (La Jolla, CA) and used at nontoxic
and selective concentrations in vitro as reported previously
(15, 20-28). These inhibitors were added 1 h prior to
addition of asbestos. Actinomycin D (inhibitor for RNA
synthesis, 50-500 ng/ml), gelatin, and Briz 35 were pur-
chased from Sigma Chemical Co. (St. Louis; MO), Standard
gelatinase mix was obtained from Chemicon International
(Chernicon International, Temecula, CA).

For in wvitro studies, -<crocidolite asbestos fibers
{(Nag(Fe® ) (Fe® ¥ )5 (OH ), [8iy0e]) (NIEHS reference sam-
ple) were suspended in Hank’s balanced salt solution (HBSS)
{Life Technologies, Ine. Grand Island, NY) at 1 mg/ml,
sonicated, and then triturated 10X through a 22-gauge
needle to obtain a homogenous suspension before addition
directly to medium at noncytolytic concentrations of b g/
em? surface area of culture dish, Because available samples of
NIEHS reference samples of crocidolite are limited and
insufficient in quantities required forinhalation experiments,
NIEHS reference standards of chrysotile asbestos
(Mg [S8i, 041 (OH)y) were used in animal studies, Long fibers
(=5 wm) of both crocidolite and chrysotile asbestos are
fibrogenic and. carcinogenic and cause oxidant generation
from. cells via frustrated phagocytosis or iron catalyzed reac-
tions (i.e,; crocidolitey (4). NIEHS crocidolite and chrysotile
reference samples of asbestos have been characterized previ-
ously for their chemical and physical properties (24).

Microarray analysis for MMP mRNA levels in lungs

Total RNA was isolated from lung tissues as described above
using TriZol reagent (Invitrogen, Life Technologies, CA) and
submitted to the Vermont Cancer Center Microarray Facility
for target preparation using standard Affymetrix protocols.
Briefly, 3 pg of total RNA from each sample was reverse-
transcribed using olige-dT primer coupléd t6 a T7 RNA
polymerase binding sequence. Following double-stranded
c¢DNA preparation; biotinylated-cRNA was synthesized using
T7 polymerase and hybridized to Affymetrix murine genome
U74Av2 oligonucleotide arrays for 16 h. The arrays were first
incubated with a streptavidin-conjugated to phycoerythrin,
followed by sequential incubation with biotin-coupled poly-
clonal antistreptavidin antibody (Ab) and strepavidin-phyco-
erythrin as an amplification step. After washing and laser
scanning (Hewlett-Packard GeneArray Scanner, Agilent
Technologies, Inc.), data were collected and analyzed by
using ‘GeneSifter software {GeneSifter VizX Labs; Seattle,
WA). Results were confirmed by RPA using a larger number
of animals per group (n=6).

Ribonuclease protection assays (RPA)

Total RNA was prepared from cells and murine lung tissue
after 9 and 40 d -of exposure to asbestos as described by
Shukla et al. (25). Steady-state mRNA levels of MMP3, MMP7
MMP8, MMPO, MMP12, MMP13, TIMP1, TIMP2, TIMP3, and
the ribosomal probe L32 and glyceraldehyde-8-phosphate
dehydrogenase (GAPDH) were examined with-a RiboQuant
multiprobe RPA system and the mMMP2 muldprobe tem-
plate set (Pharmingen, San Diego, CA) according to the
manufacturer’s protocol. Autoradiograms were quantitated
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with a Bid-Rad (Richmond, CA) phosphoimager. Resulis were
normalized to expression of the housekeeping gene, L.32.

TagMan [Quantitative reverse transcriptase PCR (RT-PCR)]

Total RNA was extracted from cells as described for the RPA
and then further purified using an RNA cleaning kit (Qiagen
Inc,, Valencia, CA) according to the manufacturer’s instrue-
tiotis. Samples were also treated with RNase-free DNase [ to
remove contaminating genomic DNA. The RNA was then
used to generate cDNA with the Reverse Transcription System
(Promega, Madison, WI), according to the manufacturer’s
instiuction. The Perkin-Elmer AB1 7700 prism Sequence
Detections System (Applied Biosystems, Foster City, CA) was
used to determine relative levels of expression of MMP12. All
values were normalized to the expression of HPRT (TagMan
primers and probes for MMP12 and HPRT were purchased
from Applied Biosystems).

Zymography on BALF samples from mice

BALF from sham and asbestos-exposed mice after 9 or 40 d of
asbestos inhalation was collected for determination of MMP
activity. The BALF was centrifuged at 600 X g for 5 min, and
the supernatant was recovered and frozen at~70°C.. Cellfree
BALF (75 ul) was subjected to 8DS-PAGE under nonreducing
conditions. MMP activity was determined by in gel zymogra-
phy with gelatin (Type A from Porcine skin, Sigma) as a
substrate. Samples were loaded under nonreducing condi-
tions onto 4% stacking/10% separating SDS-polyacrylamide
gels with 1 mg/ml gelatin polymerized in the separating gel
before electrophioresis: After séparation, gels were washed X
in 2.5% Triton X-100 for 20 min with gentle shaking. All gels
were incubated for 48 h at 37°C in substrate buffer (50 mM
Tris.HCL, pH 7.6, 5 mM Ca€l,, 0.05% Brij 35, and 0.02%
NaN,), stained in Coomassie blue R-250 in 7% aceticacid and
40% methanol, and then destained in 7% acetic acid and
40% methanol. Clear; digested regions represented MMP
activity and ‘were identified based on MW markers (MMP12)
as described by Shipley et al. (26) and/orstandard gelatinases
(MMP 2 and 9, Chemicon Int, CA), MMP identity was
confirmed by an additional 30 min incubation of selected gels
with the metal chelators EDTA {10 mM).

Western blot analysis for extracellular signal-regulated
kinases (ERK1/2 and p-ERK1/2)

Cells grown in culture dishes were washed three times with
ice-cold PBS and collected in lysis buffer {20 mM Tris, pH 7.6;
1% Triton-X100; 137 mM NaCl; 2 mM EDTA; 1 mM NagVO g
1 mM DTT; 1 mM phenylmethylsulfonyl fluoride; 10 pg/ml
leupeptin; and 10 wg/mlaprotinin) before incubation on ice
for 30 min. Gells were then sonicated (3 bursts of 5 5 each)
and centrifuged at 14,000 rpm for 15 min at 4°C. Superha-
tants were collected, and protein concentrations were deter-
mined using the Bradford dssay (Bio-Rad). Cell lysates (40
ug) were resolved by SDS-PAGE and transferred to nitrocel-
lulose membranes according to standard procedures. Equal
toading of protein was verified by Ponceau stain (Sigma).
Membranes were washed in TBS, blocked for 30 min with
TBS containing 5% nonfat milk, then incubated with primary
antibodies at 1:1000 (p-ERK1/2, ERK1/2} dilution in TBS
containing 1% BSA (0.01% Azide) overnight at 4°C. Mem-
branes were then washed twice with TBS alone and twice with
PBS containing 0.1% Tween 20 before incubation with horse-
radish peroxidase-conjugated secondary Ab. (1:5000 in PBS
containing 0.1% Tween 20 and 5% nonfat milk) for 1 h at
room temperature. Membranes were washed once with PBS
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containing 0.1% Tween 20 and 3 times with PBS before Ab
binding was visualized by enhanced chemiluminescence (Am-
ersham Pharmacia Biotech, Piscataway, NJ) according to the
manufacturer’s protocol.

Kinase activity assay for epidermal growth factor receptor
(EGFR)

EGFR kinase activity was determined with an immunoprecipi-
tation kinase assay as follows. Soluble protein was prepared as
described elsewhere (15); the protein (300 pg) then was
immunoprecipitated for 2 h at 4°C with an anti-EGFR Ab
(1:100, Cell Signaling); and the antigen-antibody complexes
were collected by incubation with agarose protein A (Life
Technologies, Inc.) for 1 h at 4°C. Then, pellets were washed
three times with lysis buffer and three times with kinase buffer
(20 mM HEPES, pH 7.4; 10 mM MnCly; 10 mM MgCly; 1 mM
DTT; 100 uM Na,VO,; and 10 M ATP) before resuspension
in a reaction buffer containing 25 pl kinase buffer, myelin
basic protein (MBP, 5 pg), and 5 uCi of [v32P]ATP (New
England Nuclear, Life Science Products, Inc., Boston, MA).
All of the samples were incubated for 20 min at 30°C.
Reactions were terminated by addition of 2X SDS sample
buffer and boiled, and the reaction products were resolved on
a 15% SDS-polyacrylamide gel. The extent of myelin basic
protein phophorylation was determined by autoradiography.

Statistical analyses  In all experiments, duplicate or tripli-
cate determinations per group per time point were per-
formed. Experiments were repeated 3X or more. Results were
evaluated by oneway ANOVA with the StudentNewman-
Keuls procedure for adjustment of multiple pair-wise compar-
isons between treatment groups. Differences of P = 0.05 were
considered statistically significant.

RESULTS

Asbestos inhalation causes up-regulation of MMP12,
MMP13, and TIMP1 mRNA levels in lung: MMP12
and MMP13 are inhibited in PKC8 (~/-) mice

Mieroarray analysis of lung tissue

Oligonucleotide microarray analysis (Affymetrix) on
RNA prepared from whole lungs of mice {n=38/group)
was used to verify transcriptional changes in MMPs in
asbestos-exposed lungs. As shown in Fig. 14, asbestos
exposure resulted in significant increases in MMP12
mRNA levels in the lungs of WT mice at 3, 9,and 40 d.
Significant attenuation of asbestos-induced up-regula-
tlont of MMP12 mRNA levels occurred in PKCS (—/~)
mice (Fig. 1B, (8 d). Gene profiling also revealed an
elevation of MMP13 levels after asbestos inhalation for
9 d that was reduced in PKCS knockout mice (Fig. 1C).
The complete results of microarray analyses of sham
and asbestos-exposed WT mice have been recently
published (27).

Ribonuclease protection assays
The microarray data were confirmed by ribonuclease
protection assays using a larger number of animals.

After 9 or 40 d of asbestos inhalation, lungs from WT
and PKC8 (~/~) mice (n=>6/group/tithe period) were
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Figure 1. Microarrayanalysis showing that asbestos inhalation
causes increases in lung mRNA levels of MMP12 and 13,
which are inhibited in PRCS {—/-) mice. PRKCS {~/-) mice
and WT Httermates bred into the C57B1/6 background were
exposed to asbestos (7 mg/ms, 6 h/day, b d/wk).for 3, 9, or
40 d. RNA was prepared from the lung, purified, and sub-
jected to microarray analysis using an U74Av2 oligonucleo-
tide chip. Data were analyzed using the GeneSifter program.
A) Time-dependent effects of asbestos inhalation on MMP12.
B) Effect of asbestos inhalation (3 d) on MMP12 levels in
PKCS (~/-) mice. C) Effect of asbestos inhalation (2 d) on
MMP13 levels in WT and PRCS (-/-) mice. *P < 0.05 as
compared with respective control group, P = 0.05 compared
with asbestos-exposed group. (n=3 per group).

analyzed for steady-state: mRNA levels of MMPs and
TIMPs by ribonuclease protection assays. Increased
levels of MMP12, MMP13, and TIMP1 were observed in
lungs of WT mice exposed to asbestos for 9 d (Fig. 24)
and MMP12 levels remained elevated up to 40 d of
asbestos exposure (data not shown), whereas levels of
MMP3, 7, 8, 9, and TIMP2, 8 weré similar to those of
sham mice. As shown in Fig 24, (a representative RPA
showing two animals/group), PKC3 (~/~) mice showed
attenuation of asbestos-induced steady-state mRNA ley-
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els of MMP12 and MMP13 as compared to WT animals,
Fig. 2B and C represents the quantitation of 9 d
autoradiograms for MMP12 and MMP138, respectively,
with. each group having 6 animals.

MMP activity in BALF from WT and PK(® -/} mice

BAILF was analyzed for MMP activity using gelatin
zymography. As shown in Fig. 34, proMMP9, proMMP2
(identified based on standard gelatinases) and MMP12
activities [as identified based on MW (fully processed
22 kDa) as described by Shipley et al. (26)}] were
increased in BALF from 9 d asbestos-exposed animals.
After 40 d of asbestos inhalation, MMP2 and MMP9
activity levels returned to normal control levels; how-
ever, MMP12 activity remained elevated in BALF (Fig.
38). Gelatin zymography on BALF from beth WT (Fig.
3A) and PKCY (~/-) asbestos-exposed mice showed
increased MMP2, MMP9, and MMP12 activities (Fig.
8C). The discrepancy between lack of inhibition in
MMP12 activity vs. decreased MMP12 transeript levels
in PKCS (-/-) mice might be attributed to the altered
inflammatory response shown by these animals in re-
sponse to asbestos (28). High levels of MMP12 activity
observed in PRCS (—/-) sham animals could possibly be
related to inflammatory patches we see in the lungs of
these mice.

Ashestos increases steady-state mRNA levels of
MMP12, MMP13, and TIMP1 in a time-dependent
manner in lung epithelial cells and fibroblasts

In vitro studies were performed to determine the
mechanisms of MMP up-regulation and relevant signal-
ing pathways in lung epithelial cells and fibroblasts,
target cell types of asbestosdnduced lung cancers, and
fibrosis, respectively. Exposure of C10 epithelial cells to
asbestos (5 pg/cm?) for 4, 8, and 24 h caused time-
dependent increases in steadystate mRNA levels of
MMP13 and TIMP1 as determined by RPA (Fig. 44, B).
Primary lung fibroblasts also showed time-dependent
increases in steadysstate mRNA levels of MMP12,
MMP13, and TIMP1 after exposure to asbestos. MMP12
was ‘abundarnt in fibroblasts but was undetectable in
epithelial cells. The induction of MMP12 by asbestos in
fibroblasts as detected by RPA was confirmed using
quantitative RT-PCR (TagMan) (Fig. 4G).

Asbestos affects transcription of MMP13 and TIMP1
in lung epithelial cells

To show that increased steady-state mRNA levels of
MMP13 and TIMP1 by asbestos were not due to stabi-
lization of mRNA, C10 cells were treated with actino-
mycin D (a transcription inhibitor) at different concen-
trations (50, 100, 200, 500 ng/ml) for 30 min prior to
exposure to ashestos. Pretreatment with actinomycin D
completely blocked asbestos-induced increases in

MMP13 and TIMP1 mRNA (Fig. B) as determined by
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Figure 2. Asbestos inhalation causes increases in
steady-state mRNA levels of lung MMP12, 13, and
TIMP1 in wild-type mice; MMP12 and 13 are
inhibited in PRC8 (~/-) mice. C57Bl/6 and
PRCS (~/=) mice (n=6 per group) were exposed
to chrysotile asbestos (7 mg/m® 8 hyday, b
d/wk} for 9 d. Lung RNA was prepared and
analyzed by ribonuclease protection assay using
an mMMP2 template. A) A representative auto-
radiogram using 2 mice per group (out of 24
mice run on the same gel). Quantitation of
autoradiograms using 6. mice per group for
MMP12 (B} and for MMP13 (0). *P = 0.05
compared with untreated .control.
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Multiple cell signaling pathways are involved in
regulation of asbestos-induced MMPs

Asbestos exerts its effects on lung epithelial cell
proliferation via EGFR dependent and iridependent
pathways leading to ERK1/2 and ERKS5 activation and
activating’ protein (AP)-1 transactivation (29). To
reveal the signaling pathways involved in regulation
of MMP and TIMP transcription by asbestos, C10
epithelial cells (MMP13 and TIMP1) or fibroblasts
(MMP12) were exposed to different small molecule
kinrase inhibitors before addition of asbestos for 24 h
and then analyzed by RPA. As shown in Fig. 64,
pretreatment of cells with an ERK1/2 inhibitor
(U1026, 10 pM) decreased asbestos-associated in-
creases in MMP12, MMP13, and TIMPI mRNA.
Whereas the PISK inhibitor (LY294002 at 10 and 20
uM) inhibited both MMP12 and MMP13 transcrip-
tion by asbestos, the EGFR phosphorylation inhibitor
(AG1478 10 and 20 uwM) inhibited MMP13 but not
MMP12 mRNA expression by asbestos (Fig. 68). The
PKCo-specific inhibitor rottlerin at 5 pM blocked
asbestossinduced transeription of beth MMP12 and
MMP13; however, a general PKC inhibitor (Bis at 5
pM) inhibited asbestos-induced up-regulation of
MMP12 but had no effect on steady-state mRNA
levels of MMP13 (Fig. 6C), indicating different path-
ways of regulation in different cell types. Constitu-
tive levels of MMP12 mRNA were also inhibited by
rottlerin and Bis.

Asbestos-induced up-regulation of MMPs can further
enhance signaling pathways via EGFR activation

Using a broadspectrum inhibitor of MMPs (GM6001,
10 pM), we show that inhibition of MMPs inhibits
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asbestos-induced EGFR activation (Fig. 74) and
ERK1/2 phosphorylation {(Fig. 7B, ) in Cl0 lung
epithelial cells, indicating an important role of MMPs
ininitiation of asbestos-induced cell signaling. Addition
of GMB6001 alone to cells had no effects on EGFR or
ERK1/2 phosphorylation.

DISCUSSION

Asbestos fibers cause pulmonary fibrosis and lung can-
cers (2), diseases involving epithelial cell-fibroblast
interactions and resulting in lung remodeling. MMPs
are a family of secreted or transmembrane zine-depen-
dent endopeptidases that can degrade ECM and base-
ment membrane components and may be importantin
re-gpithelization and remodeling of damaged lungs. In
addition to enhancing ECM turnover and tissue remod-
eling, MMPs may also have profound effects on the
release of pro-fibrotic growth factors and cytokines
(11-13).

Recent data implicate MMP7 or matrilysin. as a key
regulator of pulmonary fibrosis in mice and humans,
and matrilysin knockout niice are resistant to pulmo-
nary fibrosis (10). Histological examination of nor-
mal lungs and lungs from patients with interstitial
lung disease also implicate changes in distribution
and amounts of MMPs and TIMPs (30). Isolated
alveolar macrophages obtained from untreated pa-
tients with idiopathic pulmonary fibrosis show
marked increases in MMPY secretion compared with
macrophages collected from normal individuals
(31). In addition, a synthetic inhibitor of MMP,
Batimastat, reduces bleomycin-induced lung fibrosis
(82). In studies here, we show that exposure to
asbestos cause significant increases in MMP12,
MMP13, and TIMP1 expression levels, which are
attenuated in lungs of PRKC8 (—/~-) mice. These

SHUKLA ET AL.
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Figure 3. Gelatin zyimogram showing increased MMP2, 9, and
12 activities in BALF after asbestos inhalaton. PKCS (~/=)
mice and WT littermates were éxposed to asbestos (7 mg/m>,
6 h/day, 5 d/wk) for 9 (A) or40 (B). BAL fluid was collected,
and gelatin zymography was run under nonreducing condi-
tions. Clear digested areaswere identified based on melecular
wt markers (MMP12) and positive controls (MMP2 and 9). C)
Zymogram from BALF of PKC3 (~/-) mice after 9 d of
asbestos exposure:

changes may be explained by our observations that
PKCS (~/~) mice exhibit altered inflammatory pro-
files and less pulmonary fibrosis in response fo
asbestos in comparison to WT littermates (28). The
observed increase in MMP12 activity in PKCS (-/-)
sham mice as compared to WT sham animals is hard
to explain but might be related to altered immune
responses and the presence of patches of inflamma-
tory cells in lungs of PRCS (-/-) miice.

Our results suggest that asbestos ean induce ECM
remodeling affecting both matrix deposition and deg-
radation. For example, MMP13 (collagenase 3) is an
epithelial matrix metalloproteinase that degrades
mainly fibrillar collagens and gelatinases A and B
(MMP2 and MMP9), which degrade type IV basement

MMP UP-RECULATION BY ASBESTOS

membrane collagen (33). TIMP1 is a multifunctional
molecule that inhibits matrix metalloproteinase activity
and promotes the proliferation of receptive cells. In-
creased activity of MMP13 in BALF was not observed
despite several-fold increases in mRNA levels of MMP13
in long. This observation may reflect increased TIMP1
levels in lung that inhibited MMP18 activity. Increased
expression of MMP13 and TIMP1 was also reported by
Ortiz et al. (84) in a murine model of silicosis:

Here we show that inhalation of asbestos causes
ncreases in mRNA levels and activity of MMP12. Mac-
rophage metalloelastase (MME) or MMP12 can hydro-
lyze a broad spectrum of substrates (85, 36). Although
most of the available literature indicates that the mac-
rophage is the main cell type making MMP12, here we
show for the first time that primary lung fibroblasts also
express MMP12. MMP12 expression in this.cell type was
confirmed by two different techiniques, RPA and quan-
titative RT-PCR (TagMan), which revealed similar re-
sults (Fig. 4). In support of our observation that cells
other than macrophages can also express MMP12, a
recent report shows the induction of MMP12 gene
expression in airway-like epithelial cell by cigarette
smoke (87). Use of MMP12 knockout mice in our
inhalation model may shed light on the importance of
this protein in development of asbestos-induced fibro-
sis,

Asbestos inhalation alse results in increased MMP2
and MMP9 activities in BALF, although no effect on
transeript levels of these two MMPs was observed. These
increases in activity could reflect contributions of in-
creased inflammatory eells in BALF, which are features
of this animal model (16).

MMP production and activity'are highly regulated at
different levels. In general, basal transcription in nor-
mal adult tissues is low; but MMPs are up-regulated by
a variety of factors at the transcriptional, postranscrip-
tional, and postranslational levels as well as by the
interaction of secreted enzymes with TIMPs (7, 38).
Our studies using epithelial cells and fibroblasts with
small molecule inhibitors show that asbestos-induced
increases in MMP12, MMP13, and TIMP1 mRNA levels
are ERK1/2 dependent. These results are consistent
with many studies showing that MMPs (MMP1, MMP3,
MMP7, MMP9, MMP10, MMP12, and MMPI18) are
regulated by extracellular stimuli, which activate activa
tor protein-1 (AP-1) [reviewed in (39, 40)]. Previous
work from our laboratory has shown that asbestos
activates AP-1 dependent gene transcription via the
ERK1/2 pathway, whereas ¢-Jun NH2-terminal kinase
and p38 pathways are not activated by asbestos (41),
Experiments here reveal that asbestos-induced MMP12
and MMP13 expression are also regulated by EGF
receptor (EGFR), phosphatidylinositol 3-kinase (PI3K),
and PRCS, results consistent with other reports impli-
cating these pathways in MMP regulation by other
agents (42, 43). For example, EGFR-mediated signaling
promotes MMP9 activation by enhancing PI3K-depen-
dent cell surface association of the receptor (44). Our
studies indicate nonsignificant effects of an EGFR in-
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Figure 4. Asbestos expostire causes time-de-
pendent increases in MMPs and TIMP steady-
state mRINA levels in lung epithelial cells and
fibroblasts. Lung epithelial type II cells {C10)
or primary lung fibroblasts were exposed to
ashestos (5 pg/em?®) for different time periods
(4't0 24 h). RNA was prepared and analyzed by
ribonuclease protection assay using a mMMP2
template. Autoradiograms were developed (A)
and selected genes were quantitated using pho-
spoimaging {B). Results are represented as a
ratio to the housekeeping gene, L32. ¥*P< 0.05
in comparison to respective untreated control.
C) Fibroblasts were exposed to asbestos for 24
or 48 h, RNA was prepared and analyzed by
quarntitative realtime PCR (TagMan) for
MMP12 levels. *P = 0.05 in comparison to 2
untreated controls.
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hibitor on asbestos-induced MMP12 mRNA levels in
fibroblasts; however,; asbestos-induced MMP13 mRNA
levels in epithelial cells were significantly inhibited by
higher concentrations (20 uM) of an EGFR inhibitor
(Fig. 6B). These findings indicate that asbestos-induced
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Figure 5. Asbestos transcriptionally up-regulates MMP13 and
TIMPL. Lung epithelial type 1I cells (C10) were pretreated
with various concentrations of actinomycin D (50-500 n%/
mi) for 30 min before exposing them to asbestos (5 pg/cm

for 24 h. RNA was prepared and analyzed by nbonudease
protection assays using a mMMP2 template: Quantitation of
autoradiograms was performed using a phosphoimager. *P <
0.05 as compared to untreated control.
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responses in epithelial cells oceur via EGFR activation,
whereas in fibroblasts other growth factor{s) may be
responsible.

The MMPs play a critical role in the processing of
EGF and EGFlike ligand precursors, thereby contrib-
uting to the EGFR signal transactivation {(45-47). In
our study, blocking of MMP activation with a broad-
spectrum small molecule inhibitor GM6001 in epithe-
lial cells inhibited asbestos-induced EGFR activation
and ERK1/2 phosphorylation, an EGFR-dependent
event in cells after exposure to asbestos or cigarette
smoke (23, 48). This finding demonstrates that once
MMPs are activated, they can further-enhance ashestos-
induced signaling pathways via EGFR activation.

We: note that the results in our study have focused
largely on the expression of MMP and TIMP tran-
scripts, which may or may not always equate with
protein expression. Although it is desirable to deter
mine protein expression of MMPs or TIMPs as well, the
reagents (e.g., antibodies) to detect most nongelatinase
MMBPs in mice, including MMP12 and MMP13, are
rudimentary and the specificity suspect. Future studies
to better define MMP protein expression and secretion
will extend our current data.

Putiting the current findings in the context of previ-
ous findings by our research group and others (49-51),
we propose a new hypothetical model wherein asbestos
transcriptionally up-regulates MMP12 and MMPI8 in a

SHUKLA ET AL.
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Figare 6. Asbestosinduced MMP12 and 13 are regulated via
an EGFR(or other growth factor) /PI3K/PKCS/ERK1 /2 path-
way. Lung epithelial type I cells (C10) and primary lung
fibroblasts were pretreated with either (A) a mitogen-acti-
vated protein kinase (ERK1/2) inhibitor (U1026 10 uM for
1 hy, (B) a phosphatidylinositol 3-kinase (PI3K) inhibitor (LY
204002, 10 or 20 pM for 1 h) or an EGF receptor inhibitor
(AG1478, 10 or 20 pM for 1 h) or (0) a protein kinase C
general inhibitor (Bis' 5 pM for 1 h) or the PRC3 specific
inhibitor (rottlerin 5 pM for 1 h), before exposing them to
asbestos (5 pg/em®) for 24 h. RNA was prepared and
analyzed by a ribonuclease protection assay. Quantitation of
autoradiograms was performed using a phosphoimager. ¥P =
0.05°as compared with respective untreated control, "P = 0.05
as compared to Tespective asbestos-exposed group: All
MMP12 studies were performed in fibroblasts whereas
MMP13 and TIMP 1 studies were performed in lung epithe-
lial type I1 cells (C10).

growth factor/PISK/PKC3/ERK1/2 dependent man-
ner (Fig. 8). We also predict that MMPs activated by
asbestos have the potential to further regulate asbestos-
induced. signaling pathways via activating EGFR in
epithelial cells. The interplay between ashestos-induced
MMPs and TIMPs may be crucial in the development of
asbestos-induced lung diseases, and relevant signaling
pathways may be targets for intervention and therapy.
Though this study indicates that MMPs can regulate
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Figure 7. MMPs regulate asbestos-induced signaling pathways
via EGFR activation in epithelial cells, Lung epithelial type I
cells (C10) were pretreated with a broad-spectrum MMP
inhibitor (GM6001, 10 uM) for 1 h before exposure with
asbestos for 8 h. Western blot for ERK1/2 and EGFR kinase
activity assays were perfornied as described in Materials and
Methods. A) Kinase activity assay using MBP as @ substrate
showing inhibition of asbestosinduced EGFR activation by
MMP inhibitor GM6001 (MBP = myelin basic protein). B)
Western blot showinginhibition of asbestos-induced ERK1/2
{p-p44/p-p42) phosphorylation by GM6001. C) Quantitation
of the Western blot in (FB). *P = 0.05 as compared to
untreated control, *P = 0.05 as compared with asbestos
exposed group.
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Figure 8. Hypothetical schema showing regulation of MMPs
by ‘asbestos. Asbestos exposure leads to up-regulation of
MMPs via growth factor receptors, utilizing the ERK1/2,
PKCS, and PI3K pathways. Up-regulation and activation of
MMPs may promote EGF shedding resulting in further EGFR
activation and phosphorylation of ERK1/2 in epithelial cells.
Inhibition of MMPs by the broad=spectrum inhibitor GM6001
preventsasbestosinduced EGFR activation and ERK1/2 phos-
phorylation in epithelial cells.
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