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Abstract

Purpose: We determined the gene copy numbers for MET, for its transcriptional activator MACC1 and
for its ligand hepatocyte growth factor (HGF) in liver metastases from colorectal carcinoma (mCRC). We
correlated copy numbers with mRNA levels and explored whether gain and/or overexpression of MET and
MACCI1 predict response to anti-Met therapies. Finally, we assessed whether their genomic or transcrip-
tional deregulation correlates with pathologic and molecular parameters of aggressive disease.

Experimental Design: One hundred three mCRCs were analyzed. Copy numbers and mRNA were
determined by quantitative PCR (qPCR). Thirty nine samples were implanted and expanded in NOD
(nonobese diabetic)/SCID (severe combined immunodeficient) mice to generate cohorts that were treated
with the Met inhibitor JNJ-38877605. In silico analysis of MACC1 targets relied on genome-wide mapping
of promoter regions and on expression data from two CRC datasets.

Results: No focal, high-grade amplifications of MET, MACC1, or HGF were detected. Chromosome 7
polysomy and gain of the p-arm were observed in 21% and 8% of cases, respectively, and significantly
correlated with higher expression of both Met and MACC1. Met inhibition in patient-derived xenografts
did not modify tumor growth. Copy number gain and overexpression of MACC1 correlated with
unfavorable pathologic features better than overexpression of Met. Bioinformatic analysis of putative
MACCI1 targets identified elements besides Met, whose overexpression cosegregated with aggressive forms
of colorectal cancer.

Conclusions: Experiments in patient-derived xenografts suggest that mCRCs do not rely on Met
genomic gain and/or overexpression for growth. On the basis of pathologic correlations and bioinformatic
analysis, MACC1 could contribute to CRC progression through mechanisms other than or additional to
Met transcriptional upregulation. Clin Cancer Res; 17(10); 3146-56. ©2011 AACR.
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cancer (CRC) is the third most common malignancy and
the second leading cause of cancer deaths in the western
world, with an ever increasing global incidence (1, 2).
Approximately half of CRC patients—namely, those with
localized or only locally advanced disease—can be cured by
surgery and multimodal therapy; the other half present at
diagnosis with distant (usually liver) metastasis, a setting
that portends a dismal survival outcome. Indeed, despite
therapeutic advances, the prognosis for patients with unre-
sectable metastatic CRC (mCRC) remains unfavorable,
with a median overall survival of 18 to 21 months (3-5).

The fact that the metastatic process is directly linked to
patient survival necessitates the search of molecular bio-
markers for the early identification of tumors with elevated
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Met, MACC1, and HGF in Metastatic Colorectal Cancer

Translational Relevance

The Met tyrosine kinase receptor for hepatocyte
growth factor (HGF) and its transcriptional activator
MACCI1 are frequently overexpressed in colorectal car-
cinomas with high metastatic proclivity. Accordingly,
some phase I/II clinical trials are currently addressing
the therapeutic efficacy of Met inhibitors in metastatic
colorectal cancer (mCRC). High-throughput cell line
profiling has recently identified MET gene amplification
as a drug sensitizing genomic alteration that may predict
treatment outcome in vivo. Here, we report the first
comprehensive analysis of MET, MACC1, and HGF copy
number variations and expression levels in mCRCs, as
well as the first preclinical assessment of the response to
Met inhibition in patient-derived xenografts. We did not
find evidence of high-level, locus-specific copy number
alterations of MET, MACC1, and HGF, however, we
detected frequent polysomy of chromosome 7, where
all 3 genes lie, and recurrent specific gain of the p-arm,
where the MACCI gene is located. No substantial
responses to Met therapeutic inhibition were observed
in any of the patient-derived xenografts tested, irrespec-
tive of Met expression levels. MACC1 expression corre-
lated with adverse pathologic parameters better than
Met expression, and putative MACC1 targets other than
Met appeared to be preferentially overexpressed in
aggressive forms of colorectal cancer. Although data
from clinical trials are needed to draw ultimate conclu-
sions, our results suggest that colorectal tumors do not
show dependency on Met for their growth, thus raising
an element of doubt on the use of Met inhibitors in
mCRCs. Moreover, MACC1 emerges as a Met-indepen-
dent potential contributor to the metastatic phenotype.

metastatic propensity. This endeavor is further supported
by the notion that, in principle, prognostic biomarkers can
also act as predictors of response to targeted treatments (6).
A paradigmatic example is provided by the HER2 gene,
whose amplification in mammary tumors foretells aggres-
sive growth and a high risk of relapse following conven-
tional chemotherapy, but in the meantime predicts cancer
sensitivity to HER2 inhibitors (7). Therefore, prognostic
determinants may become potential therapeutic targets,
provided that their expression does not simply correlate
with the probability of tumor dissemination but also plays
a causative role in the onset of the metastatic phenotype.

The MET oncogene encodes for the Met tyrosine kinase
receptor for HGF (8). Met is aberrantly activated in a vast
spectrum of human cancers due to gene amplification,
transcriptional upregulation, point mutations, or ligand
autocrine loops (9, 10). Cell lines exhibiting amplification
of the MET gene respond to Met inactivation with remark-
able growth impairment, suggesting that this kind of
genetic aberration drives "addiction" to Met activity in vitro
and may predict effective treatment outcome in vivo

(11-13). Besides stimulating proliferation, Met also
encourages cell scattering, invasion and protection from
apoptosis, thereby acting as an adjuvant prometastatic gene
for many tumor types (14).

In colorectal cancer, Met is considered important for the
metastatic potential to the liver and represents a powerful
prognostic indicator for early stage invasion and metastasis:
high expression of Met in CRCs associates with develop-
ment of distant metastases and with shorter metastasis-free
survival (15-19). This notion has been recently corrobo-
rated by the finding that MACC1, an upstream transcrip-
tional activator of Met, is also an independent prognostic
predictor of metastasis formation and metastasis-free sur-
vival in mCRCs (19). Finally, the seeding of metastatic cells
in the liver leads to a reactive hepatic pathology that is
accompanied by a surge of circulating HGF, which might
further activate Met by systemic/paracrine mechanisms
(20). These observations have prompted the design of
clinical trials that are currently testing Met and HGF inhi-
bitors in mCRCs (21).

On the basis on these premises, we decided to carry out a
detailed analysis of the genomic status and of the expression
levels of MET, MACC1, and HGF in a cohort of 103 con-
secutive liver metastases from colorectal carcinomas. The
aim was 2-fold: (i) to explore whether copy number varia-
tions of MET, MACC1, and HGF, as well as their over-
expression, can predict response to Met targeted therapies
(using mCRC patient-derived xenografts as preclinical read-
outs of therapeutic efficacy); and (ii) to assess whether their
genomic or transcriptional deregulation correlates with
pathologic and molecular parameters of aggressive disease.

Materials and Methods

Specimen collection and annotation

A total of 103 consecutive tumor samples and matched
normal samples were obtained from patients treated by
liver metastasectomy at IRCC, Ordine Mauriziano, and San
Giovanni Battista Hospitals (Torino, Italy). All patients
provided informed consent and samples were procured
and the study was conducted under the approval of the
Review Boards of the 3 institutions. Clinical and pathologic
data were entered and maintained in our prospective
database.

Analyte extraction

Nucleic acids were isolated from surgically resected col-
orectal cancer liver metastases and from matched normal
liver tissues, following overnight incubation of the fresh
specimens in RNAlater (Ambion), quick freezing at —80°C
and mechanical fragmentation. Genomic DNA was iso-
lated using the Blood & Cell Culture DNA Midi Kit (Qia-
gen). Total RNA was extracted using the miRNeasy Mini Kit
(Qiagen) and quality checked by measuring the 28S/18S
ribosomal RNA ratio with an Agilent 2100 Bioanalyzer
(Agilent Technologies). DNA and RNA concentrations were
quantified using a Nanodrop 1000 Spectrophotometer
(Thermo Fisher Scientific).

www.aacrjournals.org
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Gene copy number and expression analysis

qPCR on genomic DNA and cDNA was carried out using
the Power Sybr PCR Master Mix (Applied Biosystems) and
the 7900 HT Abiprism Real-Time System (Applied Biosys-
tems). cDNA was produced using the Reverse Transcription
System (Promega), according to the manufacturer’s instruc-
tions. RPS6KC1 was chosen as a reference for gene dosage
normalization. Hypoxanthine-guanine phosphoribosyl-
transferase and the subunit A of the succinate dehydrogen-
ase complex were chosen as references for transcript
normalization. The list of primers used for gene copy
number and gene expression analyses (Sigma Aldrich) is
presented in Supplementary Table S1.

Explant xenograft models

Tumor material not required for histopathologic analysis
was collected and placed in medium 199 supplemented with
200 U/mL penicillin, 200 pg/mL streptomycin, and 100 pg/
mL levofloxacin. Each sample was cut into 25- to 30-mm?
pieces in antibiotic-containing medium; some of the pieces
were incubated overnight in RNAlater and then frozen at
—80°C for molecular analyses; 2 other pieces were coated in
Matrigel (BD Biosciences) and implanted in 2 different 4- to
6-week-old female NOD (nonobese diabetic)/SCID (severe
combined immunodeficient) mice. After mass formation,
the tumors were passaged and expanded for 2 generations
until production of a cohort of 12 or 24 mice, depending on
the amount of the original material. For each cohort, half of
the animals were treated with vehicle and half were dosed
with 40 mg/kg/die of the Met small molecule inhibitor JNJ-
38877605. Compound concentration in the tumor sites was
analyzed by liquid chromatography/mass spectrometry.
Tumor size was evaluated once per week by caliper measure-
ments and the approximate volume of the mass was calcu-
lated using the formula 4/3m(d/2)*.D/2, where d is the
minor tumor axis and D is the major tumor axis. All animal
procedures were approved by the Ethical Commission of the
Institute for Cancer Research and Treatment (Candiolo,
Torino, Italy), and by the Italian Ministry of Health.

Statistics

Data are expressed as mean + SEM. Comparisons were
made using the 2-tailed Student's ¢ test. Association
between pathologic parameters and MACC1 copy number
was carried out by a paired univariate statistical analysis
using Fisher’s exact test.

In silico analyses

A detailed description of the strategy used to identify
MACCI1 putative targets can be found in the Supplementary
Data.

Results

Copy-number analysis of MET, MACC1, and HGF in
liver metastases from colorectal carcinomas

103 consecutive liver metastases from colorectal carci-
nomas were evaluated for copy number alterations of the

MET, MACC1, and HGF genes using quantitative real-
time PCR (qPCR) on genomic DNA extracts. The 3 genes
all lie along chromosome 7: MET and HGF occupy a
subtelomeric and a centromeric position, respectively, on
the g-arm, whereas MACCI is located at a telomeric posi-
tion on the p-arm (Fig. 1A). EGFR, encoding the epidermal
growth factor receptor, was used as an intrachromosomal
control to cover a centromeric locus on the p-arm.
RPS6KC1 was chosen as a reference for gene dosage nor-
malization: this gene is contained in the subtelomeric
region of chromosome 1q, which is typically spared by
events of chromosomal instability in colorectal cancer
(22). A summary of the clinical characteristics for the study
cohort can be found in Table 1 and detailed information is
provided in Supplementary Table S2.

With the exception of a 32-fold peak of copy number
gain for EGFR in 1 case, we did not detect focal, high-grade
amplification of MET, MACC1, HGF, or EGFR in any of the
samples analyzed (Supplementary Table S3). Low-level
polysomy of chromosome 7 was observed in 22 cases
(21%), with an average of 3.3 copies. In 9 cases (7.7%)
we could distinguish a specific increase in the ploidy of the
p-arm (average, 3.4 copies), with genomic overrepresenta-
tion of MACC1 and EGFR and a normal diploid status for
MET and HGF. In 3 cases (3%), moderate gain of the p-arm
(average, 6.8 copies) appeared to be superimposed to a
condition of whole chromosome 7 polysomy (Fig. 1B). In
sum, polysomy of the entire chromosome 7 or selective
gain of the p-arm appear to be a relatively frequent occur-
rence in mCRCs; at variance, locus-specific copy number
alterations of MET, MACC1, and HGF are likely to be at
very low frequencies, if not absent.

Expression analysis of Met and MACC1 in liver
metastases from colorectal carcinomas

To test whether the observed copy number alterations of
chromosome 7 drive aberrant expression of Met, we inte-
grated the genomic data with transcriptional analyses
(Supplementary Table S3): comparison of relative Met
transcripts with the ploidy condition of chromosome 7
revealed that higher Met expression associated with chro-
mosome 7 polysomy, consistent with a gene dosage effect.
However, gain of MET was not the sole genomic determi-
nant of Met overexpression: the average transcript levels of
Met were even more pronounced in those samples that
displayed specific gain of the p-arm, where the MACC1
locus—but not the MET locus—resides (Fig. 2A). As
expected, expression of MACC1 was prominent in samples
with gain of chromosome 7, independent of whether the
genetic lesion consisted of whole chromosome polysomy
or gain of the p-arm (Fig. 2B).

The observation that Met expression is more elevated in
samples in which MACC1 exhibits a genomic gain, irre-
spective of MET status, indirectly suggests that MACC1 is an
upstream regulator of Met levels. Indeed, it has been
recently shown that Met is a transcriptional target of
MACC1, and Met mRNA expression was found to correlate
with that of MACC1 in 60 cases of primary colorectal
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carcinomas (19). We validated this association also in liver
secondary lesions: when the 103 metastases were matched
with respect to Met and MACC1 mRNA levels, a direct
correlation between Met and MACC1 expression was con-
firmed (Pearson correlation coefficient = 0.64; Fig. 2C
and D). Concurrent direction in the expression of the 2
genes (over or below the median distribution of both) was
found in 78 of 103 samples (76%; hypergeometric dis-
tribution P = 3.82083E-07; Fig. 2C and D). For control
purposes, we also compared the expression levels of
MACCI1 and HGF: in this case, no correlation was detected
(Fig. 2E), further indicating specific coregulation for Met
and MACCI1.

Response of patient-derived xenografts to Met
targeted therapy

It is now well recognized that the major determinant of
responsiveness to targeted therapeutics is the presence of a
constitutively hyperactive form of the druggable molecule,
which usually occurs as a consequence of genetic abnorm-
alities such as point mutations, gene amplification, or
chromosomal translocation. Despite the fact that we have
been unable to detect a focal, high-grade amplification of
the MET gene, the finding that Met overexpression tends to
correlate with a genetic anomaly—either polysomy of the
entire chromosome 7 or gain of the p-arm—supports the
notion that targeting Met might have therapeutic value in
the context of mCRCs.

To tackle this issue, we subcutaneously implanted mCRC
samples from our series in immunocompromised NOD/
SCID mice and evaluated the efficacy of systemic inhibition
of Met in these patient-derived xenografts. Through 2-step

in vivo passaging and expansion of the first 39 consecutive
specimens that successfully engrafted, we developed 39
cohorts of mice bearing liver metastases; each cohort
was generated from a unique patient and consisted of 12
or 24 animals, depending on the amount of the original
surgical material (Supplementary Table S3). Consistent
with the data obtained in the entire series, this xenografted
collection featured 9 cases of chromosome 7 polysomy
(23%) and 3 cases of gain of the p-arm (8%; Supplemen-
tary Table S3). The distribution of Met expression in the
samples implanted is presented in Figure 3A. For each
cohort, half of the animals were treated with vehicle and
half were dosed with JNJ-38877605, a Met-specific small
molecule inhibitor that entered Phase I clinical trials (21,
23-25). We used 2 treatment schedules: in 21 cases, treat-
ment with the Met inhibitor was started the day after tumor
implantation ("early treatment"); in 18 cases, the inhibitor
was administered when the tumor had reached a volume of
approximately 300 to 400 mm?® ("delayed treatment";
Supplementary Table S3).

Unexpectedly, none of the tumors responded to the
treatment, independently of Met expression, chromosome
7 polysomy, or gain of the p-arm. Not only did we not
observe cases of regression or stabilization but also we
could not even detect any substantial changes in the growth
curves following Met inhibition. Analysis of pharmacoki-
netic disposition in 10 randomly selected animals indi-
cated intratumoral compound concentrations ranging
from 6 to 23 umol/L, all well above the effective dose
for inhibition of Met-driven cell proliferation (23-25;
Supplementary Fig. S1). Moreover, the same compound
at the same dosage could efficiently suppress the growth of

www.aacrjournals.org
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Table 1. Summary of the clinical characteristics
for the study cohort

Sex

Males 69%
Females 31%
Age, y

Median 64
Range 46-87
Site of primary

Colon 78%
Rectum 22%
Diagnosis

Synchronous 45%
Metachronous 55%
Previous chemotherapy

Yes 69%
No 31%
Relapse

First occurrence 86%
Secondary occurrence 14%
Maximum diameter, cm

Median 3
Range 0.9-20
Number of lesions

Median 2
Range 1-25
Histologic grade

1-2 48%
3 52%
Vascular emboli

No 22%
Yes 78%

established xenografts when Met-addicted cell lines, such as
GTL16, were used (26). Therefore, this lack of effect was not
due to lack of compound availability or impaired delivery
in vivo. Representative cohorts produced from samples with
high expression of Met are shown in Figure 3B. This
absence of response, at least in this experimental setting
and with this specific Met inhibitor, raises some concerns
about the validity of targeting Met in mCRC and provides
further interest for the outcome of the ongoing clinical
trials.

Pathologic correlations

The finding that overexpression of Met in mCRCs does
not associate with therapeutic responsiveness to Met tar-
geted therapies prompted us to analyze the correlation
between the expression levels of Met and MACC1 and some
pathologic features (when available) that are indicative of
biological aggressiveness, including grading, the number
and maximum diameter of hepatic metastases, and vascular
dissemination. With the exception of the grading parameter,
both Met and MACC1 displayed a trend of preferential
expression in aggressive tumors: the 2 molecules appeared

to be more expressed in multiple versus single metastases, in
larger (>5 cm) versus smaller (<5 cm) lesions, and in the
presence of intravascular metastatic cells. Notably, the dif-
ferences in the median expression between highly and
poorly aggressive cases were always much more pronounced
for MACC1 than for Met (Table 2). As far as grading is
concerned, MACC1, but not Met, proved to be more
expressed in high-grade tumors. When we applied a single
parameter statistical analysis, the correlation between the
levels of MACC1 and the presence of metastatic emboli
reached significance. Further studies of large cohorts of CRC
patients with long-term follow-up information using multi-
parameter statistical models are needed to definitely address
this issue; meanwhile, our findings are in favor of a specific
association between MACC1 expression levels and unfavor-
able pathologic characteristics. This association is further
supported by the enrichment for MACC1 copy number gain
in aggressive tumors (Table 2).

Together, these results indicate that, in the context of
liver metastases from colorectal carcinoma, MACC1 out-
performs Met in the correlation with pathologic attributes
of tumor evolution. This reinforces the notion that Met
overexpression is likely insufficient to contribute autono-
mously to the growth and further progression of hepatic
secondary lesions.

In silico identification of putative MACC1 targets

The observation that MACC1 expression correlates better
than Met expression with pathologic parameters of aggres-
sive disease is consistent with previous findings: indeed, it
has been shown that the prognostic power of MACC1 in
predicting metastasis-free survival is higher than that of Met
and that the combination of MACC1 and Met expression
does not improve the prognosis either for metastasis or for
5-year survival (19), highlighting the stronger prognostic
value of MACC1 per se. This suggests that transcripts other
than Met can be regulated by MACC1, and possibly con-
tribute to the aggressive phenotype associated with high
MACCI1 levels.

To address this matter, we decided to search for new
candidate MACCI1 targets through an in silico approach
based on 2 fundamental assumptions: i) MACC1 targets
should display strong transcriptional coregulation with
MACCI; ii) as Met is a validated MACC1 target (19, 27),
the anatomy of the Met promoter can be used as a reference
to extrapolate modules likely to mediate MACC1 transcrip-
tional activity in other genes. On these premises, we ana-
lyzed whether genes containing the putative promoter
consensus(es) were significantly enriched for MACC1-cor-
egulated genes.

In accordance with previous work showing that the
integrity of a specific SP1 binding site in the Met promoter
is required for Met regulation by MACC1 (26), we initially
selected genes only for the presence of an SP1 consensus
and tested whether this was sufficient to enrich for tran-
scripts coexpressed with MACC1 (28). Geneset enrichment
analysis (GSEA) of a public dataset comprising 372 CRC
samples (GSE2109; see Supplementary Methods for
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details) indicated that the 3,937 transcripts containing an
SP1 binding site in their promoter were poorly enriched for
MACC1 coregulated genes when compared with all the
13,937 transcripts explored (NES = 1.091; Supplementary
Tables S4 and S5). This suggests that other characteristics
present in the Met promoter could contribute to determin-
ing the specific nature of MACC1 transcriptional function.
Indeed, both efficacy and specificity of transcription factors
(TF) and coregulators can be modulated by the presence of
multiple binding sites for the TF in the target promoter, by
the presence of consensus sites for other TFs, and also by
the relative position of the multiple consensus sequences
within the promoter (29). On the basis of this, we categor-

ized 4 features of the Met promoter that were tested
independently or in combination for their ability to iden-
tify sets of transcripts enriched for MACC1 coregulation: (i)
the presence of 1 or multiple SP1 binding sites; (ii) the
presence of the specific SP1 consensus site that is functional
in the Met promoter (the "Met-like consensus"); (iii) the
presence of an AP2 binding site (which lies in the core
region of the Met promoter in proximity of the functional
SP1 consensus); and (iv) the relative disposition of SP1
sites and AP2 sites, as observed in the Met promoter
(Supplementary Table S4). Enrichment analyses based
on hypergeometric distribution (30) indicated that genes
with a promoter featuring the combination of multiple SP1
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sites, including the Met-like SP1 consensus, together with 1
AP2 site (hereafter named the SP1multi-METexact-AP2
geneset—SmMuMA—, 469 transcripts) displayed the highest
and most significant enrichment for MACC1 coregulated
transcripts (hypergeometric P value = 0.008; Fig. 4A; Sup-
plementary Tables S4 and S6). At variance, the exact topol-
ogy of the Met promoter did not further improve the
performance of the selection, suggesting that this feature
is not relevant for MACC1 activity.

The enrichment for MACC1 coregulated transcripts
within the SmuMA geneset was independently verified
through GSEA analysis (NES = 1.300; Supplementary
Table S5), which further highlighted an inner core of
129 transcripts whose expression was strongly correlated
with that of MACC1 (Supplementary Table S7). This core of
129 transcripts was considered as the final geneset of
MACCI1 putative targets (MAput). To validate our selection

pipeline, we carried out the GSEA analysis on a completely
independent dataset comprising 290 CRC samples
(GSE14333; ref. 31). This confirmed a robust and highly
significant enrichment for MACC1 coexpressed transcripts
within the MAput geneset (NES = 2.267; FDR < 0.001;
Fig. 4B; Supplementary Table S7), supporting the notion
that this geneset contains a large fraction of potential
MACCI1 transcriptional targets. Notably, the core of vali-
dated putative targets includes Met (Supplementary
Table S7), further corroborating the efficacy of our
approach in identifying valuable candidates.

Finally, we challenged the list of candidate MACC1
targets for their ability to stratify patients in groups with
different clinical outcomes, based on unsupervised k-
means clustering (Fig. 4C). Interestingly, the cluster dis-
playing a lower expression of the MAput geneset was
characterized by a significantly lower frequency of
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Table 2. Correlations between pathologic parameters and expression of Met, MACC1 and copy number gain (CNG) of MACC1

Vascular emboli (n)

Diameter (n)

Grading (n) Number (n)

Parameter

P value
0.156

Yes (35)
0.332

No (10)
—0.325

P value
0.220

>5cm (18)
0.215

<5cm (56)
—0.023

P value
0.781

147)
0.131

1(27)

P value
0.409

3 (34)

1-2 (37)
0.158

—0.296

—0.023

Met

Expression

(L2R, median)

0.638 0.020

54%

—0.693
20%

0.057

0.764
44%

—0.258
32%

0.119
0.458

0.000

38%

—0.665
33%

0.195
0.216

0.117

43%

—0.258
29%

MACCH
MACCA1

0.077

0.400

CNG

metastatic events—either synchronous metastases or
recurrences in 5 years—(’p value = 0.03). This is con-
sistent with the idea that MACC1 transcriptional targets
could contribute to the aggressive phenotype that is
associated with high MACC1 expression.

Discussion

Our comprehensive appraisal of MET, MACC1, and
HGF copy number variations in mCRCs revealed that
high-level, focal amplification of such genes is likely to
be a rare, if not unique, occurrence. This is the first
evaluation of the genetic status of MACC1 and HGF
in this neoplastic setting. In the case of MET, our data
confirm on a larger scale a previous report that, using
FISH analysis, described a very low incidence (2%) of
locus-restricted amplification of the MET gene (32).
Conversely, this information contradicts other studies
that, using semiquantitative techniques such as southern
blotting and conventional PCR on genomic DNA,
detected MET genetic amplification in a substantial frac-
tion of liver metastases from colorectal carcinomas, with
frequencies spanning from 20% to more than 80% (33,
34). We suspect that, at least in some cases, the reported
amplification of MET was in fact a wider gain of entire
chromosomal regions or, even more plausibly, a com-
plete polysomy of chromosome 7, where the MET gene
resides. Indeed, when we assessed the genomic content
of chromosome 7 by covering telomeric and centromeric
loci on both chromosomal arms, we observed frequent
polysomy of chromosome 7 (21%), as well as a recurrent
and more localized gain of the p-arm (8%).

Chromosome 7 contains not only MET but also
MACC1 and HGF. This suggests a more subtle gene
dosage effect for Met expression and activity: in the
numerous cases of mCRCs with increased ploidy of
chromosome 7, Met could be concomitantly hyperacti-
vated by copy number gain, amplified autocriny, and
enhanced transcriptional modulation. Consistently,
when we integrated gene copy number estimation with
expression analysis, we found that those samples exhi-
biting chromosome 7 polysomy were also characterized
by higher expression levels of Met. It is worth noting that
expression of Met was even more prominent in tumors
that displayed specific gain of the p-arm, where the
MACCI1 gene—but not MET—is located. The association
between genomic gain of MACC1 and increased ex-
pression of Met, irrespective of the presence of Met
gains, supports the notion that MACC1 can control
Met levels as an upstream regulator of Met transcription.
We also anecdotally note that the median expression
of Met, MACC1 and HGF appeared to be slightly
higher in patients with previous chemotherapy com-
pared with chemonaive subjects (Table 1 and Supple-
mentary Table S3); this is in coherence with the
established notion that the HGF-Met axis is part of a
general "stress-and-recovery" response to cytotoxic
insults (8, 35).

www.aacrjournals.org
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Figure 4. Identification of new
putative MACC1 targets. A,
enrichment statistics based on
hypergeometric distribution of the
Pearson correlation coefficients
for the 10 genesets identified by
combining Met promoter features.
The SmuMA geneset, featuring
the highest enrichment and
hypergeometric P value, is
highlighted in yellow. B, GSEA plot
of the enrichment analysis for the
MAput geneset in the validation
dataset, GSE14333. The top
portion of the plot shows the
running of the enrichment score as
the analysis walks down the
ranked list; the lower portion of the
plot shows where the members of
the geneset (black lines) appear in
the ranked list of genes (red-blue
gradient). C, clustering of the
GSE14333 dataset based on
MAput expression. Samples are
annotated for clinical
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ama
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characteristics as follows:
metastatic disease at diagnosis
(MTS, red samples); occurrence of
metastases within a 5-year follow-
up period (disease-free survival,
DFS < 5 years, yellow samples);
and no metastatic events during
follow-up (no event, green
samples).

To evaluate the efficacy of Met inhibition in vivo, we
developed a patient-derived human mCRC explant
model. By combining the use of severely immunocompro-
mised NOD/SCID mice with optimization of the transfer
procedures from sample surgical removal to animal
implantation, we were able to achieve a high rate of
successful engraftments, with 39 of 46 consecutive surgical
samples (85%) giving rise to palpable masses. We can
therefore reasonably exclude a bias toward selection of
more aggressive cases in our xenograft series. This model
of tumor direct transfer from humans to mice has several

advantages over conventional xenografts with cultured
cell lines: one above all, this approach maintains the
subject and tumor variability that occurs in the clinic,
and therefore it recapitulates some aspects of popula-
tion-based studies. Unexpectedly, none of the cases
responded to Met inhibition, independently of Met ex-
pression, chromosome 7 polysomy, or gain of the p-arm.
This information has been obtained consistently in large
cohorts of mice, with each cohort generated from a single
patient’s tumor; hence, it is sufficiently solid to provide
some preclinical hints.
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This model has also some drawbacks. One obvious
limitation is that the subcutaneous milieu in which
liver metastasis specimens are implanted does not reca-
pitulate the orthotopic hepatic context. Perhaps more
importantly, human tumor stroma becomes depleted
on serial passages in the animal and substituted by
murine components. This prevents analysis of the poten-
tial influence of species-specific host parameters on drug
sensitivity, irrespective of tumor-autonomous features.
Because HGF is mainly produced by mesenchymal cells
and mouse HGF binds human Met with only low affinity
(36), our experiments did not address whether paracrine
HGF may affect tumor responsiveness to Met inhibition.
However, the growth of serially passaged patient-derived
xenografts (likely expressing mouse HGF) was similar to,
or even faster than, that of primary implants (likely
expressing human HGF); although circumstantial, this
evidence suggests that mCRCs are not dependent on
the availability of species-compatible HGF for their accre-
tion and that the absence of human HGF does not
interfere with the tumor-autonomous signaling activity
of Met. Although we believe that our "negative" findings
will provide critical information for future drug and
biomarker development in CRC, we also appreciate that
ultimate conclusions on the efficacy of Met inhibitors in
this tumor setting can be drawn only when results from
ongoing clinical trials will become available.

A number of clues suggest that MACC1 could contribute
to colorectal tumor progression more efficiently than Met:
(i) besides chromosome 7 polysomy, a specific gain of the
p-arm containing the MACC1 locus occurs in approxi-
mately 8% of mCRC cases, which implies an evolutionary
pressure likely related to the acquisition of malignant traits;
(i) MACCT1 outperforms Met in the correlation with patho-
logic parameters of aggressive disease and has better
prognostic power in predicting metastasis-free survival
(19); and (iii) the expression of MACC1 putative transcrip-
tional targets is higher in CRC cases with a metastatic
tendency; hence, MACC1 may coordinate modulation of
complex multigene expression patterns involved in tumor
aggressiveness.

References

1. Ferlay J, Autier P, Boniol M, Heanue M, Colombet M, Boyle P.
Estimates of the cancer incidence and mortality in Europe in 2006.
Ann Oncol 2007;18:581-92.

2. Centers for Disease Control and Prevention. United States Cancer
Statistics: US Cancer Statistics Working Group. Available from:http://
www.cdc.gov/uscs.

3. Capussotti L, Muratore A, Mulas MM, Massucco P, Aglietta M.
Neoadjuvant chemotherapy and resection for initially irresectable
colorectal liver metastases. Br J Surg 2006;93:1001-6.

4. Muratore A, Zorzi D, Bouzari H, Amisano M, Massucco P, Sperti E,
et al. Asymptomatic colorectal cancer with un-resectable liver metas-
tases: immediate colorectal resection or upfront systemic
chemotherapy? Ann Surg Oncol 2007;14:766-70.

5. Poston GJ, Figueras J, Giuliante F, Nuzzo G, Sobrero AF, Gigot JF,
et al. Urgent need for a new staging system in advanced colorectal
cancer. J Clin Oncol 2008;26:4828-33.

On the basis of all these considerations, Met copy
number gain and/or overexpression are likely insuffi-
cient to produce a state of "addiction" in mCRCs, which
is congruent with our observation that individual target-
ing of Met does not affect the growth properties of
mCRCs in xenograft experiments. MACC1 might con-
tribute to colon cancer metastasis through mechanisms
other than or additional to selective upregulation of Met.
The biological consequences of MACC1 overexpression
in mCRCs and the functional validation of candidate
MACC1-regulated genes await further investigation.

Disclosure of Potential Conflicts of Interest

T. Perera is a full-time employee of Janssen pharmaceutical companies of
Johnson & Johnson. P.M. Comoglio receives research grants from Janssen
pharmaceutical companies. The other authors disclosed no potential con-
flicts of interest.

Acknowledgments

The authors thank Laura Tarditi, Tuti Werdiningsih, and Fabrizio Maina
for animal care; Raffaella Albano, Stefania Giove, and Laura Palmas for
technical assistance; Michela Bruno for administrative assistance; and Anto-
nella Cignetto and Daniela Gramaglia for secretarial assistance.

Grant Support

This work was supported by Johnson & Johnson and European Union
Framework Programs, grant agreements 201279 and 201640 to P.M.
Comoglio; AIRC (Associazione Italiana per la Ricerca sul Cancro)—2010
Special Program Molecular Clinical Oncology 5 x 1000, project no. 9970, to
E. Medico, M.F. Di Renzo, P.M. Comoglio, and L. Trusolino; AIRC Inves-
tigator Grants to E. Medico, M.F. Di Renzo, P.M. Comoglio, and L. Truso-
lino; Regione Piemonte to M.F. Di Renzo, P.M. Comoglio, and L. Trusolino;
MIUR (Ministero dell’Universita e della Ricerca) to P.M. Comoglio; MIUR
FIRB (Fondo per gli Investimenti della Ricerca di Base)—Futuro in Ricerca to
A. Bertotti; and FPRC (Fondazione Piemontese per la Ricerca sul Cancro) to
E. Medico and L. Trusolino.

The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.

Received December 21, 2010; revised March 1, 2011; accepted March 19,
2011; published OnlineFirst March 29, 2011.

6. Sawyers CL. The cancer biomarker problem. Nature 2008;452:
548-52.

7. Esteva FJ, Yu D, Hung MC, Hortobagyi GN. Molecular predictors of
response to trastuzumab and lapatinib in breast cancer. Nat Rev Clin
Oncol 2010;7:98-107.

8. Birchmeier C, Birchmeier W, Gherardi E, Vande Woude GF. Met,
metastasis, motility and more. Nat Rev Mol Cell Biol 20083;4:915-25.

9. Danilkovitch-Miagkova A, Zbar B. Dysregulation of Met receptor
tyrosine kinase activity in invasive tumors. J Clin Invest
2002;109:863-7.

10. Available from:http://www.vai.org/met//

11. Smolen GA, Sordella R, Muir B, Mohapatra G, Barmettler A,
Archibald H, et al. Amplification of MET may identify a subset
of cancers with extreme sensitivity to the selective tyrosine
kinase inhibitor PHA-665752. Proc Natl Acad Sci U S A 2006;
103:2316-21.

www.aacrjournals.org

Clin Cancer Res; 17(10) May 15, 2011

3155

202 1990300 gz uo 1senb Aq ypd 9y L€/96566 L/9¢ L €/0L/L L /pd-ajone/se1180uEDUIO/BI0"S|BUINOIOEE//:d)Y WOl papeojumoq



3156

Galimi et al.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

McDermott U, Sharma SV, Dowell L, Greninger P, Montagut C, Lamb
J, et al. Identification of genotype-correlated sensitivity to selective
kinase inhibitors by using high-throughput tumor cell line profiling.
Proc Natl Acad Sci U S A 2007;104:19936-41.

Bertotti A, Burbridge MF, Gastaldi S, Galimi F, Torti D, Medico E, et al.
Only a subset of Met-activated pathways are required to sustain
oncogene addiction. Sci Signal 2009;2:ra80.

Comoglio PM, Giordano S, Trusolino L. Drug development of MET
inhibitors: targeting oncogene addiction and expedience. Nat Rev
Drug Discov 2008;7:504-16.

Fujita S, Sugano K. Expression of c-met proto-oncogene in primary
colorectal cancer and liver metastases. Jpn J Clin Oncol 1997;27:378-83.
Fazekas K, Csuka O, Koves |, Rasé E, Timar J. Experimental
and clinicopathologic studies on the function of the HGF receptor
in human colon cancer metastasis. Clin Exp Metastasis 2000;18:
639-49.

Takeuchi H, Bilchik A, Saha S, Turner R, Wiese D, Tanaka M, et al. c-
MET expression level in primary colon cancer: a predictor of tumor
invasion and lymph node metastases. Clin Cancer Res 2003;
9:1480-8.

Kammula US, Kuntz EJ, Francone TD, Zeng Z, Shia J, Landmann RG,
et al. Molecular co-expression of the c-Met oncogene and hepatocyte
growth factor in primary colon cancer predicts tumor stage and
clinical outcome. Cancer Lett 2007;248:219-28.

Stein U, Walther W, Arlt F, Schwabe H, Smith J, Fichtner |, et al.
MACC1, a newly identified key regulator of HGF-MET signaling,
predicts colon cancer metastasis. Nat Med 2009;15:59-67.

Fukuura T, Miki C, Inoue T, Matsumoto K, Suzuki H. Serum hepato-
cyte growth factor as an index of disease status of patients with
colorectal carcinoma. Br J Cancer 1998;78:454-9.

Available from:http://clinicaltrials.gov/

Bartos JD, Gaile DP, McQuaid DE, Conroy JM, Darbary H, Nowak NJ,
et al. aCGH local copy number aberrations associated with overall
copy number genomic instability in colorectal cancer: coordinate
involvement of the regions including BCR and ABL. Mutat Res
2007;615:1-11.

Perera T. Selective inhibition of Met kinase: JNJ38877605. Spring
CTEP Early Drug Development Meeting . Rockville. MD; 2007.
Versele M, Lavrijssen T, Rockx C, Geerts T, Janssens B, King P, et al.
Selective inhibition of Met kinase activity impairs metastatic cancer
cell motility and survival. 20th EORTC-NCI-AACR Symposium on

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

"Molecular targets and Cancer Therapeutics". Geneva, Switzerland;
2008.

PereraT, Lavrijssen T, Janssens B, Geerts T, King P, Mevellec L, , et al.
JNJ38877605: a selective Met kinase inhibitor inducing regression of
Met driven tumor models. AACR Annual Meeting 2008 San Diego, CA;
2008.

Cepero V, Sierra JR, Corso S, Ghiso E, Casorzo L, Perera T, et al. MET
and KRAS gene amplification mediates acquired resistance to MET
tyrosine kinase inhibitors. Cancer Res 2010;70:7580-90.

Stein U, Smith J, Walther W, Arlt F. MACC1 controls Met: what a
difference an Sp1 site makes. Cell Cycle 2009;8:2467-9.

Orso F, Cora D, Ubezio B, Provero P, Caselle M, Taverna D. Identi-
fication of functional TFAP2A and SP1 binding sites in new TFAP2A-
modulated genes. BMC Genomics 2010;11:355.

Reményi A, Scholer HL, Wilmanns M. Combinatorial control of gene
expression. Nat Struct Mol Biol 2004;11:812-5.

Mira A, Isella C, Renzulli T, Cantarella D, Martelli ML, Medico E. The
GAB2 signaling scaffold promotes anchorage independence and
drives a transcriptional response associated with metastatic progres-
sion of breast cancer. Oncogene 2009;28:4444-55.

Jorissen RN, Gibbs P, Christie M, Prakash S, Lipton L, Desai J, et al.
Metastasis-associated gene expression changes predict poor out-
comes in patients with Dukes stage B and C colorectal cancer. Clin
Cancer Res 200915:7642-51.

Cappuzzo F, Varella-Garcia M, Finocchiaro G, Skokan M, Gajapathy
S, Carnaghi C, et al. Primary resistance to cetuximab therapy in
EGFR FISH-positive colorectal cancer patients. Br J Cancer 2008;
99:83-9.

Di Renzo MF, Olivero M, Giacomini A, Porte H, Chastre E, Mirossay L,
et al. Overexpression and amplification of the met/HGF receptor gene
during the progression of colorectal cancer. Clin Cancer Res
1995;1:147-54.

Zeng ZS, Weiser MR, Kuntz E, Chen CT, Khan SA, Forslund A, et al. c-
Met gene amplification is associated with advanced stage colorectal
cancer and liver metastases. Cancer Lett 2008;265:258-69.
Trusolino L, Bertotti A, Comoglio PM. Met signalling: principles and
functions in development, organ regeneration and cancer. Nat Rev
Mol Cell Biol 2010;11:834-48.

Rong S, Bodescot M, Blair D, Dunn J, Nakamura T, Mizuno K, et al.
Tumorigenicity of the met proto-oncogene and the gene for hepato-
cyte growth factor. Mol Cell Biol 1992;12:5152-8.

Clin Cancer Res; 17(10) May 15, 2011

Clinical Cancer Research

202 1990300 gz uo 1senb Aq ypd 9y L€/96566 L/9¢ L €/0L/L L /pd-ajone/se1180uEDUIO/BI0"S|BUINOIOEE//:d)Y WOl papeojumoq




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 0
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ([Based on '[High Quality Print]'] Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides true
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        18
        18
        18
        18
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 18
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [792.000 1224.000]
>> setpagedevice


