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SUMMARY: Metastases are thought to be derived from emerging clones within primary tumors. Although the concept of the
clonal evolution of cancer is well defined, the genetic grounds and significance of this process in human cancer progression are
still poorly understood. To gain insight into the genetic basis and clonal evolution underlying the metastatic progression of human
pancreatic cancer in vivo, we analyzed by comparative genomic hybridization (CGH) chromosomal imbalances in seven
metastases originated in nude mice and their three corresponding orthotopically xenografted human pancreatic tumors. All
metastases were found to be closely related to the corresponding orthotopic implant, adding many additional changes to the
already altered copy number profile of the pancreatic tumors. Recurrent metastasis-specific alterations included gains at
16cen-q22 and 17q21-qter. CGH results from paired specimens strongly suggest that the majority of additional genetic
alterations present in metastases are likely to be present in subclones in the primary tumor. (Lab Invest 2001, 81:1703–1707).

D isruption of the organization of the genetic ma-
terial is characteristic of tumor cells. Foulds

(1954) and Nowell (1976) hypothesized that genetic
instability exists within tumors and that genetic
changes (a consequence of the genetic instability) are
responsible for cell heterogeneity. Variant cells would
emerge throughout the evolution of the tumor, and the
rising cell subclones would be subsequently selected
according to their biological behavior (vascular inva-
sion, metastatic ability, drug resistance, etc.).
The metastatic ability of tumor cells underlies the

most frequent cause of cancer treatment failure. It is
generally assumed that metastatic clones arise from
variant subclones within the primary tumors. In fact,
when analyzing paired primary and metastatic tissues,
a progenitor clone may be defined even despite the
often-observed heterogeneity (Kuukasjärvi et al,
1997). Controversy exists regarding the kinetics of the
heterogeneity in metastatic clones, because it could
be caused by an initial diversity of the primary tumor
subpopulation or the accumulation of several genetic
alterations during the independent evolution of
metastasis.

Genetic analysis of paired specimens can be infor-
mative in revealing subtle differences between primary
and metastatic lesions and thereby pinpointing ge-
netic events that could have been critical to metastatic
dissemination (Kuukasjärvi et al, 1997). The extent to
which the primary and metastatic cell clones are
different from one another is an important question for
both tumor biology and clinical oncology because this
makes it possible to assess the degree of clonal
evolution and genetic heterogeneity that characterizes
the metastatic progression.
Pancreatic cancer ranks fifth among cancer-related

causes of death in Western countries. This type of
cancer presents a very poor prognosis because of its
metastatic spread and its late diagnosis (Brand and
Tempero, 1998). Orthotopic implantation in the corre-
sponding organ of origin in nude mice has proved to
be a good in vivo model for the study of this tumor
type. A complete concordance is observed between
the histological appearance of the primary and the
perpetuated tumors in mice (Fu et al, 1992; Reyes et
al, 1996), as well as in the expression of tumor-
associated antigens (Fu et al, 1992). In contrast to
subcutaneous implantation, where only local growth
occurs, orthotopic implantation reproduces the meta-
static behavior of the tumor (Fu et al, 1992; Reyes et
al, 1996). Dissemination is present in up to 50% of
perpetuated tumors, is tumor-specific, and keeps sta-
ble through a high number of passages (Reyes et al,
1996). The use of solid tumor fragments, where het-
erogeneity of tumor cell populations is high, in con-
junction with the implantation in a favorable microen-
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vironment, may account for this high percentage of
dissemination. This model system provides an excel-
lent tool for studying the genetic basis of the meta-
static process (Reyes et al, 1996; Tarafa et al, 2000;
Villanueva et al, 1998). It is noteworthy that the pres-
ence of the host (mouse) desmoplastic reaction does
not interfere with the genetic analysis of human xe-
nografted tumors (Hahn et al, 1995; Hilgers and Kern,
1999). Comparative genomic hybridization (CGH) has
been established as a powerful approach for carrying
out a comprehensive search for gains and losses of
DNA sequences in genomic tumor DNA (Kallioniemi et
al, 1992). It provides results that are considered to be
representative of the entire tumor. Previously, we have
shown on eight orthotopic xenografts of pancreatic
carcinoma studied by CGH, recurrent gains on chro-
mosomes 8q, 15q, 16, 20q, and 19q, and recurrent
losses on chromosomes 18q, 6q, and 9p (Armengol et
al, 2000). The copy number karyotype obtained by
CGH is a characteristic genetic fingerprint of a given
tumor and has been previously used in the study of
progression and clonal evolution between primary
tumors and metastases (Gronwald et al 1997;
Kuukasjärvi et al 1997). We have used the CGH
technique to address the issue of the origin of genetic
divergence in the metastatic process because the
dissemination pattern keeps constant through several
passages, and distinct passages of orthotopically
implanted tumors show a considerable genetic stabil-
ity (Reyes et al, 1996; Villanueva et al, 1998).

Results and Discussion

CGH results are shown in Figure 1. All metastases
analyzed had more genetic alterations than the corre-
sponding original tumor. Moreover, in all cases, the
metastases had some gains and losses involving the
same chromosome regions as the original tumors, but
with CGH profiles deviated more from the balanced
value. These quantitative differences could be caused
by differences between the extent of the genetic
alteration or by a predominance of subpopulations
bearing such aberrations (Nishizadi et al, 1997).

Tumor NP9

Orthotopic xenograft of tumor NP9 at passage #5
harbored a high number of gains and losses (Fig. 1A).
It evolved 6 months after implantation and subsequent
serial passaging in the pancreas of five distinct ani-
mals. The two metastases analyzed were obtained
after 3 months of tumor implantation in the pancreata
of nude mice (passage #1). Therefore, these metasta-
ses showed a shorter period of evolution than the
orthotopic xenograft. Despite that, all alterations
present in the orthotopic implant at passage #5 were
detected in the metastases of passage #1 as well.
Moreover, nonrandom additional alterations were de-
tected in the metastases. Both metastases acquired
three de novo alterations, and two of them were
shared by both metastases. These observations
strongly suggest that both metastases might have

arisen from a common clone, already distinct from the
still dominant clone in the orthotopic xenograft 6
months later (Fig. 1A).

Tumor NP18

An orthotopic xenograft of tumor NP18 at passage #5
and four distinct metastases obtained from passage
#1 were analyzed. The CGH pattern is depicted in
Figure 1B. Again, all alterations present in the ortho-
topic implant were detected in all metastases. Al-
though metastases acquired a high number of gains
and losses, these changes were nonrandom, suggest-
ing that they originated from distinct, but related,
subclones arising in the orthotopic implant where they
were not predominant.

Tumor NP46

Tumor NP46 showed a moderate tendency to metas-
tasize in the animal model. In this case an orthotopic
implant (passage #6) and a single metastasis from
passage #1 were analyzed. Again, despite the differ-
ent time elapsed, both the pancreatic implant and the
metastasis were closely related, with two additional
alterations (�16q and �20q) and two quantitative
alterations (�9p and �18q) being detected in the
latter (Fig. 1C).

Several observations arise from the present study.
Interestingly, all of the metastases presented the same
genetic alterations as the original tumors, as well as
new aberrations that may be characteristic of the
metastatic process. There was only one aberration
with a subtle difference: NP46 presented a loss of
whole chromosome 10, whereas the corresponding
peritoneal metastasis showed only a loss of 10q.
Overall, the total number of aberrations, as measured
by CGH, detected in metastases was higher than that
observed in orthotopic xenografts, even after a shorter
independent evolution. This observation further sup-
ports the notion that cancer progression and dissem-
ination associates with the acquisition of further ge-
netic changes (Fearon and Vogelstein, 1990).

In addition, subtle genetic differences between pri-
mary and metastatic lesions were revealed. Our data
suggest a correlation of metastatic events in pancre-
atic carcinomas, with an increase in the copy number
of genes located at 16q, in particular at 16cen-q22, as
well as genes of 17q21-qter, as they appeared in three
independent metastases from two distinct tumors. A
larger number of paired tumor-metastasis samples
should be studied to pinpoint those genetic events
predisposing to the metastatic dissemination of pan-
creatic cancer, as has been performed in other types
of tumors (ie, renal clear-cell carcinomas) (Gronwald et
al, 1997).

The number of shared genetic changes, as as-
sessed by CGH, has been used as a rough estimate of
the degree of clonal relationship between related
samples (ie, primary breast tumors and asynchronous
metastases) (Kuukasjärvi et al, 1997). Our observa-
tions confirm, at the genetic level, that xenografts and
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Figure 1.
Hypothetical common stemline and subsequent clonal evolution and tumor progression pathways for xenografted tumors and their metastases in three different cases
of pancreatic carcinoma (A, NP9; B, NP18; C, NP46), all of which had metastases clearly clonally related to xenografted tumor. Solid-line boxes depict CGH results
and dotted-line boxes show the putative clones present in the xenografted tumor. Subchromosomal breakpoints are not included in the latter. High-level amplifications
and homozygous losses are shown in bold, and quantitative differences are given in parentheses (see text). Additional acquired alterations are in italic, and alterations
that might have occurred in the metastatic site have been underlined.

Metastatic Progression of Pancreatic Cancer

Laboratory Investigation • December 2001 • Volume 81 • Number 12 1705



metastases are closely related. Moreover, the use of
the orthotopic implantation model has provided us
with valuable samples that are of help in elucidating
whether additional genetic alterations detected in me-
tastases are already present in subclones within the
primary tumor or are acquired after the divergence of
the primary and metastatic tumor clones, as postu-
lated by Kuukasjärvi et al (1997) for breast cancer. The
presence of additional shared alterations in indepen-
dent metastases arising simultaneously strongly sup-
ports the belief that a significant proportion of the
additional genetic alterations is already present in
rising subclones within the orthotopic implants.

The evident relationship between a long-time
evolved pancreatic implant and the metastases de-
rived from earlier passages reveals that dominant
clones within a given microenvironment are important
in supporting local growth but may be unrelated to the
final outcome of the tumor. Our observations suggest
that the intrinsic genetic instability of tumor, evidenced
as numerical chromosomal alterations, continuously
generates novel subclones that are distinctly selected
depending upon the anatomical site: the orthotopic
organ (in this case the pancreas) or distal metastases
(either liver or peritoneal). Although not dominant in
the microenvironment of the orthotopic implant, these
subclones can deliver cells into the blood stream
where they are more capable of establishing distal
metastases. The intrinsic limitation of CGH and the
fact that we have not performed analysis of selected
areas within the tumor have precluded the detection of
these subclones in defined geographical areas within
the tumors.

The acquisition of these novel copy number alter-
ations is probably because of the intrinsic genetic
instability of the tumor cells. In recent years, increas-
ing interest has been focused on the existence of
chromosomal instability, which is responsible for the
existence of a high number of numerical chromosomal
alterations in tumors. Our results are consistent with
the existence of chromosomal instability in these
tumors. Nevertheless, the technique used has not
allowed us to know the relative contribution of struc-
tural chromosomal alterations to this instability.

Previously, it has been reported that metastases of
pancreatic tumors showed a karyotypic complexity
similar to that of poorly differentiated tumors (Go-
runova et al, 1998). Moreover, Mahlamäki et al (1997)
observed that the DNA copy number changes, as
assessed by CGH, in 9 metastatic samples did not
substantially differ from the overall pattern of imbal-
ances present in 15 primary carcinomas. Furthermore,
primary and metastatic pancreatic samples obtained
from the same patient displayed almost identical ab-
normalities. Based on these findings, they concluded
that clonal evolution in pancreatic carcinoma cells, at
least regarding chromosomal imbalances, was quite
similar, irrespective of their location. Discrepancies
with our results may be attributed to the use of a
model system and/or to distinct sensitivities when
using tumor biopsies, where significant “contamina-
tion” of nonneoplastic cells (ie, fibroblasts and lym-

phocytes) may preclude the detection of some gains
or losses.

In conclusion, the ability of CGH to provide detailed
comparisons of genetic changes in paired specimens
of pancreatic carcinomas and their metastases has
enabled the study of the metastatic progression of
human pancreatic cancer in vivo. According to our
CGH findings, additional genetic alterations present in
metastases were probably present in subclones aris-
ing within the primary tumor. Some genetic changes,
such as gains of 16q and 17q, may give clues to the
basic molecular mechanisms providing a selective
advantage for the metastatic pancreatic process. Al-
though further investigations are required, our results
may have implications for understanding the genetic
basis underlying the metastatic progression of human
cancer in vivo.

Materials and Methods

We analyzed, by means of CGH, three orthotopic
xenografts of human pancreatic carcinomas in nude
mice and their seven corresponding metastases ob-
tained from earlier passages. The main characteristics
of the orthotopic xenografts are as follows: A NP9
xenograft was derived from a peritoneal metastasis of
a poorly differentiated carcinoma and consistently
produced peritoneal metastases when allowed to dis-
seminate. A pancreatic implant at passage #5 (time
elapsed between passages #1 and #5 was 6 months)
and two peritoneal metastases, obtained after allow-
ing dissemination from passage #1 during 3 months,
were studied. A NP18 xenograft was derived from a
hepatic metastasis of a poorly differentiated tumor
and developed a mixed peritoneal and hepatic dis-
semination pattern. A pancreatic implant at passage
#5 (time elapsed between passages #1 and #5 was 12
months) and a total of four metastases (two hepatic
and two peritoneal) obtained after dissemination from
passage #1 were analyzed. Finally, NP46 was origi-
nated from a primary pancreatic adenocarcinoma.
When allowed to disseminate for 6 months, minor
peritoneal metastases were observed. In this case, the
pancreatic implant at passage #6 and one peritoneal
metastasis were studied. Results of the three pancre-
atic xenografts and two metastases were included in a
previous study (Armengol et al, 2000).

CGH analysis was performed as described by Ar-
mengol et al (2000). Briefly, tumor DNA was labeled
with fluorescein-dUTP (DuPont, Boston, Massachu-
setts), and normal DNA was labeled with Texas Red-
dUTP (DuPont) using nick-translation procedures in
both. Each of the labeled DNAs (800 ng) were mixed
and hybridized to normal metaphase spreads for 2 to
3 days. Hybridizations were analyzed with an Olympus
fluorescence microscope and the Cytovision digital
image system (Applied Imaging, Sunderland, United
Kingdom), which is based on a high-sensitivity inte-
grating monochrome CCD camera and an automated
CGH analysis software package.

Chromosome regions were interpreted as gains
when the green-to-red ratio was above 1.25 and as
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losses when the ratio was below 0.75. A copy number
change was considered a high-level amplification
when the ratio exceeded 1.5, and a ratio below 0.5
was considered a homozygous loss or a loss present
in almost all of the cell population. These cutoff values
were determined based on negative control experi-
ments. In each CGH experiment, a negative control
was included. The mean green-to-red ratio in all
negative CGH experiments remained between 0.75
and 1.25.
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