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Cancer cell genomes contain alterations beyond known etiologic
events, but their total number has been unknown at even the order
of magnitude level. By sampling colorectal premalignant polyp and
carcinoma cell genomes through use of the technique inter-(simple
sequence repeat) PCR, we have found genomic alterations to be
considerably more abundant than expected, with the mean number
of genomic events per carcinoma cell totaling approximately 11,000.
Colonic polyps early in the tumor progression pathway showed
similar numbers of events. These results indicate that, as with certain
hereditary cancer syndromes, genomic destabilization is an early step
in sporadic tumor development. Together these results support the
model of genomic instability being a cause rather than an effect of
malignancy, facilitating vastly accelerated somatic cell evolution, with
the observed orderly steps of the colon cancer progression pathway
reflecting the consequences of natural selection.

Tumor progression represents a form of somatic evolution, at
the ultimate expense of the host organism. But how broad is
the pathway of this evolution? Is it a narrow, focused pathway
with relatively few extraneous genomic alterations, or is it diffuse
and extensive? Five to 10 genetic alterations appear necessary
for the generation of the malignant phenotype, with the classical
example of a multistep progression pathway being Vogelstein et
al.’s model for sporadic colorectal carcinoma (1, 2). Loeb (3) first
recognized the inadequacy of normal mutation rates to permit
accumulation of the necessary number of contributing mutations
and proposed the need for a mutator phenotype to destabilize
the genome and enable progression to reach completion. A
mutator phenotype is further attractive in that it can generate
additional nonpathway mutations, generating the subpopula-
tions of tumor cells characteristic of tumor heterogeneity (4). In
hereditary colorectal cancers arising from the mismatch repair
defect mutator phenotype, Perucho (5) estimated approximately
100,000 mutations occur, although this is viewed as a special
case. The questions we address here are how many genomic
events occur in sporadic cancers, when do these occur, and what
fraction of these are relevant to tumorigenesis? In other words,
how fluid is the genome during tumor progression, and to what
degree is evolution accelerated?

Genomic instability in cancer appears in three major forms: (i)
aneuploidy, in which entire chromosomes are gained or lost, (if)
intrachromosomal instability, characterized by insertions, dele-
tions, translocations, amplifications, and other forms all sharing
the feature of utilizing DNA breakage as an early step, and (iii)
point or oligobase mutations, which are rare except for DNA
replication error inherited syndromes (hereditary nonpolyposis
colorectal cancer) and a small fraction of sporadic cancers (6, 7).
Quantitation of genomic instability in tumor biopsy specimens
has been severely hampered by limitations of assay methodol-
ogies. The N-phosphono-L-aspartate (PALA) selection colony
formation assay measuring carbamyl-P-synthetase/aspartate
transcarbamylase/dihydroorotase gene amplification rates re-
quires prior establishment of clonogenic tumor cell lines, where
such establishment itself may select altered degrees of genomic
instability (8). PALA itself enhances DNA breakage, contrib-

uting to genomic instability in cell cycle checkpoint-deficient
cells (9). Comparative genomic hybridization provides a ge-
nome-wide scanning approach revealing amplifications and de-
letions, but is unable to resolve deletions of less than 10 Mb and
amplifications of less than 2 Mb (10). Although the resolution of
this technique improves with conversion to chip-based ap-
proaches where large arrays of smaller fragments are examined,
it remains unable to readily detect insertions, translocations, de
novo-synthesized sequences, or small events (11). Restriction
landmark genome scanning could be adapted to assess genomic
instability, but the tissue requirements, expense, and cumber-
some nature of this two-dimensional gel technique prohibit
routine use (12, 13).

We have used inter-(simple sequence repeat) PCR (inter-SSR
PCR) to simultaneously sample numerous diverse regions of the
genome, specifically those regions of the genome present between
inverted abundant repetitive elements (14). This process allows us
to readily measure the occurrence of genomic events in a tumor, by
comparing tumor DNA to normal tissue DNA from the same
patient. As we have described, an estimate of the relative degree of
genomic instability is readily obtained for each tumor, in turn
enabling examination of molecular and clinical correlates of
genomic instability, including finding a lack of association with p53
mutation (15). In this report we estimate the total number of
genomic events that occur in premalignant and malignant colorec-
tal tumors and find the number for each to be surprisingly large. We
present the rigorous sequencing of an altered segment revealed by
inter-SSR PCR, which manifests genomic damage. Our results
indicate that in sporadic colorectal cancer numerous genomic
damage events are likely to fall below the range of detection of many
other genome anatomy methodologies.

Materials and Methods

Tumors and DNA Extraction. Tissue samples were from 58 consec-
utive sporadic colorectal cancer and 12 polyp patients who
underwent surgery at the Roswell Park Cancer Institute and
University of Montreal Hospital Center between 1991 and 1998.
All patients gave written consent to obtain tissue specimens, as
approved by the Roswell Park Institute Review Board. DNA was
extracted from liquid nitrogen-frozen tumor or polyp samples
and from adjacent normal mucosa as described (14). Tissue
wedges with a volume of approximately 8 mm? were digested for
3 hr at 65°C with 1 ug/ml proteinase K, followed by a I-hr RNase
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A treatment at 0.5 pug/ml. The DNA was further purified with
two phenol/chloroform/isoamyl alcohol extractions, a chloro-
form/isoamyl alcohol extraction, and ethanol precipitation.

Inter-SSR PCR. The elements of inter-SSR PCR methodology and
the reproducibility of the technique have been detailed (14, 15).
32P-end labeled primers homologous to dinucleotide repeats and
anchored at the 3’ end by two nonrepeat nucleotides were used
in a PCR to amplify sequences between the repeat elements.
PCR was carried out in a volume of 20 ul containing 1 uM
primer (1:5 labeled/unlabeled oligonucleotide), 50 ng genomic
DNA, and 0.3 unit of Taq polymerase (Life Technologies,
Bethesda, MD) in 1X PCR buffer (10 mM Tris-HCI, pH 9.0/2%
formamide/50 mM KCI/0.2 mM deoxynucleotide triphos-
phates/1.5 mM MgClI,/0.01% gelatin/0.01% Triton X-100). The
following conditions were used for amplification: 3-min initial
denaturation at 94°C, 30 cycles of 30 sec at 94°C/45 sec at 52°C/2
min at 72°C, 7 min at 72°C. The labeled PCR products were
resolved by nondenaturing PAGE at 80 W for 22 min, followed
by 50 W for 3,400 V-hr for CA-based PCR products and 2,800
V-hr for CG-based PCR products. The gels were dried and
autoradiographed. PCR primers were from the Roswell Park
Cancer Institute Biopolymer Facility. A genomic instability
index was computed by dividing the number of altered bands
seen in the PCR products amplified from the tumor DNA by the
total number of products generated from the normal tissue
DNA.

Results

Inter-SSR PCR uses a single primer based on repetitive DNA
sequences, anchored at the 3’ end with unique sequences to
prevent slippage. This technique produces amplification of those
DNA sequences, typically less than 2 kb in size, which are present
between relatively close, inverted primer-binding repeat se-
quences (16, 17). Exploiting abundant repetitive sequences such
as CA repeats generates approximately 40 PCR products when
the primer (CA)sRY is used. A comparison of products ampli-
fied from tumor DNA and normal tissue DNA from the same
patient reveals a reproducible pattern of bands in which most
products are identical, although for cases where tumor-specific
rearrangements have occurred, a small number of new products
also are seen, and a few products disappear. Examples of
colorectal tumors whose genomes are relatively stable and
unstable are shown in Fig. 1.

By calculating how much of the entire genome is being
sampled in each assay, and comparing this to how many genomic
events have occurred within this sample, we are able to estimate
the total number of genomic events that have occurred in tumor
cells. The inter-SSR PCR products generated by our reaction
conditions fell in a broad size range, with the majority being less
than 900 bp (Fig. 2). The mean total size of the products
generated was 52.3 kbp for the (CA)sRY primer and 31.9 kbp for
the (CA)sRG primer, for a combined total of 84.2 kbp being
sampled, although small variations occur for each patient.
Patterns were highly similar but not uniform for all patients’
normal DNA control PCR products, reflecting polymorphisms
in the population (14), although multiple disperse normal co-
lonic biopsies from individual patients revealed identical pat-
terns for each patient (14).

Inter-SSR PCR band alterations need not be limited to
insertions or deletions between the primer binding sites, nor to
the deletion of a single primer binding site itself. Such processes
indeed alter or eliminate bands, but larger-scale processes such
as deletions of entire chromosomes or large fragments thereof
could in one step eliminate more than one band. In contrast,
bands newly appearing in tumors must reflect individual events,
in turn enabling us to estimate the minimum number of total
events. Although amplifications will produce an increase in
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Fig. 1. Inter-SSR PCR analyses of colorectal cancers (14). (CA)g was anchored
with either RG or RY, where Ris an equal mixture of the purines adenosine and
guanine, and Y is an equal mixture of the pyrimidines cytosine and thymidine.
(CG)4was anchored with RY. Patients 3131 and 3213 each were examined with
the (CA)- and (CG)-based primers, and products amplified from tumor DNA
were compared with those from normal colonic tissue DNA from the same
patient. Dots placed alongside lanes indicate bands found at significantly
greater (>2fold) intensity in the tumor or normal tissue DNA. For patient 3213
one new band from the tumor migrated close to the position of a band that
disappeared from the normal tissue, and thus may represent a small deletion,
indicated by >.

signal intensity approximating the degree of amplification, the
normal counterpart product should in this case still be visible.
We therefore determined the number and size of bands with
2-fold or more reduced or increased intensity in our set of 58
colorectal tumors and the number and size of tumor-specific
bands with no evident normal tissue counterpart at all. As
illustrated in Fig. 2, nearly equivalent numbers of bands are
increased and decreased in tumors, and there appear to be no
size class preferences of altered bands relative to the total
profile. Approximately one-tenth (18 of 174) of the altered PCR
products of the 58 sporadic colorectal carcinomas represented
new tumor specific bands that had no visible normal tissue
counterpart, indicating that in these cases either the genomic
event itself had occurred between the two primers or else
included the site of one primer.

Altered bands are particularly valuable in that they can reveal
where and how genomic instability events have occurred. Clon-
ing of nine altered products revealed events that were widely
dispersed in the genome (Table 1). What sorts of events produce
altered inter-SSR PCR products? And might altered bands
represent artifactual PCR products? We examined these issues
by cloning PCR products from multiple independent PCRs,
followed by sequencing of the products, preparing new nested
primers designed to test for the alteration, and then using these
nested primers to specifically amplify the altered sequence from
tumor DNA. A thorough analysis of clone RG9Y is shown in Fig.
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Fig.2. Thesize distribution of altered bands is similar to the size distribution
of total inter-SSR PCR products. (a) Size distribution of inter-SSR PCR products
for 58 human colorectal cancers. The number of inter-SSR PCR products for
(CA)gRY-primed (black bars) and (CA)s(RG)-primed (gray bars) reactions was
determined for each 100-bp size interval. (b) The number of new or lost
inter-SSR PCR bands was determined for each indicated 100-bp size interval.
New bands or bands with increased intensity in the tumor are shown by bars
above the x axis; bars below the axis indicate lost bands or bands with
decreased intensity in the tumor.

3, where a four-base insertion was detected in tumor 3153. The
initial alteration was seen with (CA)sRG as the primer, as well
as with (CA)sRG with the R1 linker sequence GGAATTC
attached at its 5’ position (Fig. 34). The difference in electro-
phoretic mobility remained visible in PCR products cloned from

Table 1. Inter-SSR PCR bands altered in tumors

reactions using tumor or normal DNA (Fig. 3B). Sequencing
data revealed a four-base insertion had occurred in the tumor
(Fig. 3C), even though the (CA)sRG-primed product migrated
slightly faster for the tumor. Nested primers then were used to
amplify the correspondingly different products from tumor and
normal DNA, as illustrated in Fig. 3D. In this case, the tumor-
specific nested product ran slightly slower. Sequencing verified
the four-base difference in the nested product. The four-base
insertion seen in tumor 3153 is not the result of classical
microsatellite instability, because only two of 111 microsatellite
markers we examined for this tumor showed instability, a value
far below the 20% and 40% standards set by Boland et al. (18).

Use of 3’ end-anchored (CA)sRG or (CA)gRY primers might
be yielding results unrepresentative of the entire genome, par-
ticularly in view of the relatively lengthy 16-base repeat sequence
in the primer. To evaluate this possibility, we examined the
(CG)p-based 3’ anchored primer (CG)4RY where the repeat
length was reduced to eight bases, but where its high GC content
still allowed it to prime effectively at a PCR-range annealing
temperature of 52°. Using this new primer, we examined by
inter-SSR PCR 20 sets of tumor and corresponding normal
mucosal DNA for which we already had data, using the (CA)sRG
and (CA)sRY primers. As was the case for the (CA),-based
primers, the (CG)4RY primer also generated approximately 40
bands in each reaction (Fig. 1). Although the number of bands
was similar to that seen with the (CA),-based primers, the
amplified products were slightly smaller (=1.0 kbp). And the
number of tumor-specific altered bands was likewise similar to
that seen with the (CA),-based primers, ranging in number from
zero to five of the bands, which corresponded to genomic
instability index values of 0-12%. If genomic instability in
sporadic colorectal cancer is a random process, then there should
be a concordance of instability indices regardless of the specific
primer used. Correlation of CG-based instability and CA-based
instability was examined by the Pearson method (19) and was
found significant with a P value of P = .05.

How many genomic events have occurred in sporadic colo-
rectal cancer cells? The linearly ordered pathway of colorectal
tumor progression described by Fearon and Vogelstein (1) has
generated the widespread impression that cancer is the end
result of fewer than 10 relatively precisely staged genomic events,
although comparative genomic hybridization has suggested a
somewhat more chaotic scenario (11). We have analyzed our
inter-SSR PCR data to estimate the total number of genomic
alterations and events that have occurred in the typical sporadic
colorectal cancer cell and limited ourselves to events that
produced altered size products reflecting insertions, deletions
and the like: (7) with the mean number of tumor-specific
size-altered bands per inter-SSR PCR equaling three, (ii) with

Clone Size Homology to* Homology, % Chromosome
RY1 556 bp Twist gene 99 7p21
RY2 559 bp — — —
RY3 336 bp cDNA/D165494 93 16921
RY4 472 bp — — —
RY5 216 bp cDNA/STS4-310 96 4
RY6 196 bp cDNA/STS4-310 94 4
RY7 536 bp 257 bp w/ D205227,* 92 20
remainder no homology

RY8.1 269 bp Creatine transporter 87 X
RG9 923 bp — — —

*Homology is defined as more than 75% sequence similarity to sequences in GenBank, as determined by FASTA

search.

TClone RY7 contained two separate PCR products as manifested by linker and primer sequences.
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(A) Inter SSR-PCR (B) Cloning of PCR Products
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(C) Sequences

G19-2-23 GGATCTGGA GTTGOGTTTC TGGAAAAAGA CACAGAGAGA GAGAGAGAGA GAGA_ _ _ _ GC TGTTCCTGON NCCATINTTT GGAAAACCN
G19-2-19 GGATCTGGA GTTGOGTTTN TGGAAAAAGA CACAGAGAGA GAGAGAGAGA GAGA__ _ _ GC TGTTNCTGCA COCATTATTT GGNAAACCA

GI19-1-9 GGATCTGGA GTTGCGTTTC TGGAAAAAGA CAGAGAGAGA GAGAGAGAGA GAGAGAGAGC TGTTCCTGCA GOCATTATTC GGAAAACCA
G19-1-12 GGATCTGGA GTTGOGTTTC TGGAAAAAGA CAGAGAGAGA GAGAGAGAGA GAGAGAGAGC TGTTCCTGCA GOCATTATTT GGAAAACCA

(D) Nested PCR
3153 3153

3153

100

G19-1-P1

9T ZN T N T N T N

bp—
‘“u””““-:::

ggalctgpapttgegitictgpdaaaagacagagagagagagagagagagagagagagetgttcctgcagcecattattcggaaaacca

Fig. 3.

G19-1-P2

Characterization and verification of an altered inter-SSR PCR product amplified from tumor DNA. (A) Tumor (T) and normal (N) DNA from patient 3153

was used as a template in independent PCRs primed with (CA)sRG alone or with the EcoRlI linker-tagged primer GGAATTC (CA)sRG. (B) Clones were prepared
in vector pCR 2.1 (Invitrogen) by using their TA cloning kit. The insert size of the clones was the same as that of the original inter-SSR PCR product. (C) Clones
were sequenced in both directions by using the T7 primer (forward) and the M13 primer (reverse). Sequence data are shown for a 78/74-bp region that contained
the tumor-specific difference in the 923/919-bp sequences of the cloned inter-SSR PCR products. (D) Nested tumor specific primers G19-1P1 and G19-1P2 were
used to prime three independent reactions from the original tumor and normal DNA, confirming the presence of a four-base insertion in the tumor DNA. Control

PCRs used the clone 9T- and clone 23N-containing plasmids as templates.

the total size of the PCR fragments sampling the genome
equaling 84.2 kb, and (iii) with 18/174 altered bands represent-
ing events which must be unique, then

number of 3 alterations . 18 \
alterations — 8.42 x 10* bp X 3 X 10" bp X 174 = L1 X 10°%

Thus we estimate at least 11,000 individual genomic events have
occurred in each tumor cell. The actual number may range as
high as 1.1 X 10°, if every inter-SSR-altered band should
represent an independent event. It is important to note this
method scores only those events present in most tumor cells in
the assay sample; late-stage events producing tumor heteroge-
neity may enlarge the final number (20). Interestingly, our
numbers are consistent with what we calculate from restriction
landmark genome scanning data in other studies, where about 20
events are seen in a total of about 1 Mb of the genome being
randomly scanned (12, 13).

When does genomic instability first appear during tumor
progression? If genomic instability is a significant effector of
tumor progression, it must initiate before completion of pro-
gression and would be most effective facilitating this process if
initiated early. In contrast, if genomic instability is a conse-
quence of malignancy itself, then it should appear only in
malignancies. Hereditary nonpolyposis colorectal cancer has
revealed that genomic instability in the form of defective DNA
mismatch repair is able to facilitate tumor progression, but is
sporadic colorectal cancer analogous (21, 22)?

We examined the degree of genomic instability in early-stage
colorectal tumor progression, with inter-SSR PCR analyses
performed on 11 adenomatous polyps, two hyperplastic polyps,
and one mixed. Eight were from sporadic colorectal patients, and
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six were from patients with the cancer predisposing syndrome
familial adenomatous polyposis, where the APC gene is mutated.
Using (CA)sRY and (CA)sRG individually as primers, we
observed genomic instability in all 14 polyps, with a range in
genomic instability index of 1.3 to 19.4 (Table 2). In most cases
the degree of instability observed in polyps was only slightly less
than that in corresponding carcinoma from the same patient,
indicating most of the events we see occur early in tumor
progression. In one case (patient 3177-8) with tissues both from
an adenomatous polyp and a synchronous adenocarcinoma, the
polyp showed three altered bands and the carcinoma six, includ-
ing three migrating at the same positions as those altered in the
polyp. In another case (193-4), all three bands altered in the
polyp also were altered in the tumor, along with seven new bands.
In a third case (199-201), three bands altered in the polyp were
included among five in the tumor, and in a fourth case (patient
3021-3), of the four bands altered in the tumor, two were found
altered in the polyp, along with one polyp-specific band that was
either deleted during tumor progression or evolved separately
from the true tumor progenitor cell (Fig. 4). Together, these
results indicate that the onset of genomic instability is an early
event in colorectal tumor progression, evidently being a facili-
tator and not a consequence of malignancy.

Discussion

Our results indicate that genomic instability in cancer produces
genomic damage at a level of around 10,000 events occurring per
cell. At this point, it is difficult to make a more precise estimate
with our methodology, which relies on product size differences.
The sampling technique of inter-SSR PCR detects only ampli-
fications or deletions present in a large fraction of the tumor
cells, although the rarer event of newly arising bands will be

Stoler et al.



Table 2. Genomic instability of colonic polyps

Genomic
instability index,
Patient Tissue Type Sporadic/FAP percent
3021-3 Polyp Tubulovillous adenoma Sporadic 5.2
Carcinoma Sporadic 7.8
6394-5 Polyp Hyperplastic Sporadic 6.5
Carcinoma Sporadic 6.5
3177-8 Polyp Tubulovillous adenoma Sporadic 3.9
Carcinoma Sporadic 7.8
190-1 Polyp Tubulovillous adenoma Sporadic 1.3
193-4 Polyp Tubulovillous adenoma Sporadic 5.0
Carcinoma 14.1
197-8 Polyp Mixed hyperplastic tubulovillous adenoma Sporadic 7.5
199-201 Polyp Hyperplastic Sporadic 3.7
Carcinoma 6.1
202-4 Polyp Villous adenoma Sporadic 1.3
Carcinoma 2.2
2140-3 Polyp Rectal adenoma* FAP 1.3
Polyp Duodenal adenoma FAP 5.2
Polyp Duodenal adenoma FAP 5.2
Carcinoma FAP 2.6
2829 Polyp Tubular adenoma FAP 1.3
2831 Polyp Tubular adenoma* FAP 3.9
2832 Polyp Tubular adenoma FAP 19.4

FAP, familial adenomatous polyposis. Genomic instability was determined by inter-SSR PCR (14).
*Pathology reports showed tubular and tubulovillous adenoma and hyperperplastic polyps at this site, although typing is unknown for

the individual polyp.

Several polyps were examined histologically and were predominantly tubular adenomas, but typing is unknown for this particular

polyp.

visible if present in a smaller fraction. Our procedure is also
vulnerable to the possibility that sequences near simple sequence
repeats present within a few kilobases of another, or sequences
near inverted repeats, may be preferentially susceptible to
rearrangement (23). However, by comparing our results to those

TT1
- -

x ‘_;_ polyp

A

» 1Y
£ 4 ] il
' ! ' i
Fig. 4. Inter-SSR PCR analyses of a colorectal carcinoma and synchronous
adenomatous polyp from patient 3022. Three band alterations are present in

the polyp and four in the carcinoma, with two bands common to the benign
and malignant tumors.

Stoler et al.

of Arribas et al. (24), where a mean of 1.1% of the bands
amplified by two-primer arbitrarily primed PCR were altered,
this level of preference is unlikely to exceed a factor of three (14,
24). In our computation of the total number of events we limited
ourselves to newly arising bands and excluded amplifications and
deletions that had the potential of affecting multiple bands with
a single genomic event. Clustered point mutations from a
localized problem during DNA replication might be occurring,
and yet not be detected because only size-altered products have
been screened. And lastly, we are detecting genomic events that
have occurred during development of the tumor; they may not
reflect a constant rate of instability throughout tumor progres-
sion. Despite all of these caveats, the level of genomic rear-
rangements in cancer is clearly remarkably high.

The efficacy of the inter-SSR PCR technique in studying the
evolution of species first was established by Zietkiewicz et al.
(17). Our studies show the utility of this technique for studying
the analogous but much more rapid evolution that occurs during
tumor progression. Perhaps our most surprising finding is the
overall similarity between the extent of tumor cell evolution, as
manifested by the degree of tumor genomic rearrangements, and
the degree of genomic rearrangements seen during Darwinian
evolution of closely related species (25). Zietkiewicz et al. found
(CA)sRG primed inter-SSR PCR comparing humans and chim-
panzees produces approximately half of all bands exhibiting
differences (17); we found up to 19% of bands showing differ-
ences between tumor and normal DNA. For sporadic colorectal
cancer at least, malignancy thus appears to not simply represent
the end result of a few discrete mutations, but instead is the
consequence of cells with highly unstable genomes having
several years to evolve within the host.

Why do we see the ordered events of the Fearon and Vo-
gelstein pathway (1)? Just as natural selection creates ordered
evolution in Darwinian terms, natural selection also must be the
central force in cellular evolution during tumor progression. In
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this latter case, coordinating and regulating genes acquired
during hundreds of millions of years of Darwinian evolution are
lost as the tumor evolves toward its own ends. The 5,000 genes
in yeast may be taken as an estimate of the number of genes
required for eukaryotic cell viability; with about 100,000 genes
in humans, only a small fraction of genomic events are likely to
impact cell viability itself. From genomic chaos a naturally
selected order of tumor progression arises, with the tumor itself
representing a genomically heterogeneous evolved population.
Once an appropriate degree of genomic instability arises in a
proliferating cell, cancer becomes the almost inevitable out-
come. But how is the genomic instability of sporadic cancer itself
arising? Although evidence exists for several mechanisms, in-
cluding cell cycle checkpoint loss, chromosome bridge-breakage-
fusion, and excessive breakage because of nuclease activation, it
is not clear that a single mechanism is involved (26-32). Nor is
it certain that cancer genomic instability only reflects rearrange-
ments of existing sequences and does not include de novo
syntheses.

Our findings have clinical relevance. Quantitation of the
degree of genomic instability in early-stage tumors should
produce insights as to their prognosis, which would appear
particularly applicable to breast and prostate cancers where
early-stage disease is widely detected, but only a fraction
progresses. As demonstrated by Arribas et al. (24) with another
form of arbitrarily primed PCR, the degree of genomic damage
in colon cancer inversely correlates with survival. An inter-SSR
fingerprint should be able to readily distinguish independently
occurring primary tumors from tumor recurrences, and sequenc-
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ing of altered products should permit synthesis of specific PCR
primers to monitor tumor recurrence with exquisite sensitivity.
At the molecular level, definition of the newly gained or lost
sequences in inter-SSR PCR products and characterization of
junction points can be expected to provide important clues to the
mechanistic bases underlying genomic instability in cancer. At
the therapeutic level, the multitude of genomic events suggests
highly effective means of evading the immune response become
obligatory early in tumor progression; immunological curative
therapeutic approaches to cancer such as targeting specific
tumor antigens may be expected to be fraught with difficulties
(33, 34). And as has been widely observed with solid tumor
cytotoxic chemotherapy, drug-resistant cell subpopulations
and/or evolving populations within the tumor generally lead to
an unfavorable outcome. In contrast, more attractive therapeutic
approaches in view of our findings would appear to include
prevention in the form of stabilizing the genome before pro-
gression can be completed (35), and for existing tumors, target-
ing the genomically stable nontumor cells essential for the
tumor’s survival, as occurs with the disruption of angiogenesis
(36, 37).
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