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Abstract. Background: The origin and mechanisms of chromosomal instability are still widely unknown. We previously in-
vestigated a limited number of human sporadic colorectal cancers (CRCs) and observed a statistically different occurrence of
KRAS and p53 mutations among predetermined subgroups of tumors with different degrees of DNA aneuploidy. The aim of
the present study was to further verify these observations by including BRAF gene analysis and by investigating a larger series
of cases subdivided into Dukes’ stages A to D to reconstruct some form of chronological modulation for events during CRC
progression. Methods: KRAS, p53, BRAF mutations and flow cytometric DNA Index were evaluated by established techniques
in a series of 135 human sporadic CRCs. Results: p53, KRAS and BRAF mutations were found in 39%, 34%, and 4% of tu-
mors, respectively. The frequency of p53 mutations increased from 15% for stage A to 48% for stage D and was highest in
near-diploid (DI < 1.4 and DI # 1) and high-aneuploid (DI > 1.6) tumors. A similar correlation between gene mutations and
DI values was observed for KRAS. The simultaneous presence of KRAS and p53 mutations was observed in only 11% of cases.
Moreover, the co-occurrence of p53 and KRAS mutations was only observed in near-diploid and high-aneuploid tumors. Con-
clusion: Our findings suggest that KRAS and p53 gene mutations, which are rarely simultaneous and are associated with spe-
cific DI aneuploid values, do not represent a synergistic evolutionary pathway but may influence mechanisms of chromosomal
instability.
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1. Introduction mechanisms of CIN, especially in generating aneu-
ploidy, seem to be associated with telomere dysfunc-
tion, mitotic checkpoint impairment, defects in cytoki-
nesis, or centrosome amplification [17]. A large num-
ber of genes have been identified that are likely to be

involved in chromosomal integrity and linked to CIN

Colorectal cancer (CRC) is characterized by a multi-
step accumulation of somatic mutations in tumor sup-
pressor genes and oncogenes and, as for the large
majority of solid tumors, by genomic alterations at
the chromosomal level which are the bona fide con- phenotype [1,10,20,31].

sequence of chromosomal instability (CIN) [3,8,17, Chromosomal alterations seem to be important
24]. events in the multistep development of CRC that coop-

erate with mutations of tumor-associated master genes
such as APC, KRAS and p53 [1,6,10,12,17-20,27,31].
However, the relation between CIN and these muta-
tions is not yet fully understood. One possible role re-
cently proposed for CIN and aneuploidy in tumor de-
velopment is their association with an increase in the
mutation rate of these and other genes [8].

Losses or gains of defined chromosomal regions are
observed even in colorectal adenomas of very small
size, suggesting an important role of these alterations
in driving tumor transformation [27]. The molecular
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Conversely, mutations in these genes could con-
tribute to the CIN phenotype, whilst also accelerating
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the multistep process of transformation and progres-
sion [17]. Although still controversial, this hypothe-
sis has been put forward for KRAS and CIN in several
studies using both in vitro and in vivo models and biop-
sies from colorectal adenomas [6,12]. Moreover, the
vast majority of publications on p53 show that this on-
cosuppressor gene, which is inactivated late in a high
percentage of CRC:s, is involved in the control of many
cellular processes such as apoptosis, DNA repair and
DNA integrity including CIN [16,26].

Previous data indicate that the simultaneous pres-
ence of KRAS and p53 gene mutations in the same tu-
mor is not a frequent event, suggesting that these muta-
tions do not represent a synergistic evolutionary path-
way in CRC [5,28].

Additionally, a recent pilot study with a small num-
ber of CRC cases showed that the frequency of KRAS
and p53 mutations is associated with different DI ane-
uploid groups, indicating that KRAS and p53 may in-
fluence CIN mechanisms [14].

Moreover, KRAS mutations in CRC have generally
been found to be inversely correlated with BRAF mu-
tations [7,11,29,33]. The BRAF oncogene is one of the
Raf genes involved in the important Ras/Raf/MEK/
MAP kinase intracellular signalling pathway. In spo-
radic CRCs with the CIN phenotype, BRAF mutations
are rarely observed, they are much more frequent in
CRCs displaying the microsatellite instability pheno-
type [25,32].

In the present study we investigated potential rela-
tionships between KRAS, p53 and BRAF mutations, the
degree of DNA ploidy, tumor stage and site in human
sporadic CRC.

2. Methods
2.1. Case series

Samples from 135 histologically confirmed CRCs
were analyzed. Patients were recruited by Forli and Ri-
mini Hospitals and by the National Institute for Cancer
Research, Genoa, and the series was consecutive for
each tumor stage. Pathological stage was defined ac-
cording to Dukes’ classification: 26 patients had stage
A, 40 stage B, 44 had stage C and 25 had stage D
disease. Furthermore, 42 cancers were proximal and
93 were distal. Of the 135 patients, 66 were male and
69 were female. Median age was 69 years (range 35—
90).

2.2. Mutation analysis

p53 exons 5-8 and KRAS exons 1-2 alterations were
detected by single strand conformation polymorphism
(SSCP) analysis. The primer sequences used for muta-
tion analysis have been previously described [21,22].
Briefly, DNA amplification was performed in a final
volume of 25 pl containing 0.4 mM of each primer,
200 uM dNTPs, 1 x reaction buffer with 3.5 mM
MgCl; and 1 unit of Taq polymerase (Qiagen, Hilden,
Germany). The reaction mixture was subjected to 38
PCR cycles: 60 seconds at 94°C, 60 seconds at 58°C
and 60 seconds at 72°C.

All mutations were confirmed by sequencing with
a 3100-Avant Genetic Analyzer (Applied Biosystems,
Foster City, CA, USA) according to the supplier’s in-
structions.

BRAF gene exons 11 and 15 were amplified us-
ing previously published primers [4] and directly se-
quenced by a 3100-Avant Genetic Analyzer (Applied
Biosystems) according to the supplier’s instructions.

2.3. DNA Index analysis

The degree of DNA ploidy (DNA Index, DI) was
evaluated by flow cytometry according to consensus
criteria [23] using suspensions of nuclei stained with
4,6-diamidino-2-phenylindole-2-hydrochloride (DAPI;
Sigma Chemical, St. Louis, MO, USA). Flow cytom-
etry was performed to evaluate three parameters: nu-
clear DAPI fluorescence, proportional to DNA content,
and forward and perpendicular nuclear scatter signals,
which reflect nuclear size and internal structure and
are useful to separate inflammatory from epithelial nu-
clei [13]. DNA aneuploidy was subdivided into four
groups: DNA diploid (DI = 1), near-diploid (DI < 1.4
and #1), near-triploid (DI = 1.5 &£ 0.1) and high ane-
uploid (DI > 1.6).

DI analysis was not performed for 18 cases because
of insufficient levels of starting material.

2.4. Statistical analysis

Pearson’s chi-square was used to test the hypothesis
of equal distribution of molecular alterations in differ-
ent stages of disease. A chi-square probability of 0.05
or less was considered to be statistically significant. No
adjustment was made for performing multiple tests.
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3. Results

3.1. KRAS, p53, BRAF gene mutations and
clinicopathological associations

Genetic alterations of p53 and KRAS genes were
present in a high percentage of cases (39% and 34%,
respectively). Conversely, BRAF mutations were com-
paratively rare events (4%).

p53 gene mutations were localized in “hot spot”
codons 175, 245, 248 and 273 in more than one-third
of cases. The GC to AT transitions represented 58%
of p53 gene mutations and were localized, in the vast
majority of cases, at CpG dinucleotides.

Eighty percent of KRAS gene alterations consisted
of substitutions at codon 12, with both transition and
transversion mutation types. Seven mutations, all G
to A transitions, occurred at codon 13, and only two
transversions were localized at codon 61.

The four BRAF gene mutations were represented by
the common alteration found at codon V599E.

The frequency of p53 gene mutations was signif-
icantly lower in Dukes’ stage A tumors than in all
other stages (p = 0.007) and showed a trend towards
lower incidence in distal compared to proximal sites
(Table 1). Conversely, no associations were observed
between tumor stage or location and KRAS and BRAF
mutations.

3.2. DNA Index values and clinicopathological
associations

DNA aneuploid Index values (DI # 1) were detected
in 75% of cases (88/117), with a similar occurrence of
near-diploid and high-aneuploid subpopulations (25%
and 33%, respectively) and a somewhat lower percent-
age of cases with near-triploid DI values (17%) (Ta-
ble 2).

Table 1
p53, KRAS and BRAF gene mutations and histopathological characteristics
Overall p53 KRAS BRAF
(No. cases = 100)
No. % No. % No. %
135 52 39 46 34 4 4
Stage
A 26 4 15 6 23 0 0
B 40 18 45 15 37 2 8
C 44 18 41 17 39 1 4
D 25 12 48 8 32 1 4
p = 0.007
Location
Distal 93 32 34 15 36 3
Proximal 42 20 48 31 33
Table 2
DNA Index (DI) and histopathological characteristics
Diploids Near-diploids Near-triploids High-aneuploids Total
Dukes’ stage DI=1 DI < 1.4 and #1 DI=15+0.1 DI > 1.6 No. cases
% % % %
All stages 25 25 17 33 117
A 48 22 9 22 23
B 24 29 21 26 34
C 17 20 20 44 41
D 16 31 16 37 19
p = 0.007
Location
Distal 21 25 19 36 81
Proximal 33 28 11 28 36
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DNA Index and mutation status

DNA Index classes No. cases p53 KRAS Mutation At least one gene
(%) (%) co-presence mutation

(%) (%)
Overall 117 37 33 11 59
Diploids 29 28 21 0 48
Near-triploids 20 25 10 0 35
Near-diploids 29 45 59 28 76
High-aneuploids 39 44 36 13 67

p = 0.05 p = 0.001

Break-down analyses as a function of tumor stage
and location showed a significantly higher percentage
of DNA diploid tumors (DI = 1) in Dukes’ stage A
tumors (48%) compared with more advanced stages
(p = 0.007) (Table 2). In particular, for stage A tumors
the lowest frequency was observed for near-triploid DI
values, whereas the other DI values were equally rep-
resented. No noticeable differences were seen in the DI
distribution values of any of the other Dukes’ stage tu-
mors. Similarly, the frequency for different DI values
was not significantly related to tumor site.

3.3. Association between gene mutations and DNA
Index values

DNA Index analysis results and gene mutation status
were simultaneously available for 117 cases. A high
frequency of at least one gene mutation was observed
in all DNA Index classes. The highest frequencies
of KRAS and p53 mutations were observed among
near-diploid and high-aneuploid tumors, with a statis-
tically significant difference with respect to the other
classes (p53, p = 0.05; KRAS, p = 0.001) (Ta-
ble 3). Moreover, we noted a higher co-occurrence of
these two gene mutations, about one third of cases, in
near-diploid tumors with respect to other subgroups in
which mutations were rare (high-aneuploid) or absent.

Due to the low frequency of BRAF gene mutations,
it was not possible to carry out any correlation analy-
ses.

4. Discussion

There is increasing evidence that chromosomal in-
stability (CIN), revealed by widespread cytogenetic
abnormalities such as specific chromosomal gains,
losses and rearrangements, plays an important role in
the development and progression of human cancer to-

gether with mutations of oncogenes and tumor sup-
pressor genes [1,6,10,13,17,20,31]. CIN is the pre-
dominant form of genomic instability in most human
solid tumors and in CRC in particular [15,18,19]. Un-
fortunately, the relationship between gene mutations
and CIN remains poorly understood.

In the present study we investigated the hypothe-
sis of an association between KRAS, p53 and BRAF
gene mutations and CIN, as reflected by the degree of
DNA ploidy (DI values) in CRC patients, using tumor
stage and location as covariates. Mutation frequencies
of 39%, 34%, and 4% were found for p53, KRAS and
BRAF genes, respectively, which is within the range
of those reported in other studies [2,7,11,16,25,29,30,
32,33]. The low occurrence (4%) of BRAF mutations
clearly limited the power of the statistical tests. Inter-
estingly, the simultaneous presence of KRAS and p53
mutations was observed only in 11% of cases (13 out of
117 CRCs). According to the colorectal cancer model
of Vogelstein [9], KRAS and p53 alterations are ex-
pected to accumulate during the CRC progression so
that their combined occurrence should, in theory, be
higher that the occurrence predicted for the two para-
meters taken as independent events. This was not con-
firmed in the present series of cases, suggesting that,
in the presence of one mutation, there is no pressure to
select the other, as reported in previous studies [5,28].

The frequency of p53 mutations was found to in-
crease from Dukes’ stage A onwards, whereas that of
DNA diploid (DI = 1) subpopulations dramatically de-
creased from early through later stages. Thus, at lower
Dukes’ stages CRCs are still capable of maintaining
a stable genome, characterized in a high number of
cases (48%) by DNA diploidy (DI = 1) and a lower
frequency of KRAS and p53 mutations. Interestingly,
we found a statistically significant association between
KRAS and p53 mutations and predetermined subgroups
of tumors with different DNA Index values. It was ob-
served that p53 and, in particular, KRAS mutations,
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were significantly associated with tumors with near-
diploid and high-aneuploid DNA Index values. More-
over, it was seen that KRAS and p53 double-mutated
CRCs were found within these two DNA Index sub-
groups, whereas none was present in the DNA diploid
or near-triploid groups. This suggests that multiple
pathways of CRC genesis and progression may exist.
Our findings would also seem to indicate that near-
diploid and high-aneuploid cell subpopulations share a
common CIN genetic mechanism which differs from
the mechanism of near-triploidization, as previously
hypothesized [13,14].

The exact mechanisms explaining such differences
have yet to be defined. We believe that near-diploid
and high-aneuploid tumor cell subpopulations are gen-
erated by mechanisms of asymmetric chromosomal
segregation and endoreduplication that are associated
with KRAS and p53 mutations. Aneuploidization in
the near-triploid group may, conversely, be dependent
on different mechanisms that are not associated with
these gene mutations such as the formation of tripo-
lar octaploid mitosis and its division into one diploid
and two near-triploid cells [6]. In other words, it thus
appears that these mutations may influence CIN and
aneuploidy, suggesting that both genetic mutations and
large-scale genomic aberrations could cooperatively
drive CRC tumor progression.

The association observed between KRAS and p53
mutations and different subgroups of DNA index sug-
gests the possible existence of multiple pathways for
CRC genesis and progression, which could have po-
tential clinical implications. In particular, the presence
of DNA diploid CRCs with wild type p53 or KRAS,
commonly associated with Dukes’ stage A, may indi-
cate a low probability for evolution into invasive and
high-stage tumors.

Further studies focused on colorectal adenomas and
in vitro and in vivo mouse models are needed to clar-
ify CIN-associated molecular mechanisms and validate
these alterations as biomarkers of clinical relevance.
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