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Abstract

Objective: There is an ongoing debate in the literature as to whether human cancers originate from unique
clones with single oncogene mutations or propagate from early established genomic instabilities due to intermediate
metastable tetraploidization. The aim of this study was to investigate how far genomic instability, reflected in ploidy
alterations, can explain tumor progression.

Methods: In total 1,280 patients were involved in this study. We defined DNA-index (DI) intervals for diploid,
tetraploid and aneuploid tumors and made simulations based on increasing age of patients, from 30 to 60 years old.
We related this information to four enhancement steps of a parameter reflecting genomic instability generated from
the tumor G1 peak coefficient of variation, S-phase fraction and number of cells exceeding G2 phase DNA region
(stemline-scatter-index; SSI). The change in ploidy entities was also simulated with respect to growing values of the
parameter for genomic instability (SSI).

Results: Following the age-dependent alteration in ploidy there were, at the lowest level of genomic instability
up to 45 years of age, only diploid (87%) and tetraploid (13%) tumors. In three SSI relative unit enlargements, along
with increasing age, aneuploid tumors were mainly found to be derived from tetraploid tumors resulting in a growing
number of hypotetra and hypertriploid tumors. The hypertriploid tumors (1.4 < DI<1.8) increased 23-fold during the
age interval 35 to 60 years, and a strong correlation was found between genomic instability and hypertriploid tumors.
In the simulation experiments, it was found that tetraploidization occurred twice during tumor progression and it
generated two populations of aneuploid tumors.

Conclusion: Our analysis indicates that genomic instability originates mainly in tetraploid tumors, in which

a state of high genomic instability results in the loss of genetic material due to mitotic failure. This generates
selective competence and enhances the aggressiveness of tumors.
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DNA-Index 1.4 < DI<1.8; A3-Type Tumors: Aneuploid Tumors With
DNA-Index > 2,2; SSI: Stemline-Scatter-Index; G1-Phase: Gapl
Phase Before SPF; G1CV: Coeflicient Of Variation Of G1 Peak; SPF:
S-Phase Fraction; G2-Phase: Gap 2 After SPF; Ex-G2: Cells Of DNA-
Values Above DI > 2.2: PI: Proliferation Index: SPF+G2-Phase; CGH:
Comparative Genomic Hybridization.

Introduction

Polyploidization is an evolutionarily conserved phenomenon that
may confer survival advantages over diploidy by facilitating adaptation
to various environmental and nutritional stresses [1,2]. DNA analysis
has determined that it first evolved on the earliest branches of the
phylogenetic tree [3]. Polykaryocytosis was initially identified in
1965 following infection of human cell lines with the measles virus
[4]. Tetraploidization has since been detected in humans in response
to various stresses, such as an overloaded left heart, congenital heart
disease and hypertension [5,6], pregnancy (as detected in the uterus)
[7], hepatocyte regeneration after injury, metabolic overload and
oxidative stress [8], and inflammatory bronchi [9]. Tetraploidization
of the vascular smooth muscle [10], aged endothelial and fibroblast
cells has also been identified [11,12]. However, the whole genome in
mammals is generally diploid. There are, however, rare exceptions,

for example the red vizcacha rat (Tympanoctomys barrerae) and close
relatives to this rat are tetraploid [13]. In plants, amphibians, fish and
yeast, whole genome tetraploidy is common [2]

During carcinogenesis, tetraploidy is regarded as an intermediate
metastable state between euploid and aneuploid tumors [14,15-19].
In tetraploid cells, the supernumerary centrosomes create multipolar
spindle formation and increase the risk of disrupted chromosome
segregation and mitotic failure that will destabilize the karyotype
and generate hyper-, hypotetraploid and hypertriploid cells [20-22].
Tetraploidy has been proposed to be tumorigenic in its own right [23].
In mild colon adenomas, 27% of aneuploid cells were found without
p53 immunoreactivity and only 50% had a diploid DNA histogram. In
moderate colon adenomas 43% were aneuploid, 17% stained positive for
p53 and 39% were diploid [24]. These data show that p53 mutation can
occur after initiation of genomic destabilization, raising the question
as to whether genomic instability is the main driving force in tumor
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progression [25-27], rather than the prevailing gene-based cancer theory
(28] and does aneuploidy cause cancer? [29,30]. Chromosomal instability
(CIN) has been established in the literature in contrast to the gene-
centric concept [31] dominating cancer research since the identification
of the Philadelphia chromosome involved in chronic myelocytic
leukemia (CML). Analyzing comparative genomic hybridization (CGH)
gains, losses and segmental amplifications of chromosomes appeared in
higher frequency and with more chromosomes involved in tumors with
increased malignancy potential and shorter survival [32]. CGH changes
occur at a rate that far exceeds those at which genotypes are changed by
conventional mutations [33,34].

In tumors that are established and of a certain size, hypoxia has been
proposed to be a selection factor driving further increases in genomic
instability [35,36]; i.e., the already established genomic heterogeneity
generates many new subclones that can survive hypoxia-related
stress factors in the prevailing environment. Solid tumors contain
microenvironments of low nutrient availability, and can suffer from
low extracellular pH, and hypoxia [37]. This is particularly true before
tumor vascularization has reached a level sufficient to supply adequate
nutrition and oxygen to the continuously growing whole tumor mass.
Consistently, over-expression of hypoxia-inducible factor-1a (HIF-1a)
has been shown to be a predictive marker of early relapse in breast
cancer [38]. Furthermore hypoxia affects growth, metastatic potential,
and the response to therapy in breast cancer [39]. Additionally, the level
of vascular endothelial growth factor (VEGF) was reported to be low in
small breast tumors (<20 mm) but much higher in larger tumors [40].

A large number of studies investigating tumor DNA ploidy were
reported in the last three decades of the 20th century [41,42-45]. Reports
of this type have declined from around the year 2000, in favor of studies
using micro-molecular markers and cancer specific genes. However,
DNA-ploidy data can be used to study the issue of genomic instability
and its impact on tumor progression. In this report we used data from
Feulgen-stained tumor cells to make simulations of the interactions and
the sequences of appearance of diploid (D-type), tetraploid (T-type)
and aneuploid (A-type) tumors. The aim of the study was to determine
whether genomic instability might by itself be a driving force towards
higher levels in tumor heterogeneity. Genetic instability of cancer cells
has been found to be proportional to their degree of aneuploidy [46]
and in this report we continue to focus on the broad status of ploidy
change in breast cancer patients during tumor progression.

Materials and Methods
Study population

We analyzed a randomized sample of 1,280 breast cancer (BC)
patients diagnosed from 1991 to 1993 from whom follow-up data
for up to 18 years were available. DNA data and proliferation indices
(S-, and G2-phases) were obtained from all patients. Tumor size was
available from 98% of the study population. Women aged 50-69 years
were invited for mammography screening every second year, and when
women were randomly interviewed in the early nineties in total 85-
90% had underwent one mammography investigation within the last
two years. Since the study was focused on the dynamics of DNA-ploidy
change during tumor progression tumor grade was not included in the
study. The entire population was subdivided into DI entities based on
Dl intervals: (1) Diploid (D-type) (0.9 < DI<1.2, n=607); (2) Aneuploid
(A-type) (1.2 < DI<1.8, (n=258); and (3) Tetraploid (T-type) tumors
(1.8 < DI<2.2,1n=342). For some parts of the analysis, the A-type tumors
were divided into Al-type (1.2 < DI<1.4), A2-type (1.4 < DI<1.8) and a
small A3-type group with DI > 2.2 (n=68). Our classification of D- and

T-type tumors covers DI ranges slightly larger than those proposed in
other publications [47] because we found it to better fit the analysis of
increasing genomic instability. The A3-type group with DI > 2.2 was
excluded from some of the analysis only because our focus was on the
dynamics between D-, A-, and T-type tumors within a DI of 0.9-2.2.
The DI ranges for the D-, A-, and T-type tumors presented have been
shown to represent three statistically significant different tumor entities
with respect to DI, S-phase, PI, and stemline scatter index (SSI) [48].

Age and tumor progression

In this report, we introduced increasing age of BC patients as a
parameter to follow genomic instability reflected in DI and alterations
among D-, A-, and T-type tumors. We included patients under 60 years
of age from the original sample of 1,280 patients (Figure 1) and related
them to four accumulative SSI intervals (Figure 2). This covers a period
of two to three decades. We consider this to be a more homogeneous
population than patients in the whole age interval up to 90 years of
age. Fluoroscopic treatment of the chest against tuberculosis indicated
that BC tumors developed within 15-20 years after dropping of the
atomic bomb in Japan [49]. A summary of Figure 2 is shown in Table
1 for D-, Al-, A2-, T-, and A3-type tumors. To demonstrate changes
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Figure 1: Distribution of DNA-indices in the whole population. The sample
selection for analyzing the relationship between DNA-index and age of patients
is shown within the red rectangle.

Age<60years 4. pic12 125DI<1,4 1,4<DI<1,8 1,8<DI<2,2 DI22,2
D-type A1-type A2-type T-type
SSI<5 43/60 2/60 1/60 11/60 3/60
71,7% 3,3% 1,7% 18,3% 5%
SSi<8,8 152/218 8/218 71218 401218 | 10/218
69,7% 3,7% 3,2% 18,3% | 4,6%
ssI<15 219/380 14/380 31/380 101/380 | 14/380
57,6% 3,7% 8,2% 26,6% | 3,7%
SSI<30 249/508 18/508 73/508 146/508 | 27/508
49% 3,5% 14,3% 287% | 53%
SSI <50 254/549 18/549 89/549 165/549 | 24/549
46,3% 3,3% 16,2% 301%  44%
Comparison P<0.001 P<0.001  P<0.001

SSI<5/SSI < 50

Table 1: Ploidy and SSI. Five ploidy entities and five increasing SSI levels of
relative units compared among women<60 years of age. Numbers of D-type
tumors decreased and T-, and A2-type tumors increased. All three changes were
statistically significant.
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Figure 2: Genomic instability and patient age. The DNA index was plotted for patients aged<60 years in four increasing SSI intervals: < 5 relative units (A), < 8.8
relative units (B), < 15 relative units (C), and < 30 relative units (D). D- and T-type tumors dominated the two first SSI intervals, after which the triploid Dl interval 1.2-1.8
increased, in particular the DI interval 1.4—1.8. Some few tumors with DNA-Index>3.0 were ecluded.

in the relationship between ploidy entities and SSI, two dimensional
plots were drawn and we extended the four accumulative SSI intervals
in Figure 2 to 35 short SSI intervals reflecting attained accumulated
numbers of each ploidy entity per step and estimated the total numbers
per interval. We calculated the ploidy percentage at each interval for
those with significant change in Table 1: D-, A2 and T-type tumors. This
enabled us to determine how the ploidy entities changed with respect
to increases in SSI values. The accumulated curves revealed trends and
smoothed out minor deviations, while giving stronger correlation than
raw data.

Feulgen staining
This was carried out as previously described [48].
Stemline-scatter-index (SSI)

To create a large-scale simulation at a low level of resolution, we
estimated genomic instability and proliferative activity using the
coefficient of variation for the tumor stemline G1 peak (G1CV) and the
S-phase fraction (SPF) for each patient, as well as the percentage of cells
for each tumor with a DNA content above the G2 DNA level (exceeding
the G2 rate, Exc-G2). Thus, the SSI includes G1CV+SPF+Exc-G2, all
expressed as percentages. In previous reports, when first presenting
the SSI parameter, we used an SSI cutoff value of 8.8% to differentiate

between tumors representing significantly scattered DNA histograms
(SSI>8.8%) and those with insignificantly scattered ones (SSI < 8.8%)
[50].We continued to apply this limit in the present study mainly for
historical reasons. However, the progress of tumor growth should be
considered as a continuum rather than an attainment of specific cutoff
points. By relating the three ploidy entities to increasing SSI values
and ages of the patients, the development of genomic heterogeneity
and proliferative activity was followed. GICV and SPF were found
to increase before the appearance of Exc-G2 cells, so we applied an
equation from a three-dimensional surface using xyz variables in which
Exc-G2 is denoted as z: z=0.0152+0.0508x+0.0506y. Thus, GICV (x)
and SPF (y) contribute equally to the combined SSI parameter. Previous
studies using comparative genomic hybridization (CGH) showed an
increasing number of gains, some losses and regional amplifications
of chromosomes during breast tumor progression that will generate
change in the GICV [32].

Lognormal distribution of parameters

A variable might be modeled as lognormal if it can be thought of
as the multiplicative product of many independent random variables,
each of which is positive and none of which has a decisive influence.
We investigated G1, S and G2 phases, DI values and G1CV parameters
obtained from image analysis of Feulgen-stained tumor cells from
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every individual tumor specimen. These parameters were tested in a
probability-probability plot, comparing empirical against theoretical
cumulative values in a lognormal curve, because growing cell
populations represent multiple events during the passage through the
cell cycle.

DNA index distribution in histograms

We analyzed the distribution of DNA indices in histograms of
four increasing values of SSI intervals: SSI < 8.8; 8.8< SSI < 12; 12<SSI
< 15; and 15<SSI < 40. Guided by these SSI intervals, we conducted
stepwise alterations in the histograms of D-, A-, and T-type tumors and
analyzed the change in interrelation between the ploidy entities during
increasing SSI relative values.

Statistical analysis

Statistical analysis was performed using the STATISTICA software
package (StatSoft Inc., Tulsa, OK, USA). Statistical significance for
categorical variables was calculated using the chi-squared test, and an
independent ¢-test was used for continuous variables. Linear regression
was performed for the correlation test. Statistical significance was
assumed if P<0.05. Analysis of survival curves was performed using
the Kaplan-Meier method. Differences between curves were estimated
using the log-rank test. The study design was approved by the ethics
committee at Karolinska Institutet, Stockholm, Sweden (2013/707-
31/3).

Results

In Figure 1, we show the sample selected for the study of age against
DI from the whole population of 1,280 breast cancer patients. The
observation of two peaks of tumors in the DI region > 2.2 indicates
two main populations under and over 60 years of age (Figure 1) (See
Materials and Methods: Age and tumor progression) we examined
ploidy change during increasing age from the youngest up to women<60
years (n=588) through four extensions of accumulated SSI intervals
from SSI < 5 to SSI < 30 relative units (Figure 2A-D). Along with
increasing SI values, we found a significant decrease in D-type tumors
and significant increases in T-, and A2-type tumors. The Al-, and A3-
type tumors remained stable at a level of 5% (Table 1).

Using increasing SSI against DI instead of age (Figure 3A) we
present in Figure 3B a two-dimensional plot of the DI interval 1.4
< DI<2.2 representing tumors from the hypertriploid (A2-type) to
the hypertetraploid (A3-type) tumors. The curve shows at the 95%
confidence interval a significant negative slope, demonstrating a
transfer of T-type tumors to the hypotetra-, and reaching the A2-type
DI region during increasing SSI (compare Figures 2C and 2D).

Among patient age < 45 years and SSI < 5 relative units, there were
only D-, (87%) and T-type (13%) tumors (Figure 2A). Keeping the SSI
parameter at that low level and estimating the whole sample aged<60
years for dispersion of DNA entities, we found 73.3% D-type tumors,
16.7% T-type tumors, 5% A-type tumors and 5% A3-type tumors. These
data indicate that despite keeping the SSI parameter stable, genomic
instability continues to increase by its own power once it has started.

Looking for trends

The total sample in Table 1 represented 549 BC patients that could
be subdivided into 35 increasing SSI levels to create accumulating
curves revealing trends in the tumors showing significant change in
Table 1, i.e., D-, A2-, and T-type tumors. In Figure 4A, the D-type
tumors showed a significantly negative slope in relation to increasing SSI

A Age <60yearsand DI<3 n=552
8
.
Lok]
=
E
<
= [+]
O
o
0.4
0 110 20 30 40 50 60 70 80
55l

B r=-032 P<=0.001n=263

26 . : . .

24r o
< 22t oD 8 5
o = =0 o o
2 201-FHGS %00 ° g,
O o0 o g " Ogal0

B2.00 P o e 500 o
|| - B
:l'r |,B' - _%ﬁgg -;;_-;.l___-?,_.-_c_-p e
s 161 o L’% o a9 L oo
1 q‘}"p o -. %:'3 p
<o o
14} o o
1,2

0 10 20 30 40 50 60
Stemline-Scafter-index (S51)

Figure 3: Patient age <60 years and genomic instability. (A) The DNA index
plotted against SSI for patients aged<60 years shows that D- and T-type tumors
dominate at SSI < 8.8 relative units (88.5%). (B) Within the DI interval 1.4-2.2
reflecting tetra-, hypotetra-, and hypertriploid tumors, a statistically significant
negative slope was apparent.

relative units, while the T-type tumors showed a significantly positive
slope as expected from Table 1. From SSI = 12 to 15 relative units, there
is a reduction in the D-type curve (Figure 4A) and a more prominent
increase in the T-type curve (Figure 4B). Between the A2-type curve
and SSI, there was a statistically significant positive correlation without
deviation (Figure 4C). In Figure 4D, there was a strong increase of
accumulating A2-type tumors among patients aged from 35 to 60 years.
The Al-type tumors showed a much slower increase.

Lognormal probability-probability cumulative population

Our results showed that T-type tumors appear early with a low SSI
value (Figure 2A) and later have an increased SSI value around 12-15
relative units (Figure 4B). To further analyze the growth dynamics, cell
cycle parameters were analyzed in Feulgen-stained tumor specimens
assessed for G1, G2 and SPF phases together with DI, GICV and
tumor size. A large variation in DNA distribution was observed
among individual BC patients, with some peaking only in G1, and
others having additional cells in SPE, and/or a G2 peak of variable
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size. We defined these patient data as a growing cell population fixed
individually at different stages of the cell cycle. The outcome was
analyzed as alognormal probability-probability distribution simulation,
with the empirical cumulative curve as the y-axis and the theoretical
cumulative curve as the x-axis. G1 values showed an initial delay in
adaptation to the theoretical curve and thereafter deviated to a steeper
positive slope (Figure 5A), probably reflecting the GO resting state at
the beginning of the G1 phase. The SPF and G2 phase closely fitted the
theoretical curves (Figures 5B and 5C), as did the G1CV and tumor
size when included (not shown). This suggested that the cell population
was derived from many cell cycle regulating parameters of which no
individual had a decisive influence. DI values on the contrary deviated
from the theoretical curve indicating an initial increase in DNA content
in a fraction at the empirical cumulative interval of 0-0.2, and a second
increase at the empirical cumulative value of 0.6-0.8 (Figure 5D). The
first appearance of T-type tumors can be seen early in Figure 2A at a
low SSI value.

DNA index histograms of increasing SSI intervals

Because of the indication of a second increase in T-type tumors
(Figure 5D), we next used four separated SSI intervals (SSI < 8.8,

8.8-12, 12-15, and 15-40 relative units) to create four histograms of
DI values (Figure 6) including the whole sample of 1,280 patients.
There was an increase in T-type shown from Figure 6A to 6B and a
more prominent increase in T-type tumors in Figure 6C with a
peak at DI=2.0-2.1. In the SSI interval 15-40, the peak moved to the
hypotetraploid and hypertriploid positions in the DI range 1.7-1.8
(Figure 6D). A comparison with D-type tumors between Figures 6A
and 6C showed a significant decrease from 67.6% (384/568) to 36.1%
(52/144) (P<0.001), while a significant increase was observed in T-type
tumors between Figure 6A from 21% (119/568) to 40.3% (58/144) in
Figure 6C (P<0.001). Tumors in the DI interval 1.6 < DI<1.8 increased
significantly between Figure 6C (11.1%) and Figure 6D (20.4%; P<0.02).
These findings suggest that a significant transition to a tetraploid
position occurred in tumors (Figure 6C) and a subsequent transfer to
the hypertriploid DI region (Figure 6D) (compare with Figure 3B). The
mean tumor size (mm) in the four SSI intervals in Figure 6 was (A) 19.0
+13.3, (B) 20.9 + 15.6, (C) 17.7 + 8.5 and (D) 21.1 + 12.2. This showed
that tetraploidization occurred in the size interval of 10-20 mm.

Second tetraploidization

To visualize the evidence for a second tetraploidization (Figures 4B,
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5D and 6C), the curve in Figure 4B was divided into separate intervals
by registering numbers of marks between two integers. D-, and T-type
tumors were then counted and expressed as a percent of total tumors
for each interval. The method increased the degree of resolution. The
result shown in Figure 7 demonstrates a tetraploidization in the SSI
interval from 12 to 15 relative units.

Prerequisites for a hypoxic situation

Tumors growing in size can reach a state of hypoxic threat. We
observed a strong correlation between tumor size and auxiliary lymph
node metastasis (ALNM). Analysis of all 1,280 patients showed that the
mean size of tumors with ALNM=0 was significantly smaller, at 17.4 +
9.46 mm (n=683), than that of tumors with ALNM>0, at 24.3 + 12.5
mm (n=418) (P<0.00001). Tumors with ALNM=0, within the 10-20
mm size interval (n=595) and 12<SSI < 15 have a mean size of 14.1 +
2.28 mm and therefore will be at a high risk of hypoxia, because breast
tumors of that size were previously reported to have a level of VEGF
[40] lower than that required for lymph vessels to penetrate into the
tumor mass. We observed a mean tumor size of 17.5 + 8.5 mm in Figure
6C where a high level of T-type tumor was shown for SSI interval 12-15
relative units.

Examination of two A-type populations

Based on our findings that A-type tumors mainly derived

from the loss of genetic material in unstable T-type tumors, which
occurred twice during breast tumor progression (Figures 3B, 4B, 5D
and 6C), a bimodal survival time might be expected among A-type
tumors. From the total sample of 1,280 patients, 253 had A-type
tumors in the triploid DI region. Of these, up to the year 2010, 88
patients died from BC. As shown in Figure 8, two populations of
these deceased patients could be identified based on survival time:
the first surviving < 80 months, and the second 80-240 months. The
mean survival time for the first group was significantly lower at 31.3
+ 17.2 months (n=62) than that of the second group at 131 + 36.4
months (n=26) (P<0.0001). Within the DI range of 1.2-1.65 on the
y-axis, the two populations differed by a survival time of 40 months
with no overlap in the interval (Figure 8A). A significant difference
in tumor size was observed between the two different populations,
with a significantly larger mean tumor size in the first group (27.2
+ 13.3 mm) compared with the second (16.0 + 7.4 mm; P=0.0005).
The Kaplan-Meier method was used to investigate tumors 10-
20 mm in size (n=633), when tetraploidization occurred (Figure
6C), without selecting for SSI values, and revealed a bimodal slope
for A-type tumors on each side of the 80-month, post-diagnosis
survival period (Figure 8B). This indicates the presence of two
subpopulations of A-type tumors. The log-rank test revealed that
the difference between D- and A-type tumors in Figure 8B was
significant (P<0.01).
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Age and death in breast cancer

The positive relationship between increasing age and genomic
instability cannot be interpreted as death from BC increases with age.
Other parameters contribute to the outcome. It is known that women
under 40 years of age have a higher death rate than the elder women. In
an 18-year follow up of our sample 25 of 49 women<40 years old died
from BC (59%) compared to 66 of 231 women (28.6%) aged 50-60 years
(P<0.002). PI for women<40 years was 19.2 + 14.4 % and for women
aged 50-60 years was 14.1 + 12.6 % (P<0.02). Among women<50 years
of age (n=298) 87 developed distant metastasis (29.2%) in 18 years of
follow up and among women > 50 years of age (n= 966) 172 had distant
metastasis (17.8%; P<0.001). Women aged 50-69 years were included in
mammography screening every second year, which increases survival
rates [51]. Mean tumor size for women aged<50 years was 20.5 + 12.0
mm (n=294) and for screened women aged 50 - 69 years 17.8 + 10.4
mm (n=574; P<0.001), a size difference that favors survival among
screened women.

Discussion

Tetraploidization is an evolutionary conserved phenomenon that
can occur in humans in response to infections and overloaded or
aged tissues. Tetraploidization is not per se carcinogenic and needs
no specific gene mutation. However, tetraploidization in a tumor
transformed diploid cell increases the risk for failures in the octoploid
mitotic figures, causing destabilization within the genome transferred
to the established tetraploid population, despite the absence of p53
mutation [24]. Normally the tetraploid state induces p53-dependent
arrest of nontransformed mammalian cells in G1 phase [52]. Therefore
oncogene mutations will enhance genomic instability. Keeping our
rough parameter for genomic instability (SSI) at a stable low level,
the generation of T and A-type tumors still increased during the time
parameter represented by increasing age (Figure 2). We have shown
that breast tumors in a hyperdiploid DI interval (1.02<DI<1.05)
might trigger polyploidization [48]. In this report, we show that
tetraploidization occurred early in tumor progression (Figures 2A, 4B,
5D and 6C). The genomic instability transferred the tumors mainly to
the hypotetra-, and hypertriploid DI regions (Figures 3B and 4C and
Table 1).

We suggest that the second tetraploidization (Figures 5D, 6C, and
7) to be caused by a stress factor due to lack of oxygen within growing
tumors that reach a critical size around 10-20 mm and lack blood and
lymph vessels for the supply of essential nutrition. Hypoxia has been
shown to transform a whole cell population in the hyperdiploid BEX-c
melanoma cell line after two 24-hour episodes of reduction in oxygen
[53].

In clinical practice, we recommend the value of having DNA-ploidy
data when characterizing the level of malignancy of human tumors.
In view of the results in this report, this will provide information on
how far the tumor has progressed in terms of genomic instability and
malignancy potential even before mutation of oncogenes. If we look
ahead a decade, drugs like the health food product resveratrol, which is
derived from red grapes and has been found to inhibit tetraploidization
[54], and might be a first line treatment for patients with diploid tumors
as a block against tetraploidization in growing metastatic cells. In a
further step, we can imagine a prophylactic treatment of reservatrol for
high-risk people with inherited cancer genes.

Conclusion

This paper strengthens the theory of tetraploidization as being
a metastable intermediate position driving, in its own right, tumor
progression to a higher degree of genomic instability. We propose that
tetraploidization occurs twice. In the first case it is a reaction to stress,
and in the second, a state of oxygen deficiency, neither of which require
mutation of oncogenes that regulate cell cycle checkpoints. However,
mutations in an already unstable genomic environment will lead to
increased instability by blocking tumor suppressor genes and apoptosis
and will, therefore, provide many more clonal alternatives for the tumor
to evolve and survive in the human body.
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