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Abstract

Cancer is characterized by abnormal cell proliferation in multicellular organisms. Its emergence is linked to the evolution of multi-
cellularity billions of years ago. The “incipient cancer genes” (proto-oncogenes) presumably evolved from genes involved in cell
reproduction during the evolutionary transition from unicellular to multicellular organisms. Although these incipient cancer genes
initially promoted rapid cell division required for growth at specific developmental stages, their activity had to be tightly regulated
to ensure balanced growth and differentiation during evolution. Genes that restrain proto-oncogene activity are known as tumor sup-
pressor genes (TSGs). Cancer is a multistep process involving multiple genes. In this review, human cancer is considered within the
framework of a two-phase genetic model of carcinogenesis: initiation and development. In the two-phase model, the initiation phase
may require as few as two, or at most a small number of, genetic alterations (such as gene mutations or chromosomal abnormalities).
This phase is potentially irreversible. The developmental phase may involve two or more genetic and/or epigenetic alterations. If
it involves epigenetic changes, the developmental phase may be reversible. In this proposed model, key changes primarily affect
tissue-specific tumor suppressor genes. The number of such regulatory tumor suppressor genes (7.S-genes) may vary across tissues.
Diverse environmental factors such as chemical carcinogens, ionizing radiation, and viruses, acting singly or in combination, may
impair the function of tumor suppressor genes either directly or indirectly through mutational or epigenetic mechanisms, thereby
contributing to the initiation and development of cancer. This model accounts for both hereditary and sporadic human cancers.
Spontaneous or induced regression of tumor cells to the normal state may be centered on the developmental phase of carcinogenesis.
This review proposes that the origin of cancer genes is integral to the evolutionary history of multicellular organisms.
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l. Introduction tion of cancer cells can be traced back to the origin of life

billions of years ago. This review suggests that the origin
I.1. The Premise-Historical Perspective  of cancer genes is closely linked to the evolutionary his-

tory of multicellular organisms. It is likely that life orig-
Cancer is a disease of living cells in multicellular organ-  ;-+o4 on Earth between 3 and 3.8 billion years ago [1].
isms, and as long as there are living cells capable of di-  The origin of self-replicating molecules, whether autocat-
vision, there exists the possibility that they may become alytic protein polymers [2], RNA, or DNA, was crucial for
cancerous. This may be regarded as the fundamental prin- ¢ development and evolution of life on Earth. The initial
ciple governing cellular behavior! The origin and evolu- p5jecular systems could, in principle, both reproduce and
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evolve without having a Mendelian genome [2]. However,
unicellular or multicellular systems require a genome for
growth, differentiation, and evolution. In such systems,
DNA serves as the primary genetic material. Although the
genetic code contains only four letters, A (adenine), C (cy-
tosine), G (guanine), and T (thymine), the arrangement of
these letters provides enormous potential for genetic vari-
ation and the origin of species. The earliest pre-life forms
may have consisted of simple RNA or DNA molecules
capable of surviving in Earth’s early hostile environment.

As life evolved from unicellular to multicellular
forms, three-dimensional growth and differentiation be-
came essential processes, alongside cell reproduction, for
the further development and evolution of higher forms of
life. It is proposed that ancient “incipient cancer genes”
(proto-oncogenes) evolved in retroviruses and were later
incorporated into multicellular organisms during evolu-
tion [3]. Although initially these proto-oncogenes were
involved in rapid cell division required at specific devel-
opmental stages, their activity had to be regulated for bal-
anced growth and differentiation. Another set of genes,
known as tumor suppressor genes, evolved to regulate
proto-oncogenes by controlling their activity. Thus, two
types of cancer-related genes, tumor suppressor genes and
proto-oncogenes, coexist in the genomes of multicellular
organisms, including humans.

More than 100 years ago, when Peyton Rous [4]
showed that a filterable agent isolated from the sarcoma,
known as Rous sarcoma virus (RSV), of the chicken breast
was transmissible to other chickens, thereby showing that
some cancers have an infectious etiology. This led to the
discovery of oncogenes and paved the way for subsequent
research in cancer molecular biology and medicine. In ad-
dition, several animal model systems have been used to
investigate the role of oncogenes in human cancer. These
include pigs, Drosophila, genetically engineered mice, ze-
brafish, cancer cell lines [5,6], and Xiphophorus fish [7,8].

2. Cancer Origin and Regulation

On average, the adult human male body consists of ap-
proximately 36 trillion cells, whereas the adult female
body consists of about 28 trillion cells [9]. There are
over 400 cell types, including 145 types of neurons, in
the human body [9,10]. The precise number of cancer-
associated genes in humans remains uncertain. Never-
theless, current estimates of cancer genes range from 70
genes associated with germline mutations and 342 genes
associated with somatic mutations [11]. Another study has
listed 727 known cancer genes [12]. Since there are dif-
ferences in the incidence of cancer across tissues/organs,
it may be postulated that cancer genes in different organs

are regulated by different sets of tissue-specific regula-
tory/tumor suppressor genes. The regulatory tumor sup-
pressor (R) genes may be linked and/or unlinked to tumor
(Tu) genes. Mutation of the R genes, or impairment of
their function by radiation, chemical carcinogens, or envi-
ronmental factors, would release the 7 from the restraint
and trigger a chain of events which may lead to the devel-
opment of tissue-specific neoplasms [13,14].

Recent genetic theories of cancer have invoked the
concept that sites of mutations are the regulatory (R) genes
[13,14], or anti-oncogenes (anti-onc) [15], or tumor sup-
pressor (7S) genes [16,17] that normally control the ex-
pression of genetic information, which, when uncontrolled,
would lead to neoplastic development. Such genetic in-
formation seems to be encoded by the structural genes,
the so-called transforming (7r) genes [18] or tumor (7u)
genes [13,14], or cellular oncogenes (c-onc) [19-21], and
some of these genes may be tissue-specific. The regula-
tory genes (R-genes/TS genes) may be linked to or un-
linked from the oncogenes. Elimination of R-genes or im-
pairment of their function by radiation, chemical carcino-
gens, or viruses can release oncogenes from regulatory
control and initiate a cascade of events that may lead to the
development of tissue-specific neoplasms [13,14]. Can-
cer initiation and development occur in multiple stages.
Following the initiation phase, the initial cell undergoes
primary changes that make it neoplastic. Subsequent mu-
tations may promote clonal selection, ultimately leading
to neoplastic development. In other words, carcinogen-
esis involves both tumor initiation and the clonal evolu-
tion of tumor cells [22,23]. For clarity, cancer genes or
oncogenes are denoted as Tu (tumor genes), and their reg-
ulatory counterparts are denoted as T'S' (tumor suppressor
genes) throughout the remainder of the text.

For the purposes of discussion in this paper, we
shall mainly focus on the Tu genes in hereditary and non-
hereditary cancers. The precise function of these genes re-
mains conjectural. However, it seems likely that these po-
tentially cancer-causing genes are transiently active at dif-
ferent stages of embryonic development or during cellular
repair. Those genes that accomplish the necessary regula-
tion and restraint of this potentially tumor-inducing infor-
mation, previously designated as regulatory genes [13,14],
are the tumor suppressor (75) genes [16,17], and their lo-
cation as 7S loci [24]. These loci are specific to a given
tissue or cell type, and the number of such loci differs for
different tissues. Mutation of 7.S-genes or impairment of
TS-gene function by environmental carcinogens, such as
chemical carcinogens or radiation, would release cancer
genes from normal constraints and may lead to the devel-
opment of neoplasms [13,14].
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Tumor suppressor genes play a crucial role in the de-
velopment of a wide range of human cancers and can be in-
fluenced by environmental factors. The molecular mech-
anisms underlying variation in tumor suppressor genes
may involve genetic changes at different genomic loca-
tions, depending on the tissue/organ type. Future research
in molecular genetics may offer further insights into these
questions.

Proto-oncogene activation and tumor suppressor gene
inactivation synergistically promote cancer and constitute
a target group in neoplastic cells. It is speculated that the
proto-oncogene might be first activated to the state before
the tumor suppressor genes are inactivated. However, ad-
ditional evidence is required to support this hypothesis.

3. Genetic Change and Cancer

It has been estimated that more than 75 percent of human
cancers are attributable to environmental factors, such as
cigarette smoke, asbestos, chemical carcinogens, ultravio-
let radiation, and X-rays [25-28]. Viruses have also been
implicated in the etiology of some human cancers [29—
31]. Although the precise mechanisms by which a normal
cell becomes a cancer cell are not yet fully understood,
it seems likely that these diverse environmental factors,
singly or in combination, may affect the cell's genetic com-
ponents. They may impair tumor suppressor (TS) genes
by causing genetic changes (gene mutations, chromoso-
mal aberrations, or genetic transpositions) [32,33], or by
inducing epigenetic (developmental) changes [34,35].
The concept of cancer mutation dates back to the
beginning of the present century, when Theodore Boveri
published a classic book titled “Zur Frage der Entstehung
maligner Tumoren” (On the Origin of Malignant Tumors)
in 1914 [36]. Based on his detailed observations in cell
biology, Boveri concluded that: (1) tumor cells are de-
rived from normal cells, with the causes of abnormalities
inherent to the tumor cells, and (2) cells of malignant tu-
mors possess a cellular defect, having lost part of their
normal cellular components. Boveri further postulated
that the abnormal morphology of chromosomes (in par-
ticular chromatin complex) frequently observed in tumor
cells was central to the origin of tumors. Boveri’s con-
cept of the abnormal chromatin complex in tumor cells,
later known as the somatic mutation theory of cancer, has
been widely discussed in relation to physical and chem-
ical carcinogenesis. However, the way mutations drive
malignancy remains enigmatic. Carcinogens interact with
DNA and cause damage. If this damage is not properly
repaired, it becomes fixed as a mutation in the replicat-
ing DNA molecule. Mutations affecting genes directly

or indirectly involved in regulating cell reproduction and
differentiation may lead to neoplastic development.

Environmental factors can affect the function of tu-
mor suppressor genes. However, environmental factors
may induce methylation of tumor suppressor genes. Car-
cinogens in cigarette smoke, along with other harmful en-
vironmental factors, cause extensive DNA damage and ge-
nomic alterations.

4. Epigenetics in Cancer
Development

The word epigenetics was introduced by the British em-
bryologist Conrad Waddington in 1942, who defined it as
“the branch of biology which studies the causal interaction
between genes and their products, which bring the phe-
notype into being” [37]. Tumor suppressor genes play a
crucial role in the development of a large array of human
cancers. The molecular mechanisms underlying variation
in tumor suppressor genes may involve alterations at dif-
ferent genomic loci, depending on the tissue/organ type.
Future research in molecular genetics may provide more
insight into these questions.

Epigenetics involves changes in gene activity through
the silencing or modification of gene expression, without
altering the underlying gene structure through mutations.
The three primary mechanisms for epigenetic changes are
“(1) DNA methylation, (2) histone modification, and (3)
non-coding RNA-associated gene silencing” [38]. The
developmental or differentiation theory suggests that can-
cer may arise without primary mutational events; it could
result from epigenetic changes [38—42]. Epigenetic tran-
scriptional mechanisms, together with the unlocking of
phenotypic plasticity during tumor evolution, play a cru-
cial role in cancer development [43,44]. The prevail-
ing view is that development and differentiation result
from epigenetically controlled changes in gene expres-
sion, rather than from changes in the structure of genetic
material. Similarly, cancer, characterized by defective dif-
ferentiation, may result from epigenetic changes [45] in
gene expression rather than from mutations in the primary
structure of genes. Therefore, cancer would be poten-
tially reversible [46—49] in the sense that differentiation
may be reversible. The epigenetics hypothesis does not
rely on the presence of specific cancer genes. Instead,
it proposes that certain tissue-specific epigenetic genes,
which normally regulate cell reproduction and tissue dif-
ferentiation, may, when mis-programmed, lead to neo-
plastic development [50]. However, more recently, it also
considers cancer-promoting genes (or cellular oncogenes)
as potential epigenetic targets [51,52]. Regardless of the
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cancer epigenetics hypothesis, there is a probability of in-
teraction between mutational and developmental events in
cancer development.

Epigenetic mechanisms play a crucial role in normal
development and in the regulation of tissue-specific gene
expression patterns. The primary mechanisms involved in
epigenetic gene silencing include DNA methylation.

5. A Genetic/Epigenetic Concept
of Cancer

It is suggested that genetic and epigenetic theories of car-
cinogenesis are not mutually exclusive but complemen-
tary when considered within the two-phase model of car-
cinogenesis, which consists of initiation and development.
Each phase may further consist of two or more steps. The
initiation phase may require up to two, or at most a few
genetic changes (gene mutations, chromosomal abnormal-
ities), and this phase is probably irreversible. The develop-
mental phase may involve two or more additional genetic
and/or epigenetic changes. If the developmental phase in-
volves epigenetic changes, it may be reversible. In this
model, the sites of genetic or epigenetic changes are the
tumor suppressor genes (75-genes) that are specific for
a given tissue or cell type. The oncogenes seem to be
controlled by different sets of linked and/or unlinked 7:S-
genes in specific tissues, accounting for differences in the
incidence of human cancers. In the model, those 7:S-genes
involved in the suppression of initiation are designated 7S,
and others in development as 7.Sp. Changes in some pu-
tative 7.S; genes may lead to initiation; impairment of 7S;
gene function, among other things, may reduce the regula-
tion of initiation of DNA synthesis. This initial mutation
in 7S; may create a permissive environment for incipi-
ent cancer cells to undergo further mutations and genetic
instability. On the other hand, impairment or changes in
the state of 7'Sp genes may result in aberrant cell develop-
ment. The expression of the malignant state may require
the sequential and cumulative effects of genetic and epige-
netic changes involved in carcinogenesis. In other words,
the total cancer experience is a multistep process, presum-
ably involving genetic changes in the 7S; genes for initia-
tion, and impairment or change of state (epigenetic) of the
TSp genes for the development and malignant expression
(Figure 1). Within this model, spontaneous or induced re-
gression or reversal of tumor cells to the normal state may
be centered on the developmental phase of carcinogene-
sis. The two-phase genetic concept of carcinogenesis is
somewhat similar to the classical two-stage initiation and
promotion model derived from mouse skin carcinogenesis.
In the two-phase genetic concept, the genetic elements and

the types of genetic changes occurring in each phase are
clearly defined.

In its simplest form, the two-phase model for the
origin of cancer may involve genetic changes in a pair
of genes at a specific locus for initiation, followed by
several additional genetic and/or epigenetic changes at
other loci [53,54]. This situation may represent cancers
in which predisposition is influenced by one or two genes,
for example, retinoblastoma [55,56], xeroderma pigmen-
tosum [57,58], and colon cancer [59]. However, in most
human cancers, including those of the lung, stomach,
breast, and prostate, initiation and development likely re-
quire alterations in more than two genes, with four to
six mutations being a probable range. Although the pre-
cise mechanisms of cancer initiation remain speculative,
it seems that both radiation and chemical carcinogens play
an important role. The exact causes of cancer are not fully
understood; however, certain environmental factors are
considered likely contributors, such as tobacco smoke for
lung cancer and dietary components, including animal fat,
for stomach and colon cancers. The promoters may be di-
rectly or indirectly involved in the development of cancer.
However, in the absence of initiation, promoters generally
do not enhance the developmental phase of tumor forma-
tion. Several carcinogenic agents possess both initiating
and promoting properties when administered at sufficient
doses over time and are referred to as “complete carcino-
gens.” Components of tobacco smoke fall into this cate-
gory [60].

Thus, it appears that at least two classes of genes
may be involved in the origin of cancer: Tu genes and
proto-oncogenes. The current body of data indicates
that proto-oncogenes are activated by dominant mutations
(gain of function), whereas the recessive mutations result-
ing in the loss-of-function (inactivation) in the tumor sup-
pressor genes, controlling 7u genes, seem to be involved in
the inception of cancer [61]. The two-phase genetic model
of cancer [53,54] is consistent with available data on a
large number of human cancers involving specific chromo-
some aberrations, such as chronic myelogenous leukemia,
Burkitt’s lymphoma, and hereditary or sporadic cancers.
Although the model presented in Figure 1 accounts for
two genetic changes, namely recessive mutations in tumor
suppressor genes resulting in loss of function, for the ini-
tiation of cancer, it can also accommodate a single dom-
inant mutation with gain of function in a proto-oncogene
for initiation, followed by a developmental phase in hu-
man cancers. The functional distinction between TS-I and
TS-D genes in the two-phase model is based on theoreti-
cal classification. Single-cell sequencing of the TS-I and
TS-D genes would be useful for verifying their function.
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Figure I: A simplified two-phase genetic-epigenetic model of carcinogenesis. Diagram showing a normal cell (A) with two pairs of
chromosomes (other pairs of chromosomes in the complement are not shown), carrying the tumor suppressor genes ( TS-genes), which
suppress initiation (TS;) and development (TSp) of the tumor (Tu) gene in a neoplasm. Initiation of carcinogenesis (B) involves
genetic changes (mutational events) in the TS; elements (represented by TS'l), which are irreversible. The initiated pre-cancer cells
may undergo differential growth, genetic or epigenetic changes, to give rise to cancer (malignant growth) in one of the two different
pathways involving changes in the TSp loci, and this mode of behavior may, in part, be intrinsically determined by the cell type. When
TSp genes undergo epigenetic changes (C 1; represented by TS¢p), then the developmental phase is potentially reversible. On the
other hand, when TSp genes undergo mutational changes (C 2; represented by TS'p), the developmental phase becomes irreversible.

6. Chromosomes, Genes, and
Cancer

Following Boveri's postulate [36] that chromosome im-
balance may be causally related to cancer, chromosome
abnormalities have frequently been observed in the mi-
totic chromosomes of tumor cells. Early cytological obser-

vations using conventional staining techniques indicated
that karyotypic variability occurs randomly during tumor
progression [62—64]. However, specific types of chro-
mosome abnormalities were subsequently discovered to
occur frequently in certain human cancers, for example,
chronic myelogenous leukemia [65] and meningioma [66,
67]. Recent karyotypic analyses using advanced staining
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techniques have revealed that nonrandom chromosomal
abnormalities may also be associated with several spon-
taneous human neoplasms, in addition to chronic myel-
ogenous leukemia, meningioma, Burkitt’s lymphoma, and
other hematologic disorders [68,69]. It has also been pos-
sible to show that certain specific, and otherwise rare,
types of chromosome abnormalities may occur frequently
in chemically induced, as well as Rous Sarcoma Virus-
induced animal tumors [70,71]. It would, therefore, ap-
pear that both in experimentally induced animal tumors
and “spontaneous” human neoplasms, significant changes
apparently involve specific chromosomes. Clearly, this in-
dicates that certain genotypes carrying specific karyotypic
abnormalities are more prone to neoplastic development
than others.

Regarding the non-random nature of chromosomal
abnormalities in certain spontaneous human cancers, it is
relevant to ask: Are these chromosomal abnormalities the
cause or the result of neoplastic development? Experimen-
tal evidence tends to support the notion that chronic myel-
ogenous leukemia and Burkitt’s lymphoma, as well as sev-
eral human neoplasms, are clonal in origin and therefore
might arise from rare genetic (mutational) changes [72—
75]. Since specific chromosome aberrations (mutations)
are present in primary tumors, it might be argued that these
are somehow causally involved in the origin of cancer.
The evidence suggests that specific chromosomal abnor-
malities are likely relevant to the initiation phase of certain
spontaneous human neoplasms. Specific chromosomes
involved in these neoplasms may carry genes necessary
for the prevention of tumor formation, and aberrations
or translocations of these genes, considered regulatory
genes, may lead to the onset of tissue-specific neoplasms.
The following neoplasms, involving specific chromoso-
mal aberrations, are examined within the framework of
the genetic concept of the origin of cancer. Although only
two specific neoplasms are discussed below, other cancers
involving specific chromosome aberrations may also be
interpreted on the basis of the proposed model.

7. Chronic Myelogenous Leukemia
(CML)

Approximately 90 percent of patients with CML carry the
Philadelphia (Phl) chromosome, which was assumed to
be a loss of one half of the long arm of chromosome
22 [65,76]. Based on these observations, Ohno [77] sug-
gested that a Ph1 chromosome-positive clone, which may
eventually lead to CML, could arise from two mutational
events: (1) loss of a leukemia-suppressing locus due to a
deletion in the Ph1l chromosome, and (2) a somatic muta-
tion of the homologous locus. Subsequently, however, it

was shown by Rowley [76] that the chromosome fragment
from the long arm of chromosome 22 was not really lost
due to deletion, as was previously thought, but instead the
fragment from chromosome 22 was translocated onto the
long arm of chromosome 9 designated as t(9q+, 22q—), in
most cases of the CML disease. Based on these observa-
tions, Comings [18] suggested that altered regulation of
the leukemia-suppressing regulatory gene, due to a posi-
tion effect from translocation from chromosome 22 to 9,
accompanied by a mutational event in the homologous reg-
ulatory gene, presumably leads to Phl chromosome pos-
itivity in the Phl chromosome-positive leukemic clone.
Approximately 10—15 percent of patients with CML lack
the Ph1 chromosome [78,79]. These patients are generally
older, and CML may have originated in them due to two
somatic mutations in the regulatory loci on chromosome
pair 22 [18].

It is known that the acute phase (“blast crisis”) of
CML, during which truly malignant transformation oc-
curs, is associated with additional chromosomal changes
superimposed on the Phl genotype in two-thirds of CML
patients. The chromosomes involved in this variation are
also non-random [74,76]. During the blast crisis, the four
most common karyotypic changes include: (1) a second
Ph' chromosome, that is, homozygosity for the Ph! chro-
mosome, (2) trisomy for chromosome 8, (3) isochromo-
somy for the long arm of chromosome 17, and (4) an
additional chromosome 19. Based on these overall ob-
servations across the chronic and acute phases, I propose
that the development of CML may require more than two
changes in a stepwise clonal evolution of the disease. Al-
terations present during the chronic phase may constitute
the initiation process, arising from genetic changes in the
R;.cmy loci on chromosome 22. In contrast, changes asso-
ciated with the blastic crisis may influence disease pro-
gression and malignant expression in chronic myeloge-
nous leukemia and are presumed to involve alterations in
the .Rp_cpz loci, likely located on chromosomes 8, 17, and
19. In one-third of patients with CML blast crisis, where
the only consistently observed cytological abnormality is
the Phl chromosome [76], the final changes in the RD-
CML loci may arise from epigenetic and/or mutational
events, without the involvement of specific gross chromo-
somal abnormalities

There are some observations that bear on the ques-
tion of the hereditary versus acquired nature of CML. The
presence of the Ph! chromosome only in the hemopoietic
system, and the fact that if one of a pair of identical twins
develops CML, the abnormal chromosome is only present
in the affected twin, tends to support the notion that CML
is a somatically conditioned neoplasm rather than an in-
born error [80,81]. There are indications that clinically

Mulkh Raj Ahuja

GenoMed Connect


https://scifiniti.com/
https://scifiniti.com/journals/genomed-connect

SCIFINITI

PUBLISHING

®

2025, Vol. 2, Article ID. 2025.0021
https://doi.org/10.69709/GenomC.2025.120031

manifested leukemia may be preceded by a fairly long
symptom-free period. Some cases are on record in which a
portion of the bone marrow cells contains the Ph! chromo-
some years before the onset of the CML disease [82,83].
This observation is consistent with the idea that the pres-
ence of the Ph! chromosome may represent only the first
step in the multi-step process underlying the development
of CML.

Are any specific proto-oncogenes involved in the
etiology of CML disease? Molecular studies have indi-
cated that the specific chromosome translocation t(22q—,
9q+) brings together the bcr proto-oncogene from chro-
mosomes 22 to the abl proto-oncogene on chromosome
9, thereby creating an inappropriate location for the bcr
gene [68]. This position effect would presumably affect
the transcriptional activities of the Ph! clones, so that ex-
cessive amounts of normal or aberrant proteins may be
produced in the CML patients. The resulting fusion pro-
tein product has the amino terminus of the bcr protein
joined to the carboxyl terminus of the ABL tyrosine ki-
nase, so that the abl/ kinase domain becomes inappropri-
ately active. However, the question arises: what regulates
transcriptional control in Ph! cells? Proto-oncogenes do
not regulate their own expression and therefore require
control by regulatory genes.

8. Meningioma (MG)

Among all solid human neoplasms, meningiomas, which
are benign brain tumors, are the most thoroughly inves-
tigated cytologically. The banding techniques have con-
firmed earlier observations, based on conventional stain-
ing procedures [66,67], that in tumor cells obtained from
patients with MG, the primary change frequently involved
a single chromosome 22 [66,67]. In most cases of MG,
one chromosome 22 is missing; however, in some cases,
the alteration involves the deletion of the distal part of
chromosome 22(22q—). In contrast to the finding in
chronic myelogenous leukemia (CML) with Ph!, however,
the deleted distal part of the chromosome does not appear
to be translocated onto any other chromosome in the hu-
man complement [84,85]. Based on the available data on
more than 200 cases of MG, Mark [86] has summarized
the results of cytologic findings as follows: (1) the pri-
mary change affects one chromosome 22; either the en-
tire chromosome 22 or part of it is lost; (2) superimposed
on the primary change, additional changes take place, of
which the most common involve losses of chromosomes
1, 8, and 9; and (3) about 60 percent of the MG cells
show a chromosome stem line distribution in the hyper-
diploid region, and only 33 percent are diploid; in the hy-
perdiploid region the 45 chromosome stem line outnum-

bered the others. Based on these observations on the be-
nign MG tumors, it may be postulated that the follow-
ing events, perhaps sequentially, are relevant to the origin
of meningiomas: (1) a change from 7.S;.5; to 75° 5, by
deletion of the chromosome 22 or its part thereof; (2) a
change in the homologous 7S;.5, to 7:S’;.», due to a muta-
tional event, and (3) one or more changes in the Rp_y¢ loci
specific for meningiomas probably take place, and such
changes may result from monosomy of chromosomes 1,
8, and 9. These changes probably occur individually in
separate cells, but perhaps not altogether in cells of the
same tumor; therefore, the end result of these individual
chromosomal abnormalities may be only the onset of be-
nign brain tumors. The observation that the majority of
tumor cells analyzed from MG fall within the diploid or
hypodiploid range, with approximately 45 chromosomes,
may lend support to the above hypothesis. On the other
hand, the presence of aneuploidy does not always serve
as a prerequisite for tumor development, nor does the ab-
sence of aneuploidy necessarily indicate the absence of tu-
mors; gene mutations and developmental events can occur
without apparent chromosomal abnormalities. However,
the benign nature of these brain tumors leaves the ques-
tions about the developmental phase more or less open.

The consistent abnormality of chromosome 22 in
such diverse neoplasms as meningiomas and chronic
myelogenous leukemia raises some intriguing questions.
Although it is conjectured that both of these neoplasms
may be initiated by a certain primary genetic change in
the chromosome 22, this primary genetic change may be
caused in several different ways: (1) involvement of dif-
ferent etiologic agents; (2) involvement of different target
sites on the chromosome 22 for the initiation of two neo-
plasms; and (3) the translocation 22 to 9 may represent
a position effect highly specific for the initiation of the
CML disease. Alternatively, loss of all or part of chromo-
some 22 may represent a common genetic initiating event
in both MG and CML neoplasms; however, the resulting
outcome may depend on the specific constellation of chro-
mosomal aberrations in particular cell types and the sub-
sequent differentiation events.

9. Genetic Nature of Hereditary
Cancers

The genetic predisposition to hereditary cancers may de-
pend on whether an individual carries one or two de-
fective genes, which can be either dominant or reces-
sive [83,87,88]. Although several human neoplasms, in-
cluding retinoblastoma and polyposis of the colon, have
been described as “dominantly inherited cancers”, it is not
entirely clear whether cancer indeed behaves as a domi-
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nant trait at the cellular level [15,83,89]. A dominantly
inherited cancer refers to a condition in which a single
altered allele significantly increases cancer risk. A gene
for cancer would be correctly called dominant whether its
effect was, invariably, to produce a cancer, or its effect
would merely be to produce a greatly increased probabil-
ity of cancer, when present in a single dose. The presence
of a defective gene in retinoblastoma or colon polyposis
apparently increases the probability of cancer [83,90], but
a defective gene by itself does not lead to cancer. On
the other hand, if a second mutation required to initiate
cancer occurs at the homologous locus leading to the loss
of heterozygosity (LOH), or acquisition of homozygosity,
then this would imply that retinoblastoma and polyposis
of the colon that behave as dominantly inherited cancers
at the pedigree level, may behave as recessive disorders
at the cellular level. Loss of heterozygosity (LOH) is con-
sidered an early event in multistep carcinogenesis. In the
hereditary cancer category, the origin of the following neo-
plasms is examined based on a two-phase genetic model
of cancer.

10. Retinoblastoma (RB)

Retinoblastoma is a malignant tumor of the eye that typ-
ically occurs in children between a few months and four
years of age. About one child in 20,000 is afflicted with
this cancer. There are two forms of retinoblastoma: one
hereditary, which is transmitted as an autosomal dominant
trait through the germline, and the second is a spontaneous,
somatic-conditioned type [55,56,82,90]. In hereditary RB,
one mutation is inherited through the germ cells, while the
second mutation occurs in the somatic retinal cells, and
multiple tumors develop in both eyes. On the other hand,
in the spontaneous form of Rb, both mutations occur in the
somatic retinal cells, and only one eye is affected by the
tumor. The presence of a deletion in the long arm of chro-
mosome 13 in several patients with hereditary, as well as
sporadic RB [91,92] indicates that the specific deletion on
chromosome 13 may carry genetic information involved
in the genesis of Rb. These observations led Comings [ 18]
to suggest that the two mutational events, either a deletion
accompanied by a gene mutation or two gene mutations,
occur in the regulatory loci, or tumor suppressor genes,
likely located on chromosome 13. According to the bipha-
sic genetic model of cancer origin, these two mutational
events at the TSI-Rb locus may not necessarily produce
a clinically recognizable tumor but may be instrumental
in initiating a pre-tumor cell. Subsequently, additional ge-
netic and/or epigenetic changes in the 7.Sp_gp, another set
of regulatory genes, must occur to produce a malignant
tumor.

Using molecular analysis of the chromosome dele-
tion associated with Rb, it was possible to clone and se-
quence the RB gene to better understand the genetic de-
fect [93-95]. As would be expected on the basis of in-
herited genetic defects, the deletion or mutation of the Rb
gene was found in every cell of the body. However, cells
carrying only one mutation remain normal; the Rb clone
is initiated only when the second copy of the RB gene is
mutated in immature retinal cells. On the other hand, in
the sporadic, non-hereditary form, there is no genetic de-
fect in both RB gene alleles in normal cells; instead, both
copies of the RB gene are mutated in the somatic (retinal)
cells. Whatever the nature of the mutation, whether by
deletion followed by a second deletion, or one deletion
and one gene mutation, or both gene mutations in the RB
locus, a loss of heterozygosity (LOH) in the RB gene has
been observed in about 70 percent of the RB patients.

The RB gene is involved not only in the etiology of
retinoblastoma but has also been found to be absent in sev-
eral other unrelated neoplasms, including lung, breast, and
bladder carcinomas [96]. The role of the RB gene in these
neoplasms, although interesting, remains intriguing. Does
the RB gene product play an important role in the regula-
tion of the cell division cycle? It appears that RB protein
alternates between a phosphorylated and an unphosphory-
lated state in the cell cycle, and it remains unphosphory-
lated in the cells that are not undergoing cell cycling [97].
In the later unphosphorylated state, the RB gene products
bind to certain gene regulatory proteins and thereby pre-
vent DNA replication and cell cycling. Loss of the RB reg-
ulatory gene product removes the restraint on cell division
and cycling. Although the involvement of the RB gene in
several different cancers, the developmental pathways in
retinoblastoma and other neoplasms may be different, the
latter probably requiring additional genetic and/or epige-
netic changes at different loci for their cancerous growth.

1. Colorectal Cancer (CRC)

There is a strong hereditary predisposition to familial ade-
nomatous polyposis coli (APC) in humans, and pedigree
analyses suggest an autosomal dominant inheritance pat-
tern [98]. APC is a non-malignant tumor that usually ap-
pears by the time an individual reaches adulthood. One
serious aspect of this syndrome is that it invariably leads
to malignant adenocarcinoma of the colon by age 50. The
average age of death in the APC syndrome is 40 years [59].
It has been suggested [56] that APC might be initiated as a
result of two mutational events, one of which is inherited
via the germline, while the second mutation occurs in the
somatic colonic cells. As with retinoblastoma, APC can
also occur in the non-hereditary form. In the sporadic or
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non-hereditary form, the two mutational events would os-
tensibly occur in the somatic cells (epithelial lining) of the
colon. However, two mutational events in the APC gene
may only produce a benign tumor or polyp (adenoma), and
for the malignant phenotype to arise, some additional ge-
netic or epigenetic changes may be necessary. Here, then,
the two events represented by the change from TS/ 4pc
/TSy apc 10 TS 1apc TS rapc may be instrumental in ini-
tiating the process that may result in a benign (polyposis)
tumor. For malignant transformation to adenocarcinoma,
additional genetic and/or epigenetic changes in another set
of regulatory genes, designated RD-APC, located at one
or more loci, may be required.

Molecular analysis has revealed that the tumor sup-
pressor gene APC, associated with hereditary adenoma-
tous polyposis coli (colon polyposis), is located on the
long arm of chromosome 5. The disease can be attributed
to deletion or inactivation of the APC gene [99]. In the
hereditary form of APC, all the cells in the body carry
the deletion or inactivating mutation on the APC gene;
however, after the second mutation of the second copy
of the APC gene, or LOH, the polyps appear only in the
epithelial cells of the colon. On the other hand, in the
non-hereditary form, the two mutations in the APC gene
would occur in the somatic (epithelial) colonic cells, and
the remaining cells in the body have normal copies of the
APC gene. Since it takes more than a decade for benign
adenoma to progress to malignant adenocarcinoma, it ap-
pears that several additional genetic/epigenetic changes
are required for the development of this disease, consis-
tent with the observation that APC mutations occur early
in colorectal cancer [100]. Although the normal func-
tion of the APC protein is unknown, it has been found to
bind (-catenin and may be involved in a control mecha-
nism for site-specific cytoskeletal anchorage at cell junc-
tions [101].

In addition to the impairment of the APC gene, loss
of heterozygosity at some other tumor suppressor genes,
for example, the p’3 gene located on chromosome 17p,
and the DCC (deleted in colon carcinoma) gene on chro-
mosome 18q have been observed in more than 70 percent
of the colon cancer [102,103].

The incidence of colorectal cancer (CRC) shows that
there is considerable variation among racially or ethni-
cally defined populations in multiracial countries. The in-
cidence of CRC has changed over time. Depending on the
genetic background, CRC exhibited varying prevalence in
Argentina, Brazil, Colombia, Russia, and Thailand.

Besides mutations in the tumor suppressor genes,
are there also mutations in the proto-oncogenes in human
colorectal cancer? If so, how are they involved in the eti-
ology of this cancer? It turns out that about 50 percent of

the patients with APC have a point mutation in a ras proto-
oncogene located on chromosome 12p (an activating mu-
tation in codon 12 of the K-ras gene), and a few percent
have amplified copies of the myc proto-oncogene [104].
However, the precise role of activated proto-oncogenes
in their dominant state remains unclear in human cancer.
Does the dominant mutation in a proto-oncogene activate
it independently of the gene mutations leading to loss of
heterozygosity (LOH) in the tumor suppressor genes, or
do they somehow act synergistically for the origin of can-
cer? Summarizing the genetic events in colorectal can-
cer [103,105], it would appear that LOH of the tumor sup-
pressor gene APC may be the primary initiating event, per-
haps activating a proto-oncogene (K-ras) or another tumor
gene, followed by mutations (LOH) at other suppressor
genes (DCC, P>%) for the development and expression of
the malignant state. Altogether, colorectal cancer may in-
volve at least 7 mutations at four different gene loci, which
is consistent with the present model.

12. Genetic Instability and Cancer

These observations on specific chromosome aberrations
in several human cancers, as well as in cases of hered-
itary and non-hereditary tumors, are consistent with the
idea that cancer is a multistep process. Although only four
human cancers are discussed in this paper, it is predicted
that other cancers, including lung, breast, and hemopoi-
etic cancers, could also be interpreted using the two-phase
genetic model of cancer. Although the concept of proto-
oncogenes seems somewhat paradoxical in human cancer,
the genetic changes in the other set of genes, the tumor sup-
pressor genes, are probably more relevant to the genesis
of human cancer, or at least the hereditary cancers. In any
case, there must be incipient tumor genes or cancer genes
in the human genome whose expression is controlled by
tumor suppressor genes; these cancer genes are released
from repression when tumor suppressor genes are inacti-
vated by mutations.

It is evident that certain genotypes are more suscep-
tible to neoplastic development than others. Cancer devel-
opment appears to depend on interactions between the ge-
netic material and the environment (both intrinsic and ex-
trinsic). Although the mechanisms of transformation from
a normal to a cancer cell are not yet fully understood, it is
plausible that the diverse environmental factors, such as
chemical carcinogens, ionizing radiation, and viruses, act-
ing singly or in combination, may inactivate the tumor sup-
pressor genes through mutational and/or epigenetic events,
thereby resulting in the initiation and development of can-
cer. Initiation results from mutational events and is prob-
ably irreversible. While expression of a malignant state
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may require additional genetic and/or epigenetic changes,
if epigenetic, the developmental phase is potentially re-
versible. In this context, it should be mentioned that tu-
mor regression, although rare, and reversals to the normal
state have been recorded [46,47,49,106,107]. Although re-
gression of tumors might be due to immunological mecha-
nisms of the host, those cases of reversal to an apparently
normal state need to be fully examined, since reversal may
not always mean reversal to a completely “normal” con-
dition. Revertant cells may still retain some properties
of the progenitor tumor cell; thus, they may represent be-
nign or “incipient tumor cells” corresponding to the initia-
tion phase, and may be phenotypically and biochemically
closer to normal cells than to fully developed tumor cells.
In that case, reversal has most likely occurred in the devel-
opmental phase. Therefore, within the framework of the
present genetic model, spontaneous or induced regression
or reversal of tumors to a normal state may be centered
on the developmental phase of carcinogenesis. The ge-
netic and epigenetic changes in tumor formation may be
sequential and cumulative.

The initial genetic alteration likely generates a het-
erogeneous population of cells from which new combi-
nations advantageous for tumor expression and develop-
ment may be selected [108—111]. Malignant tumors may
arise from the loss of density-dependent growth regula-
tion [112], or possibly through the interaction of fetal gene
derepressors with the genome [113], leading to the produc-
tion of mRNA for protein products involved in growth, in-
vasiveness, and metastasis. The two-phase genetic model
of carcinogenesis is compatible with observations from so-
matic hybridizations between malignant and normal cells
in mice [114,115] and humans [116]. Subsequent inocu-
lations into appropriate animal hosts suggest an apparent
separation in the genetic control of transformed versus ma-
lignant phenotypes.

In its simplest form, the two-phase model of carcino-
genesis may involve genetic changes in two genes at a
particular locus for initiation, followed by a few genetic
and/or epigenetic changes at other loci to give rise to can-
cerous cells. This kind of situation may be representa-
tive of most human cancers, whether hereditary or spo-
radic. Thus, it is predicted that both hereditary and non-
hereditary cancers, including retinoblastoma and cancers
of the lung, stomach, colon, prostate, and breast, likely re-
quire, in addition to two mutations for initiation, changes
in several other genes, possibly four to six mutations, for
full development.

Thus, it appears that at least two classes of genes
may be involved in the origin of cancer: inherited tu-
mor genes, or oncogenes, and tumor suppressor genes.
The current body of data indicates that proto-oncogenes

are activated by dominant mutations (gain-of-function),
whereas the recessive mutations resulting in the loss-of-
function (inactivation) in the tumor suppressor genes seem
to be involved in the development of cancer [61]. How-
ever, the precise role of proto-oncogenes in human cancer
remains an enigma. Alternatively, one or more oncogenes
may be involved in the etiology of a specific type of can-
cer. Is it always necessary to have a dominant mutation to
turn a proto-oncogene into an oncogene? Or mutations in
certain proto-oncogenes may be deletional or recessive?
Are the two gene mutations in the tumor suppressor genes
adequate and sufficient to condition a normal cell into a
pre-cancer cell? Would that remove the restraint on the ex-
pression of the tumor genes? Or do the proto-oncogenes
must undergo genetic change for their expression? These
are some of the intriguing questions in the genesis of can-
cer. However, the concept of oncogene in humans is some-
what puzzling and paradoxical. The standard assay for the
identification of oncogenes does not test their effects on
somatic human cells but on mouse-derived fibroblast cell
lines, which have already undergone mutations at several
loci, possibly including the tumor suppressor loci, so that
they are easy to transform. It is possible that the tester
mouse strains may not have stringent controls against the
introduced oncogenes. In contrast, in long-lived humans,
a more stringent set of tumor suppressor genes may have
evolved to control and constrain cellular oncogenes, en-
suring that, in most cases, the host remains unharmed. In
spite of a large number of tumor suppressor genes, two,
namely Rb and P*?, seem to be most frequently inactivated
in more than 50 percent of human cancers. Both these
genes are directly or indirectly involved in the control of
cell division or tissue renewal through cyclin-dependent
protein kinases [117], and it is possible that there may be
sharing of some critical tumor suppressor genes in a num-
ber of cancers. However, the final outcome may depend
on the developmental events specific to each cell type.
The same may apply to oncogenes; that is, different onco-
genes may be shared among various human cancers.

The current genetic model does not distinguish be-
tween hereditary and non-hereditary forms of cancer with
respect to the genetic and epigenetic changes involved in
disease initiation and progression. In the hereditary form,
all cells in the body carry the defective gene, yet cancer
typically develops in a specific, preprogrammed cell type
or tissue, either during childhood or later in life. In con-
trast, in non-hereditary cancers, the target somatic tissue
is not predisposed in the germline and becomes cancer-
prone only after its tissue-specific tumor suppressor genes
are impaired. Although most human cancers that occur in
the hereditary form also occur in the non-hereditary form,
these two forms may be discriminated by their time of
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development. It appears that in the hereditary form, pre-
disposed individuals may develop cancer earlier than in
the non-hereditary form, as they are born with a defective
gene.

13. Conclusions

In conclusion, it may be stated with fatalistic resignation
that, as long as there are living cells capable of division,
there remains a possibility that they might become cancer-
ous in multicellular organisms. Therefore, it is essential
to identify, characterize potentially cancer-inducing genes,
the tumor suppressor genes, their products, and genes that
enhance tumor development, and induce aggressive and
invasive malignant behavior. These studies would inform
both cancer prevention strategies and therapeutic develop-
ment. Therefore, understanding the genetic and molecular
processes involved in normal cell division, differentiation,
and behavior is critical to cancer research.
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R-genes Regulatory Genes
RSV Rous Sarcoma Virus
N Tumor Suppressor
Tu Tumor Genes

Author Contributions

The author was responsible for all aspects of the
manuscript, including conceptualization, literature search,
data curation, visualization, writing—original draft,
writing—review and editing, and final approval of the
manuscript. The author completed and approved the final
accepted version of the manuscript prior to his passing.

Conflicts of Interest

The author declares no conflicts of interest.
Funding

The study did not receive any external funding.
Acknowledgments

Declared none.

Al Declaration

The author confirms that no Al tools were used to generate
any content of this manuscript.

References

[1] Holland, H.D. Evidence for Life on Earth More Than
3850 Million Years Ago. Science 1997, 275, 38-39.
[CrossRef]

[2] Kauffman, S.A. The Origins of Order; Oxford Uni-
versity Press: New York, NY, USA, 1993. [Cross-
Ref]

[3] Ahuja, M.R. Cancer Causes and Prevention; UBS
Publishers’ Distributors: New Delhi, India; Lon-
don, UK, 1997; ISBN 8174761594. Available
online:  https://www.southamptonsagharborbooks.
com/pages/books/195913/m-r-ahuja/cancer-causes-
and-prevention.

[4] Rous, P. A Transmissible Avian Neoplasm (Sarcoma
of the Common Fowl. J. Exp. Med. 1910, 12, 696—
705. [CrossRef]

[5] Sajjad, H.; Imtiaz, S.; Noor, T.; Siddiqui, Y.H.; Saj-
jad, A.; Zia, M. Cancer Models in Preclinical Re-
search: A Chronicle Review of Advancement in Ef-
fective Cancer Research. Anim. Model. Exp. Med.
2021, 4, 87-103. [CrossRef]

[6] Das, D.; Banerjee, A.; Pathak, S.; Paul, S. Impor-
tance of Animal Models in the Field of Cancer Re-
search. In Handbook of Animal Models and Its Use
in Cancer Research; Pathak, S., Banerjee, A., Bisgin,
A., Eds.; Springer Nature: Singapore, 2023; pp. 1-
25. [CrossRef]

[7] Anders, F.; Schartl, M.; Barnekow, A.; Anders, A.
Xiphophorus as an In Vivo Model for Studies on Nor-
mal and Defective Control of Oncogenes. Adv. Adv.
Res. 1984, 42, 191-273. [CrossRef]

[8] Schartl, M.; Lu, Y. Validity of Xiphophorus Fish as
Models for Human Disease. Dis. Model. Mech.
2024, 17, dmm050382. [CrossRef]

[9] Hatton, I.A.; Galbraith, E.D.; Merleau, N.S.C.; Miet-
tinen, T.P.; Smith, B.M.; Shander, J.A. The Human
Cell Counts and Size Distribution. Proc. Natl. Acad.
Sci. USA 2023, 120, €2303077120. [CrossRef]

[10] Vickaryous, M.K.; Hall, B.K. Human Cell Type Di-
versity, Evolution, Development, and Classification
with Special Reference to Cell Developed from Neu-
ral Crest. Biol. Rev. 2006, 81, 425-455. [CrossRef]
[PubMed]

[11] Chial, H. Proto-Oncogenes to Oncogenes to Cancer.
Nat. Educ. 2008, 1, 33. [View Online]

[12] Sinkala, M. Mutational Landscape of Cancer-Driven
Genes Across Human Cancers. Sci. Rep. 2023, 13,
1-14. [CrossRef] [PubMed]

[13] Ahuja, M.R.; Anders, F. A Genetic Concept of the
Origin of Cancer, Based in Part Upon Studies in Neo-

plasms in Fishes. Prog. Exptl. Tumor Res. 1976, 20,
380-397. [CrossRef]

GenoMed Connect

Mulkh Raj Ahuja
11


https://scifiniti.com/
https://doi.org/10.1126/science.275.5296.38
https://doi.org/10.1093/oso/9780195079517.001.0001
https://doi.org/10.1093/oso/9780195079517.001.0001
https://www.southamptonsagharborbooks.com/pages/books/195913/m-r-ahuja/cancer-causes-and-prevention
https://www.southamptonsagharborbooks.com/pages/books/195913/m-r-ahuja/cancer-causes-and-prevention
https://www.southamptonsagharborbooks.com/pages/books/195913/m-r-ahuja/cancer-causes-and-prevention
https://doi.org/10.1084/jem.12.5.696
https://doi.org/10.1002/ame2.12165
https://doi.org/10.1007/978-981-19-3824-5_1
https://doi.org/10.1016/s0065-230x(08)60459-5
https://doi.org/10.1242/dmm.050382
https://doi.org/10.1073/pnas.2303077120
https://doi.org/10.1017/S1464793106007068
https://www.ncbi.nlm.nih.gov/pubmed/16790079
https://www.nature.com/scitable/topicpage/proto-oncogenes-to-oncogenes-to-cancer-883/
https://doi.org/10.1038/s41598-023-39608-2
https://www.ncbi.nlm.nih.gov/pubmed/37550388
https://doi.org/10.1159/000398712
https://scifiniti.com/journals/genomed-connect

2025, Vol. 2, Article ID. 2025.0021
https://doi.org/10.69709/GenomC.2025.120031

SCIFINITI

PUBLISHING

®

[14] Ahuja, M.R.; Anders, F. Cancer as a Problem of
Gene Regulation. In Recent Advances in Cancer Re-
search: Cell Biology, Molecular Biology, and Tumor
Virology, I, Gallo, R.C., Ed.; CRC Press: Cleveland,
OH, USA, 1977; pp. 103-117. Available on-
line: https://search.worldcat.org/search?q=Recent+
Advances+int+Cancer+Research+Cell+Biology+
Molecular+Biology+Tumor+Virology+Gallo.

[15] Knudson, A.G. Hereditary Cancer, Oncogenes and
Antioncogenes. Cancer Res. 1985, 45, 1437-1443.
[View Online]

[16] Lipsick, J. A History of Cancer Research: Tumor
Suppressor Genes. Cold Spring Harb. Perspect.
Biol. 2020, 12, a035907. [CrossRef]

[17] Dakal, T.C.; Dhabhai, B.; Pant, A.; Moar, K.; Chaud-
hary, K.; Yadav, V.; Ranga, V.; Sharma, N.K.; Ku-
mar, A.; Maurya, P.K.; et al. Oncogenes and Tumor
Suppressor Genes: Function and Roles. Medcomm
2024, 5, e582. [CrossRef]

[18] Comings, D.E. A General Theory of Carcinogenesis.
Proc. Natl. Acad. Sci. USA 1973, 70, 3324-3328.
[CrossRef]

[19] Bishop, J.M. Oncogenes. Sci. Am. 1982, 246, 80-92.
[CrossRef]

[20] Varmus, H.E. The Molecular Genetics of Cellular
Oncogenes. Ann. Rev. Genet. 1984, 18, 553-612.
[CrossRef] [PubMed]

[21]Klein, G. Oncogenes. In Cancer Medicine, 3rd
ed.; Holland, J.F., Frei, E., Bast, R.C., Kufe, D.W,,
Morton, D.L., Weichselbaum, R.R., Eds.; Lea
& Febiger: Philadelphia, PA, USA, 1993; pp.
65-77. ISBN 0-81211-422-1. Available online:
https://search.worldcat.org/search?q=Oncogenes+
Cancer+Medicine+3rd+edition+1993+Klein.

[22] Nowell, P.C. The clonal evolution of tumor cell pop-
ulations. Science 1976, 194, 23-28. [CrossRef]

[23] Greaves, M.; Maley, C.C. Clonal evolution in cancer.
Nature 2012, 481, 306-313. [CrossRef] [PubMed]

[24] Vogelstein, B.; Kinzler, K.W. Cancer Genes and the
Pathway They Control. Nat. Med. 2004, 10, 789—
799. [CrossRef]

[25] Doll, R. Strategy for Detection of Cancer Hazard
to Man. Nature 1977, 265, 589-596. [CrossRef]
[PubMed]

[26] Doll, R.; Peto, R. The Causes of Cancer; Oxford Uni-
versity Press: New York, NY, USA, 1981.

[27] Epstein, S.S. Environmental Determinants of Hu-
man Cancer. Cancer Res. 1974, 34, 2425-2435.
[PubMed]

[28] Perera, F.P. Environment and Cancer: Who Are Sus-
ceptible? Science 1997, 278, 1068—1073. [CrossRef]
[PubMed]

[29] Huebner, R.J.; Todaro, D.J. Oncogenes of RNA Tu-

mor Viruses as Determinants of Cancer. Proc. Natl.
Acad. Sci. USA 1969, 64, 1087-1094. [CrossRef]

[30] Zur Hausen, H. Viruses in Human Cancer. Science
1991, 254, 1167-1173. [CrossRef]

[31] Wyke, J.A. Viruses and Cancer. In Introduction to the
Cellular and Molecular Biology of Cancer, 2nd ed.;

Franks, L.M., Teich, N.M., Eds.; Oxford University
Press: London, UK, 1991; pp. 203-229. Available
online: https://archive.org/details/introductiontoce0
000unse_02ed.

[32] Kainov, Y.; Hamid, F.; Makeyev, E. Recurrent Dis-
ruption of Tumor Suppressor Genes in Cancer by
Somatic Mutations in Cleavage and Polyadenylation
Signals. eLife 2024, 13, PR99040. [CrossRef]

[33] Chen, L.; Liu, S.; Tao, Y. Regulating Tumor Suppres-
sor Genes: Post-Transcriptional Modification. Sig-
nal Transduct. Target. Ther. 2020, 5, 1-25. [Cross-
Ref]

[34] lTango, S.; Paital, B.; Jayachandaran, P.; Padma,
P.R.; Nirmaladevi, R. Epigenetic Alterations in Can-
cer. Front. Biosci. Landmark 2020, 25, 1058-1109.
[CrossRef]

[35] Kazanets, A.; Shorstova, T.; Himli, K.; Marques,
M.; Witcher, M. Epigenetic Silencing of Tumor Sup-
pressor Genes: Paradigms, Puzzles, and Potential.
Biochim.  Biophys. Acta 2016, 1865, 275-288.
[CrossRef] [PubMed]

[36] Boveri, T. Zur Frage der Entstehung maligner
Tumoren; Gustav Fischer: Jena, Germany, 1914.
[CrossRef]

[37] Waddington, C.H. Canalization of Development and
the Inheritance of Acquired Characters. Nature 1942,
150, 563-565. [CrossRef]

[38] Pathak, A.; Tomar, S.; Pathak, S. Epigenetics and
Cancer: A Comprehensive Review. Asian Pac. J.
Cancer Biol. 2023, 8, 75-89. [CrossRef]

[39] Baylin, S.B.; Jones, P.J. Epigenetic Determinants of
Cancer. Cold Spring Harb. Perspect. Biol. 2016, 8,
a01 9505. [CrossRef]

[40] Esteller, M.; Dawson, M.A.; Kadoch, C.; Rassool, F.;
Jones, P.J.; Baylin, S.B. The Epigenetic Hallmarks
of Cancer. Cancer Discov. 2024, 14, 1783-1809.
[CrossRef]

[41] Capp, J.; Aliaga, B.; Pancaldi, V. Evidence of Epige-
netic Oncogenesis: A Turning Point in Cancer Re-
search. BioEssays 2024, 47, ¢202400183. [Cross-
Ref]

[42] Martinez, A.-M.; Cavalli, G. A Possible Role of Epi-
genetics in Cancer Initiation. Comptes Rendus Biol.
2025, 348, 43-53. [CrossRef]

[43] Hanahan, D. Hallmarks of Cancer: New Dimen-
sions. Cancer Discov. 2022, 12, 31-46. [CrossRef]
[PubMed]

[44] Davies, A.; Zoubeidi, A.; Betran, H.; Seth, L.A. The
Transcriptional and Epigenetic Landscape of Cancer
Cell Lineage Plasticity. Cancer Discov. 2023, 13,
1771-1788. [CrossRef]

[45] Markert, C.L. Neoplasia: A Disease of Cell Differ-
entiation. Cancer Res. 1968, 28, 1908—1914. [View
Online] [PubMed]

[46] Braun, A.C. An Epigenetic Model for the Origin of
Cancer. Q. Rev. Biol. 1981, 56, 33—60. [CrossRef]
[PubMed]

[47] lllmensee, K.; Mintz, B. Totipotency and Normal Dif-
ferentiation of Single Teratocarcinoma Cells Cloned

Mulkh Raj Ahuja

12

GenoMed Connect


https://scifiniti.com/
https://search.worldcat.org/search?q=Recent+Advances+in+Cancer+Research+Cell+Biology+Molecular+Biology+Tumor+Virology+Gallo
https://search.worldcat.org/search?q=Recent+Advances+in+Cancer+Research+Cell+Biology+Molecular+Biology+Tumor+Virology+Gallo
https://search.worldcat.org/search?q=Recent+Advances+in+Cancer+Research+Cell+Biology+Molecular+Biology+Tumor+Virology+Gallo
https://aacrjournals.org/cancerres/article/45/4/1437/489668/Hereditary-Cancer-Oncogenes-and-Antioncogenes1
https://doi.org/10.1101/cshperspect.a035907
https://doi.org/10.1002/mco2.582
https://doi.org/10.1073/pnas.70.12.3324
https://doi.org/10.1038/scientificamerican0382-80
https://doi.org/10.1146/annurev.ge.18.120184.003005
https://www.ncbi.nlm.nih.gov/pubmed/6397126
https://search.worldcat.org/search?q=Oncogenes+Cancer+Medicine+3rd+edition+1993+Klein
https://search.worldcat.org/search?q=Oncogenes+Cancer+Medicine+3rd+edition+1993+Klein
https://doi.org/10.1126/science.959840
https://doi.org/10.1038/nature10762
https://www.ncbi.nlm.nih.gov/pubmed/22258609
https://doi.org/10.1038/nm1087
https://doi.org/10.1038/265589a0
https://www.ncbi.nlm.nih.gov/pubmed/323717
https://www.ncbi.nlm.nih.gov/pubmed/4606519
https://doi.org/10.1126/science.278.5340.1068
https://www.ncbi.nlm.nih.gov/pubmed/9353182
https://doi.org/10.1073/pnas.64.3.1087
https://doi.org/10.1126/science.1659743
https://archive.org/details/introductiontoce0000unse_02ed
https://archive.org/details/introductiontoce0000unse_02ed
https://doi.org/10.7554/eLife.99040.3
https://doi.org/10.1038/s41392-020-0196-9
https://doi.org/10.1038/s41392-020-0196-9
https://doi.org/10.2741/4847
https://doi.org/10.1016/j.bbcan.2016.04.001
https://www.ncbi.nlm.nih.gov/pubmed/27085853
https://doi.org/10.1126/science.40.1041.857
https://doi.org/10.1038/150563a0
https://doi.org/10.31557/apjcb.2023.8.1.75-89
https://doi.org/10.1101/cshperspect.a019505
https://doi.org/10.1158/2159-8290.CD-24-0296
https://doi.org/10.1002/bies.202400183
https://doi.org/10.1002/bies.202400183
https://doi.org/10.5802/crbiol.171
https://doi.org/10.1158/2159-8290.CD-21-1059
https://www.ncbi.nlm.nih.gov/pubmed/35022204
https://doi.org/10.1158/2159-8290.CD-23-0225
https://aacrjournals.org/cancerres/article/28/9/1908/477125/Neoplasia-A-Disease-of-Cell-Differentiation1
https://aacrjournals.org/cancerres/article/28/9/1908/477125/Neoplasia-A-Disease-of-Cell-Differentiation1
https://www.ncbi.nlm.nih.gov/pubmed/5676741
https://doi.org/10.1086/412082
https://www.ncbi.nlm.nih.gov/pubmed/7017788
https://scifiniti.com/journals/genomed-connect

SCIFINITI

PUBLISHING

®

2025, Vol. 2, Article ID. 2025.0021
https://doi.org/10.69709/GenomC.2025.120031

by Injection into Blastocytes. Proc. Natl. Acad. Sci.
USA 1976, 73, 549-553. [CrossRef]

[48] Kauffman, S.A. Differentiation of Malignancy to Be-
nign Cells. J. Theor. Biol. 1971, 31,429. [CrossRef]
[PubMed]

[49] Mintz, B.; Illmensee, K. Normal Genetically Mo-
saic Mice Produced from Malignant Teratocarcinoma
Cells. Proc. Natl. Acad. Sci. USA 1975, 72, 3585—
3589. [CrossRef]

[50] Esteller, M. Epigenetics Provides a New Generation
of Oncogenes and Tumor Suppressor Genes. Br. J.
Cancer 2006, 94, 179—183. [CrossRef]

[51]Jeong, H.M.; Kwon, M.J.; Shin, Y.K. Overex-
pression of Cancer-Associated Genes via Epigenetic
Derepression Mechanisms in Gynecologic Cancer.
Front. Oncol. 2014, 4, 12. [CrossRef] [PubMed]

[52] Terekhanova, N.V.; Karpova, A.; Liang, W.-W.,;
Strzalkowski, A.; Chen, S.; Li, Y.; Southard-Smith,
AN.; Iglesia, M.D.; Wendl, M.C.; Jayasinghe, R.G.;
et al. Epigenetic Regulation During Cancer Transi-
tions Across 11 Tumour Types. Nature 2023, 623,
432-441. [CrossRef]

[53] Ahuja, M.R. An Hypothesis and Evidence Concern-
ing the Genetic Components Controlling Tumor For-
mation in Nicotiana. Mol. Genet. Genom. 1968, 103,
176—184. [CrossRef] [PubMed]

[54] Ahuja, M.R. Genetic Tumors in Nicotiana and Other
Plants. Q. Rev. Biol. 1998, 73, 439-462. [CrossRef]

[55] Knudson, A.G., Jr. Mutation and Cancer: Statisti-
cal Study of Retinoblastoma. Proc. Natl. Acad. Sci.
USA 1971, 68, 820-823. [CrossRef]

[56] Knudson, A.G. Genetic Predisposition to Cancer.
In Origins of Human Cancer; Hiatt, H.H., Wat-
son, J.D., Winston, J.A., Eds.; Cold Spring Har-
bor: New York, NY, USA, 1977; pp. 45-52.
Available online: https://books.google.ae/books?id=
alOhzwEACAAJ&redir_esc=y.

[57] Cleaver, J.E.; Bootsma, D. Xeroderma Pigmentosum:
Biochemical and Genetic Characteristics. Annu. Rev.
Genet. 1975, 9, 19-38. [CrossRef]

[58] Kraemer, K.H.; DiGiovanna, J.J. Xeroderma Pigmen-
tosum. In Gene Reviews; Adam, M.P., Friedman, J.,
Mirzza, G.M., Pagon, R.A., Wallace, S.E., Amemiya,
A., Eds.; University of Washington, Seattle: Seattle,
WA, USA, 2023; pp. 1-28. [PubMed]

[59] Neel, J.V. Familial Factors in Adenocarcinoma of the
Colon. Cancer 1971, 28, 46-50. [CrossRef]

[60] Engstrom, P.F.; Rosvold, E.A.; Boyd, N.R.; Or-
leans, C.T. Prevention of Tobacco-Related Cancers.
In Cancer Medicine, 4th ed.; Holland, J.F., Frei, E.,
Bast, R.C., Kufe, D.W., Morton, D.L., Weichsel-
baum, R.R., Eds.; Williams and Williams Publishing:
Baltimore, MD, USA, 1996; pp. 447—463. Available
online: https://www.ncbi.nlm.nih.gov/books/NBK1
4013/.

[61] Fearon, E.R. Human Cancer Syndromes: Clues to
the Origin and Nature of Cancer. Science 1997, 278,
1043-1050. [CrossRef]

[62] A Sandberg, A.; Hossfeld, D.K. Chromosome Ab-
normalities in Human Neoplasia. Annu. Rev. Med.
1970, 21, 379-408. [CrossRef]

[63] German, J. Genes Which Increase Chromosomal In-
stability in Somatic Cells and Predispose to Cancer.
Prog. Med. Genet. 1972, 8, 61-101. [PubMed]

[64] Rowley, J.D. Are Nonrandom Karyotypic Changes
Related to Etiologic Agents? In Genetics of Hu-
man Cancer; Mulvihill, J.J., Miller, R.-W., Frau-
meni, J.F., Eds.; Raven Press: New York, NY,
USA, 1977, pp. 125-136.  Available online:
https://cdn.toxicdocs.org/bb/bbOELgKvY3dJ21Mx6
nNmKvM6/bbOELgKvY3dJ21Mx6nNmKvM6.pdf.

[65] Nowell, P.C.; Hungerford, D.A. A Minute Chro-
mosome in Human Chronic Granulocytic Leukemia.
Science 1960, 132, 1497. [CrossRef] [PubMed]

[66] Mark, J. Chromosomal Pattern in Human Menin-
giomas. Eur. J. Cancer 1970, 6, 489-498. [Cross-
Ref]

[67] Zang, K.D.; Singer, H. Chromosome Constitution of
Meningiomas. Nature 1967, 216, 84—85. [CrossRef]
[PubMed]

[68] Rowley, J.D. The Philadelphia Chromosome
Translocation- A Paradigm for Understanding
Leukemia. Cancer 1990, 65,2178-2184. [CrossRef]

[69] Olopede, O.L.; Rowley, J.D. Recurring Chromo-
some Rearrangements in Human Cancer. In Cancer
Medicine, Vol. 1; Holland, J.F., Frei, E., Bast,
R.C., Kufe, D.W., Morton, D.L., Weichselbaum,
R.R., Eds.; Lea & Febiger: Philadelphia, PA, USA,
1993; pp. 99-120. Available online: https://www.
researchgate.net/publication/277118659 Recurring_
Chromosome Rearrangements in_ Human_Cancer.

[70] Mitelman, F.; Levan, G. The Chromosomes of Pri-
mary 7,12-Dimethylbenz(a)anthracene-Induced Rat
Sarcomas. Hereditas 2009, 71, 325-334. [CrossRef]
[PubMed]

[71]1Levan, G.; Levan, A. Specific Chromosomal
Changes in Malignancy: Studies in Rat Sarcomas In-
duced by Two Polycyclic Hydrocarbons. Hereditas
2009, 79, 161-198. [CrossRef] [PubMed]

[72] Rudkin, G.T.; Hungerford, D.A.; Nowell, P.C. DNA
Contents of Chromosome Phl and Chromosome 21
in Human Chronic Granulocytic Leukemia. Science
1964, 144, 1229-1232. [CrossRef] [PubMed]

[73] Ezdinli, E.Z.; Sokal, J.E.; Crosswhite, L.; Sandberg,
A.A. A Philadelphia-Chromosome-Positive and -
Negative Chronic Myelocytic Leukemia. Ann. In-
tern. Med. 1970, 72, 175-182. [CrossRef]

[74] Whang-Peng, J.; Canellos, G.P.; Carbone, P.P.; Tjio,
J.H. Clinical Implications of Cytogenetic Variants in
Chronic Myelocytic Leukemia. Blood 1968, 32, 755—
766. [CrossRef] [PubMed]

[75] Hossfeld, D.K. Identification of Chromosome Ab-
normalities in the Blastic Phase of Chronic Myelo-
cytic Leukemia (CML) by Giemsa- and Quinacrine-
Banding Techniques. Hum. Genet. 1974, 23, 111—
118. [CrossRef] [PubMed]

GenoMed Connect

13

Mulkh Raj Ahuja


https://scifiniti.com/
https://doi.org/10.1073/pnas.73.2.549
https://doi.org/10.1016/0022-5193(71)90020-8
https://www.ncbi.nlm.nih.gov/pubmed/5556142
https://doi.org/10.1073/pnas.72.9.3585
https://doi.org/10.1038/sj.bjc.6602918
https://doi.org/10.3389/fonc.2014.00012
https://www.ncbi.nlm.nih.gov/pubmed/24551595
https://doi.org/10.1038/s41586-023-06682-5
https://doi.org/10.1007/bf00427144
https://www.ncbi.nlm.nih.gov/pubmed/5713397
https://doi.org/10.1086/420413
https://doi.org/10.1073/pnas.68.4.820
https://books.google.ae/books?id=alOhzwEACAAJ&redir_esc=y
https://books.google.ae/books?id=alOhzwEACAAJ&redir_esc=y
https://doi.org/10.1146/annurev.ge.09.120175.000315
https://www.ncbi.nlm.nih.gov/pubmed/20301571
https://doi.org/10.1002/1097-0142(197107)28:1%3C46::AID-CNCR2820280111%3E3.0.CO;2-K
https://www.ncbi.nlm.nih.gov/books/NBK14013/
https://www.ncbi.nlm.nih.gov/books/NBK14013/
https://doi.org/10.1126/science.278.5340.1043
https://doi.org/10.1146/annurev.me.21.020170.002115
https://www.ncbi.nlm.nih.gov/pubmed/4557110
https://cdn.toxicdocs.org/bb/bb0ELgKvY3dJ21Mx6nNmKvM6/bb0ELgKvY3dJ21Mx6nNmKvM6.pdf
https://cdn.toxicdocs.org/bb/bb0ELgKvY3dJ21Mx6nNmKvM6/bb0ELgKvY3dJ21Mx6nNmKvM6.pdf
https://doi.org/10.1016/b978-012448510-5.50134-5
https://www.ncbi.nlm.nih.gov/pubmed/14480647
https://doi.org/10.1016/0014-2964(70)90069-1
https://doi.org/10.1016/0014-2964(70)90069-1
https://doi.org/10.1038/216084a0
https://www.ncbi.nlm.nih.gov/pubmed/6050684
https://doi.org/10.1002/1097-0142(19900515)65:10%3C2178::AID-CNCR2820651004%3E3.0.CO;2-%23
https://www.researchgate.net/publication/277118659_Recurring_Chromosome_Rearrangements_in_Human_Cancer
https://www.researchgate.net/publication/277118659_Recurring_Chromosome_Rearrangements_in_Human_Cancer
https://www.researchgate.net/publication/277118659_Recurring_Chromosome_Rearrangements_in_Human_Cancer
https://doi.org/10.1111/j.1601-5223.1972.tb01029.x
https://www.ncbi.nlm.nih.gov/pubmed/4376552
https://doi.org/10.1111/j.1601-5223.1975.tb01475.x
https://www.ncbi.nlm.nih.gov/pubmed/806563
https://doi.org/10.1126/science.144.3623.1229
https://www.ncbi.nlm.nih.gov/pubmed/14150328
https://doi.org/10.7326/0003-4819-72-2-175
https://doi.org/10.1182/blood.V32.5.755.755
https://www.ncbi.nlm.nih.gov/pubmed/5246595
https://doi.org/10.1007/BF00282208
https://www.ncbi.nlm.nih.gov/pubmed/4136793
https://scifiniti.com/journals/genomed-connect

2025, Vol. 2, Article ID. 2025.0021
https://doi.org/10.69709/GenomC.2025.120031

SCIFINITI

PUBLISHING

®

[76] Rowley, J.D. A New Consistent Chromosome Abnor-
mality in Chronic Myelogenous Leukemia Identified
by Quinacrine and Giemsa Staining. Nature 1973,
243,290-293. [CrossRef] [PubMed]

[77] Ono, S. Genetic Implication of Karylogical Instabil-
ity of Malignant Somatic Cells. Physiol. Rev. 1971,
51,496-526. [CrossRef]

[78] Mariat, P.; Michaux, J.L.; Rodhain, J. Philadelphia-
Negative (Ph-) Chronic Myeloid Leukemia
(CML): Comparison with Ph+ CML and Chronic
Myelomonocytic Leukemia. Blood 1991, 78, 205—
211. [CrossRef]

[79] Kurzrock, R.; Kantarjian, H.M.; Shtalrid, M.; Gut-
terman, J.U.; Talpaz, M. Philadelphia Chromosome
Negative Chronic Myelogenous Leukemia With-
out Breakpoint Cluster Region Rearrangement: A
Chronic Myeloid Leukemia with a Distinct Clinical
Course. Blood 1990, 75, 445-452. [CrossRef]

[80] Jacobs, E.M.; Luce, J.K.; Cailleau, R. Chromosomal
Abnormalities in Human Cancer: Report of a Patient
with Chronic Leukemia and Nonleukemic Monozy-
gotic Twin. Cancer 1966, 19, 869—876. [CrossRef]

[81] Goh, K.-O.; Swisher, S.N.; Herman, E.C. Chronic
Myelocytic Leukemia and Identical Twins. Arch. In-
tern. Med. 1967, 120, 214-219. [CrossRef]

[82] Hethcote, H.W.; Knudson, A.G. A Model for In-
cidence of Embryonal Cancers: Application to
Retinoblastoma. Proc. Natl. Acad. Sci. USA 1978,
75,2453-2457. [CrossRef]

[83] Knudson, A.G. Genetics of Human Cancer.
Rev. Genet. 1986, 20, 231-251. [CrossRef]

[84] Mark, J. Karyotype Pattern in Human Meningiomas:
A Comparison Between Studies with G- and Q-
Banding Techniques. Hereditas 1973, 75, 213-220.
[CrossRef] [PubMed]

[85] Zhang, K.D. Menigioma: A Cytogenetic Model of a
Complex Benign Tumor, Including Data on Cell Ge-
netics 394 Karyotyped Cases. Cytogenet. Cell Genet.
2001, 93,207-220. [CrossRef] [PubMed]

[86] Mark, J. Chromosomal Abnormalities and Their
Specificity in Human Neoplasms: An Assessment of
Recent Observations by Banding Techniques. Adv.
Cancer Res. 1977, 24, 165-222. [CrossRef]
[PubMed]

[871E Heston, W. Genetic Aspects of Human Cancer.
Adv. Cancer Res. 1976, 23, 1-21. [CrossRef]

[88] Mulvihill, J.J. Genetic Repertory of Human Neo-
plasia. In Genetics of Human Cancer; Mulvihill,
J.J., Miller, R.W., Fraumeni, J.F., Eds.; Raven Press:
New York, NY, USA, 1977; pp. 137-143. Avail-
able online: https://wellcomecollection.org/works/
xpz5j3zs/items.

[89] Knudson, A.G.; Strong, L.C.; E Anderson, D. Hered-
ity and Cancer in Man. Prog. Med. Genet. 1973, 9,
113-158. [PubMed]

[90] Knudson, A.G. Mutation and Cancer: A Personal
Odyssey. Adv. Cancer Res. 1995, 67, 1-23. [Cross-
Ref]

Ann.

[91] Orye, E.; Delbeke, M.; Vandenabeele, B. Retinoblas-
toma and D-Chromosome Deletions. Lancet 1971,
298, 1376. [CrossRef]

[92] Wilson, M.G.; Towner, J.W.; Fujimoto, A.
Retinoblastoma and D-Chromosome Deletions.
Am. J. Hum. Genet. 1973, 25, 57-61. [PubMed]

[93] Haber, D.A.; Hauseman, D.E. Rate-Limiting Steps:
The Genetics of Podiatric Cancers. Cell 1991, 64, 5—
8. [CrossRef]

[94] Hansen, M.F.; Cavenee, W.K. Retinoblastoma and
the Progression of Tumor Genetics. Trends Genet.
1988, 4, 125-128. [CrossRef]

[95] Weinberg, R.A. The Retinoblastoma Gene and Cell
Growth Control. Trends Biochem. Sci. 1990, 15,
199-202. [CrossRef]

[96] Lee, E.Y.-H.P.; To, H.; Shew, J.-W.; Bookstein, R.;
Scully, P.; Lee, W.H. Inactivation of Retinoblastoma
Susceptibility Gene in Human Breast Cancers. Sci-
ence 1988, 241, 218-221. [CrossRef]

[97] Hollingsworth, R.E.J.; Hensey, C.E.; Lee, W.-H.
Retinoblastoma Protein and the Cell Cycle. Curr.
Opin. Genet. Devel. 1993, 3, 55-62. [CrossRef]

[98] Knudson, A.G. Hereditary Cancers Disclose a Class
of Cancer Genes. Cancer 1989, 63, 1888—1891.
[CrossRef] [PubMed]

[99] Nishisho, 1.; Nakamura, Y.; Miyoshi, Y.; Miki, Y.;
Ando, H.; Horii, A.; Koyama, K.; Utsunomiya, J.;
Baba, S.; Hedge, P.; et al. Mutations of Chromosome
5921 Genes in FAP and Colorectal Cancer Patients.
Science 1991, 253, 665—669. [CrossRef]

[100] Powell, S.M.; Zilz, N.; Beazer-Barclay, Y.; Bryan,
T.M.; Hamilton, S.R.; Thibodeau, S.N.; Vogelstein,
B.; Kinzler, K.W. APC mutations occur early dur-
ing colorectal tumorigenesis. Nature 1992, 359,235—
237. [CrossRef]

[101] Su, L.-K.; Vogelstein, B.; Kinzler, K.W. Association
of the APC Tumor Suppressor Protein with Catenins.
Science 1993, 262, 1734-1737. [CrossRef]

[102] Fearon, E.R.; Cho, K.R.; Nigro, J.M.; Kern, S.E.; Si-
mons, J.W.; Rupert, J.M.; Hamilton, S.R.; Preisinger,
A.C.; Thomas, G.; Kinzler, K.W.; Vogelstein, B.
Identification of a Chromosome 18q Gene That Is Al-
tered in Colorectal Cancers. Science 1990, 247, 49—
56. [CrossRef] [PubMed]

[103] Fearon, E.R.; Vogelstein, B. A Genetic Model for
Colorectal Tumorigenesis. Cell 1990, 61, 759-767.
[CrossRef] [PubMed]

[104]Marx, J. New Colon Cancer Gene Discovered. Sci-
ence 1993, 260, 751-752. [CrossRef]

[105] Vogelstein, B.; Kinzler, K.W. The Multistep Nature
of Cancer. Trends Genet. 1993, 9, 138—141. [Cross-
Ref]

[106] Braun, A.C. The Cancer Problem: A Critical
Analysis and Modern Synthesis; Columbia Univer-
sity:  New York, NY, USA, 1969. Available
online: https://digitalcommons.rockefeller.edu/cgi/
viewcontent.cgi?article=1011&context=ru-authors.

Mulkh Raj Ahuja

14

GenoMed Connect


https://scifiniti.com/
https://doi.org/10.1038/243290a0
https://www.ncbi.nlm.nih.gov/pubmed/4126434
https://doi.org/10.1152/physrev.1971.51.3.496
https://doi.org/10.1182/blood.V78.1.205.205
https://doi.org/10.1182/blood.V75.2.445.445
https://doi.org/10.1002/1097-0142(196606)19:6%3C869::AID-CNCR2820190620%3E3.0.CO;2-O
https://doi.org/10.1001/archinte.1967.00300020086011
https://doi.org/10.1073/pnas.75.5.2453
https://doi.org/10.1146/annurev.ge.20.120186.001311
https://doi.org/10.1111/j.1601-5223.1973.tb01162.x
https://www.ncbi.nlm.nih.gov/pubmed/4782043
https://doi.org/10.1159/000056986
https://www.ncbi.nlm.nih.gov/pubmed/11528114
https://doi.org/10.1016/s0065-230x(08)61015-5
https://www.ncbi.nlm.nih.gov/pubmed/322458
https://doi.org/10.1016/S0065-230X(08)60542-4
https://wellcomecollection.org/works/xpz5j3zs/items
https://wellcomecollection.org/works/xpz5j3zs/items
https://www.ncbi.nlm.nih.gov/pubmed/4351406
https://doi.org/10.1016/S0065-230X(08)60708-3
https://doi.org/10.1016/S0065-230X(08)60708-3
https://doi.org/10.1016/S0140-6736(71)92394-4
https://www.ncbi.nlm.nih.gov/pubmed/4119334
https://doi.org/10.1016/0092-8674(91)90200-I
https://doi.org/10.1016/0168-9525(88)90134-5
https://doi.org/10.1016/0968-0004(90)90162-5
https://doi.org/10.1126/science.3388033
https://doi.org/10.1016/S0959-437X(05)80341-7
https://doi.org/10.1002/1097-0142(19890515)63:10%3C1888::AID-CNCR2820631004%3E3.0.CO;2-L
https://www.ncbi.nlm.nih.gov/pubmed/2702563
https://doi.org/10.1126/science.1651563
https://doi.org/10.1038/359235a0
https://doi.org/10.1126/science.8259519
https://doi.org/10.1126/science.2294591
https://www.ncbi.nlm.nih.gov/pubmed/2294591
https://doi.org/10.1016/0092-8674(90)90186-I
https://www.ncbi.nlm.nih.gov/pubmed/2188735
https://doi.org/10.1126/science.8484115
https://doi.org/10.1016/0168-9525(93)90209-Z
https://doi.org/10.1016/0168-9525(93)90209-Z
https://digitalcommons.rockefeller.edu/cgi/viewcontent.cgi?article=1011&context=ru-authors
https://digitalcommons.rockefeller.edu/cgi/viewcontent.cgi?article=1011&context=ru-authors
https://scifiniti.com/journals/genomed-connect

SCIFINITI

PUBLISHING

®

2025, Vol. 2, Article ID. 2025.0021
https://doi.org/10.69709/GenomC.2025.120031

[107] Sachs, L. Growth, Differentiation and the Reversal
of Malignancy. Sci. Am. 1986, 254, 40—47. [Cross-
Ref]

[108] Wolman, S.R.; Holland, A.A. Genetics of Tumor
Cells. In Cancer: A Comprehensive Treatise. III,
Becker, F.F., Ed.; Plenum Publishing Corp.: New
York, NY, USA, 1975; pp. 155-188.

[109] Kinsella, A.R.; Radman, M. Tumor Promoters In-
duce Sister Chromatic Exchanges: Relevance to
Mechanisms of Carcinogenesis. Proc. Natl. Acad.
Sci.  USA 1978, 75, 6149-6153. [CrossRef]
[PubMed]

[110] Lengauer, C.; Kinzler, K.W.; Vogelstein, B. Genetic
Instability in Colorectal Cancers. Nature 1997, 386,
623—627. [CrossRef] [PubMed]

[111] Breivik, J. The Evolutionary Origin of Genetic In-
stability in Cancer. Semin. Cancer Biol. 2005, 15,
51-60. [CrossRef]

[112]Holley, R.W. Control of Mammalian Cells in Cell
Cultures. Nature 1975, 258, 487—490. [CrossRef]
[113]Busch, H. A General Concept for Molecular Biol-
ogy of Cancer. Cancer Res. 1976, 36, 4291-4294.

[PubMed]

[114]Harris, H.; Miller, O.J.; Klein, G.; Worst, P,
Tachibana, T. Suppression of Malignancy in Cell Fu-
sions. Nature 1969, 223, 363-368. [CrossRef]

[115] Harris, H. Cell Fusion and Analysis of Malignancy.
J. Nat. Cancer Inst. 1972, 48, 851-864. [PubMed]

[116] Stanbridge, E.J.; Wilkinson, J. Analysis of Malig-
nancy in Human Cells: Malignant and Transformed
Phenotypes Are Under Separate Genetic Control.
Proc. Natl. Acad. Sci. USA 1978, 75, 1466—-1469.
[CrossRef]

[117] Scherr, C.J. Cancer Cell Cycles. Science 1996, 274,
1672—-1677. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The views expressed in this article are those of the author(s) and do not necessarily reflect the views
of the publisher or editors. The publisher and editors assume no responsibility for any injury or damage resulting from the use of

information contained herein.

GenoMed Connect

Mulkh Raj Ahuja

15


https://scifiniti.com/
https://doi.org/10.1038/scientificamerican0186-40
https://doi.org/10.1038/scientificamerican0186-40
https://doi.org/10.1073/pnas.75.12.6149
https://www.ncbi.nlm.nih.gov/pubmed/282631
https://doi.org/10.1038/386623a0
https://www.ncbi.nlm.nih.gov/pubmed/9121588
https://doi.org/10.1016/j.semcancer.2004.09.008
https://doi.org/10.1038/258487a0
https://www.ncbi.nlm.nih.gov/pubmed/61806
https://doi.org/10.1038/223363a0
https://www.ncbi.nlm.nih.gov/pubmed/4398772
https://doi.org/10.1073/pnas.75.3.1466
https://doi.org/10.1126/science.274.5293.1672
https://www.ncbi.nlm.nih.gov/pubmed/8939849
https://scifiniti.com/journals/genomed-connect

	Introduction 
	The Premise-Historical Perspective 

	Cancer Origin and Regulation 
	Genetic Change and Cancer 
	Epigenetics in Cancer Development 
	A Genetic/Epigenetic Concept of Cancer 
	Chromosomes, Genes, and Cancer 
	Chronic Myelogenous Leukemia (CML) 
	Meningioma (MG) 
	Genetic Nature of Hereditary Cancers 
	Retinoblastoma (RB) 
	Colorectal Cancer (CRC) 
	Genetic Instability and Cancer 
	Conclusions 
	References

