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many tumor features, the tumor-like organs.
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Background: Earlier | hypothesized that hereditary tumors might participate in the evolution of multicellular organ-
isms. | formulated the hypothesis of evolution by tumor neofunctionalization, which suggested that the evolutionary
role of hereditary tumors might consist in supplying evolving multicellular organisms with extra cell masses for the
expression of evolutionarily novel genes and the origin of new cell types, tissues, and organs. A new theory—the
carcino-evo-devo theory—has been developed based on this hypothesis.

Main text: My lab has confirmed several non-trivial predictions of this theory. Another non-trivial prediction is that
evolutionarily new organs if they originated from hereditary tumors or tumor-like structures, should recapitulate some
tumor features in their development. This paper reviews the tumor-like features of evolutionarily novel organs. It turns
out that evolutionarily new organs such as the eutherian placenta, mammary gland, prostate, the infantile human
brain, and hoods of goldfishes indeed have many features of tumors. | suggested calling normal organs, which have

Conclusion: Tumor-like organs might originate from hereditary atypical tumor organs and represent the part of
carcino-evo-devo relationships, i.e., coevolution of normal and neoplastic development. During subsequent evolu-
tion, tumor-like organs may lose the features of tumors and the high incidence of cancer and become normal organs

Background: the theory of carcino-evo-devo

Embryonic and neoplastic development have many com-
mon features: intensive cell proliferation, invasiveness,
cell migration, the convergence of signaling pathways,
important roles of proto-oncogenes and tumor suppres-
sor genes, similarities in gene expression and differentia-
tion, cell adhesion and apoptosis, epithelial-mesenchymal

*Correspondence: contact@biomed.spb.ru

"'Vavilov Institute of General Genetics, Russian Academy of Sciences, 3,
Gubkina Street, Moscow, Russia 117971

Full list of author information is available at the end of the article

B BMC

transition, and cell plasticity [1, 2]. Reactivation of embry-
onic signaling pathways is characteristic of tumors [1, 3,
4]. Tumors may originate from embryonic cells [5-9].

Tumors are widespread and are represented through-
out the phylogenetic tree (reviewed in [2, 10, 11]). Proto-
oncogenes and tumor suppressor genes are the oldest
gene classes [12]. Tumors and cancer-related genes origi-
nated during the early period of evolution of multicellu-
lar organisms [2, 13, 14].

Many similarities between normal and neoplastic
development, and the ancient origin of tumors and proto-
oncogenes, assume the long history of the coevolution of
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normal and neoplastic development. Earlier I hypothe-
sized that hereditary tumors might participate in the evo-
lution of multicellular organisms [15-17]. I formulated
the hypothesis of evolution by tumor neofunctionaliza-
tion (below I will call it "the main hypothesis"), which
suggested that the evolutionary role of hereditary tumors
might consist in supplying evolving multicellular organ-
isms with extra cells masses for expression of evolution-
arily novel genes and the origin of new cell types, tissues
and organs [15-17].

Several non-trivial predictions of the main hypothesis
have been confirmed in my laboratory. The possibility of
selecting tumors for a new function in the organism we
confirmed using the novel model of the “hoods” of gold-
fishes. We performed macroscopic and microscopic stud-
ies of adult hoods and the dynamics of the hood growth.
We proved histologically that these hoods are benign
papillomas [2, 18]. The prediction about the expression
of evolutionarily novel genes in tumors was confirmed in
many publications from our lab. As a result, a new class
of genes—tumor specifically expressed, evolutionarily
novel (TSEEN) genes—have been described (reviewed in
[19]; see also [12, 20]). The predicted parallel evolution
of oncogenes, tumor suppressor genes, and differentia-
tion genes was confirmed using in silico genomic analy-
sis [12]. In the same paper, the predicted correspondence
of the number of oncogenes to the number of differenti-
ated cell types was verified [12]. The acquisition of pro-
gressive functions, not encountered in fishes, by human
orthologs of fish TSEEN genes, was proven using a trans-
genic zebrafish inducible tumor model [20]. This paper
is considered by many specialists as the direct confirma-
tion of the main hypothesis. We also have shown that the
PBOVI gene, which is overexpressed in breast and pros-
tate cancer, originated de novo in humans and its expres-
sion is connected with a favorable clinical outcome of
breast cancer [149].

The accumulating evidence assumed the fundamen-
tal nature of the main hypothesis. It was generalized in
my book “Evolution by tumor neofunctionalization” [2],
which contained more than one thousand references. The
book was translated to Russian [21] and Chinese [22].
The main hypothesis started to acquire the shape of the
theory. I called it the carcino-evo-devo theory. In a recent
publication, this theory was further developed [23]. Its
relationships with existing biological theories have been
examined. The conclusion was reached that carcino-evo-
devo theory does not contradict the existing biological
theories but fills the lacunas between them and explains
questions not wholly understood or not explained by cur-
rent theories. Non-trivial explanations, suggested by the
new theory, include the possible role of tumor-bearing
organisms as transitional forms in progressive evolution;
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the role of tumors as the general mechanism to over-
come developmental constraints in the origin of major
morphological novelties and complex evolutionary inno-
vations; and explanation of the relationships of tumors
with embryonic development and evo-devo. The diagram
describing carcino-evo-devo relationships has been sug-
gested (Fig. 1) [23].

Another non-trivial prediction of the new theory is
that evolutionarily novel organs if they indeed originated
from hereditary tumors or tumor-like structures, should
recapitulate some features of tumors in their develop-
ment. That is why I was looking for the data that might
confirm this prediction in the literature, and also per-
formed some experiments in my lab. This paper reviews
the evidence that evolutionarily novel organs indeed have
many features of tumors that supports the main hypoth-
esis of the possible evolutionary role of tumors and the
carcino-evo-devo theory [2, 23]. Below I will call evolu-
tionarily new normal organs, which have many tumor
features, the tumor-like organs for brevity.

Main text

Eutherian placenta, the first identified example

of tumor-like organ

Placenta has recurrently originated in different mam-
malian orders after infection with different retroviruses,
which became endogenous to their hosts (reviewed in
[2]). The ancestral retrovirus env gene has been replaced
by new retroviruses and their env genes through inde-
pendent germline infections in different mammalian
lineages [24—26]. This is supported by the discovery of
retroviral envelope gene capture and syncytin exaptation
for placentation in marsupials [27].

Syncytin is a domesticated retroviral gene that plays a
role in placental biology. Human syncytin is the env gene
of human endogenous retrovirus HERV-W. It is expressed
in multinucleated placental syncytiotrophoblast and
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Fig. 1 Carcino-evo-devo diagram: devo—normal ontogenies.
carcino—ontogenies with neoplastic development. evo—
progressive evolution of ontogenies. Arrows indicate participation in
the corresponding process or essential connections. From A. P. Kozlov
(2019) Acta Naturae 11: 65-72, with permission
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mediates placental cytotrophoblast fusion (reviewed in
(2]).

Eutherian placenta shares many features with tumors.
Multinucleated cells and syncytia formation are known
features of tumors. Placenta and tumors rely on gly-
colysis for energy production; the DNA of the placenta
demonstrates the genome-wide hypomethylation; some
cancer/testis antigens are expressed in the placenta;
placental trophoblast is capable to create large ploidies;
tumor markers present in the serum of cancer patients
include placental proteins; placenta produces angiogenic
factors secreted also by tumors (e.g. VEGF), and placenta
causes maternal immunosuppression. Parallels between
cancer and pregnancy in growth, invasion, and immune
modulation have been reviewed, shared characteristics of
trophoblast cells and tumor cells, their proliferation and
invasion, vasculogenic mimicry and angiogenesis, immu-
nologic similarities of the fetomaternal interface and
tumor microenvironment, systemic immune modulation,
hypoxia and HIF pathway and other links between can-
cer and placenta development have been extensively dis-
cussed [2, 28-30]. A special conference has been devoted
to common features between placental development and
cancer growth [29].

The placenta may be considered a regulated tumor [2].
The robust regulation of placental trophoblast by TGE-f
efficiently inhibits its malignant properties [31].

The expression of evolutionarily novel genes

in the placenta

The origin of evolutionarily novel genes is connected with
the origin of evolutionary innovations and morphological
novelties [2, 32]. Domesticated retroviral genes expressed
in the placenta were evolutionarily novel to their hosts at
the time of infection and acquired new functions in the
placenta (syncytins).

There are also other evolutionarily novel genes
expressed in the placenta. Transposable elements have
donated genes now expressed in the placenta to their
ancestral hosts. For example, two Ty3/Gypsy retrotrans-
poson-derived genes, Pegl0 and Pegll, are predomi-
nantly expressed in the placenta of both humans and
mice and are essential for placental development, at early
and late stages, respectively (reviewed in [33, 34]).

Many placenta-associated novel genes are found only
in certain mammalian species and are not conserved in
all Mammalia [33]. This is in correspondence with their
relatively recent evolutionary origin, i.e., in mammals.
For instance, mouse trophoblast-specific protein (Tpbp) a
and b genes and the related rat gene, SSP (spongiotroph-
oblast-specific protein), are specifically expressed in pla-
centa, have been found only in rodents, and are novel.
The placenta-specific protein 1 (PLACI) gene is annotated
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in the cow, rat, mouse, and human. Endothelin B recep-
tor, Early placenta insulin-like peptide (INSL4), Midline
1, and Pleiotrophin genes are found only in humans and
New World monkeys.

Some novel genes are expressed both in the placenta

and in tumors

PLACI gene, annotated in different mammals, was ini-
tially thought of as specifically expressed only in the
placenta. But later studies [35, 36] have shown that in
humans, it is also expressed in testis and various tumors.

LTRs of different HERVs are expressed in the placenta
and various tumors [37]. Syncytin-1 is upregulated in dif-
ferent tumors and participates in their pathogenesis [38—
40]. Early placenta insulin-like peptide, INSL4, found in
humans and New World monkeys, is present in breast
cancer cells and enhances their invasiveness and motil-
ity [41]. The retrotransposon-derived pleiotrophin (PTN)
gene is expressed in both tumors and the placenta. In the
placenta, its expression is determined by the LTR pro-
moter [37, 42].

Chorionic gonadotropin (CQG) is produced by the pla-
centa to sustain pregnancy [43, 44] and ectopically by a
variety of tumors. In early studies, human chorionic gon-
adotropin has been found in lung carcinoma [45, 46], in
other cancers [47], and HeLa cell cultures [48]. CG con-
sists of two subunits, a and  [33, 43, 44]. Subunit « is
encoded by a single conservative gene, expressed in the
pituitary and placenta, and enters into the composition of
all glycoprotein hormones [33, 43]. The different  subu-
nits are encoded by separate genes of the luteinizing hor-
mone (LHB)/chorionic gonadotropin (CGB) gene cluster.
In humans, this cluster contains one LHB gene, four
subunit genes (CGB, CGBS, CGBS8, and CGB7), and two
genes (CGBI and CGB2), which encode novel proteins as
a result of frameshifting. All genes of the cluster appear
to have originated as a result of duplication of the ances-
tral LHB gene in anthropoid primates. The LHB/CGB
gene cluster is specific to primates. It is an evolutionarily
young and unstable genome region [49-52].

The products produced by the human LHB/CGB gene
cluster include the regular CG consisting of two subunits,
hyperglycosylated CG, free B subunit, hyperglycosylated
free  subunit, and other variants of CG, mostly degrada-
tion products, altogether 12 common variants of human
CG. A hyperglycosylated free p subunit is produced by
almost all nontrophoblastic human malignancies, includ-
ing cervical cancer, breast, bladder, ovarian, brain, colo-
rectal, uterine, and lung malignancy cell lines [44, 53]. A
hyperglycosylated free p subunit may be a molecule with
an independent function consisting of the promotion of
nontrophoblastic cancer cells’ growth and malignancy
[44].
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Human chorionic gonadotropin beta subunit genes
CGBI and CGB2 are transcribed in ovarian cancer tissues
[54], in epithelial cancer cell lines [55], as well as in testis
[56], pituitary [57], transgenic mouse brain [58], and in
the placenta [59, 60]. CGBI and CGB2 have always been
considered pseudogenes since the publication of Tal-
mage and co-authors [61], but accumulated expression
evidence suggested their functional role. In silico study
predicted that as a result of frameshifting, they might
encode an utterly novel protein [50]. CGBI and CGB2
genes originated in the lineage-specific to humans and
African great apes and are conserved between humans
and chimps. In the gorilla, insertion and deletion muta-
tions disrupt the predicted protein. After duplication in
the common ancestor of African great apes, CGBI and
CGB2 genes may have evolved towards a novel functional
gene in humans and chimps and to pseudogenization in
gorillas [50].

These many examples of evolutionarily novel genes act-
ing in both placenta and tumors add to the similarity of
placenta and tumors and support the hypothesis that the
placenta originated from the tumor, induced by onco-
genic retrovirus in ancestral eutherian [62-64]. These
data also support the broader concept that ancestral
hereditary tumors might evolve into functional organs
through the expression of evolutionarily novel genes, i.e.
evolution by tumor neofunctionalization [2].

Thus, the eutherian placenta represents the first identi-
fied example of a tumor-like organ.

Tumor-like properties of the mammary gland

The mammary gland is an exocrine gland of mammals
that produces milk. It constitutes a part of larger struc-
tures like breasts and udder.

The mammary gland is a real novel organ in mammals.
The mammary gland could be derived from an ancestral
apocrine-like gland that was associated with hair follicles
[65]. Similarities in signaling and metabolic processes
suggest that the mammary gland might also originate
from mucous skin glands and the innate immune sys-
tem as an inflammatory response to tissue damage and
infection [66, 67]. According to the other hypothesis, the
mammary gland may represent a neomorphic hybrid, a
mosaic organ whose evolution involved the incorporation
of characteristics encoded in the genome but expressed
differently by separate populations of skin glands [68].
The later version of the apocrine-like hypothesis postu-
lates that only mammary ductal tree and secretory tissue
evolved from ancestral apocrine-like glands. Additional
processes formed the mammary line, placode, bulb, and
primary sprout [69].

The mammary gland belongs to mammalian organs
with the highest incidence of tumors. Mammary gland
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tumors are the most common type of tumor in female
dogs [70, 71], domestic cats [72], hedgehogs, rats, and
mice [73].

Breast cancer is also the most frequent malignant
tumor of women in North America and globally [74-76].
According to the Global Burden of Disease (GBD) 2015
study, breast cancer is the most common cancer type and
the leading cause of cancer deaths in females [77].

The evolutionary novelty of the mammary gland may
be a reason for the higher incidence of breast cancer in
humans as compared to cancer incidences in evolution-
arily older organs [78].

The mammary gland is the organ developing predomi-
nantly after birth. The developing mammary gland dem-
onstrates many of the properties associated with tumors,
such as invasion, re-initiation of cell proliferation, resist-
ance to apoptosis, an essential role of stromal cells, and
angiogenesis. Terminal end buds (TEBs), a rapidly prolif-
erating mass of epithelial cells, invade into stromal tissue,
much like a solid tumor [79].

During its developmental cycle, the mammary gland
displays both invasive growth and regression. During
mammary gland development, the mammary epithelium
invades the fat pad and forms a small, branched ductal
network. The epithelium does not fill the fat pad until the
release of ovarian hormones at puberty. After that, TEBs
form, and the ducts invade, branch, and fill the pad. Dur-
ing pregnancy, epithelium proliferates, ducts form side
branches, and alveolar structures form and differenti-
ate. The epithelium expands almost to fill the mammary
gland and becomes secretory. At the same time, large fat
cells dedifferentiate into small pre-adipocytes. During
involution, the secretory epithelium dies by apoptosis,
and the fat cells re-differentiate [79].

The epithelium of the terminal end buds of the devel-
oping mammary gland resembles the epithelium of
mammary tumors. The term “morphogenetically active
epithelial state” was suggested to describe the mammary
epithelium during morphogenesis [80]. A mammary
stem cell population has similarities in expression pro-
files to human breast cancer (basal-like and Her2" intrin-
sic breast cancer subtypes) [81].

Epithelial plasticity and invasive properties are critical
during branching morphogenesis in the mammary gland.
On the other hand, epithelial-mesenchymal transition
(EMT) and epithelial plasticity contribute to tumor pro-
gression. Thus, there are similarities between develop-
mental and oncogenic EMT in the mammary gland [3].

Similarities in immune regulation of mammary gland
development and tumorigenesis

Innate immune cells (mast cells, eosinophils, and mac-
rophages) play roles in terminal end bud elongation
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and branching morphogenesis during postnatal mam-
mary gland organogenesis [82—86]. Macrophages have
a role in regulating epithelial cell death during mam-
mary gland involution [87, 88]. During tumorigenesis,
similar innate immune cells are recruited. Mast cells,
macrophages, and neutrophils promote tumor pro-
gression by stimulating angiogenesis, suppressing anti-
tumor immunity, and enhancing tumor cell migration
and metastasis [86]. Abrogation of TGF-f signaling in
mammary carcinomas recruits Gr-1+ CD11b + mye-
loid cells that promote metastasis. The authors point
out that innate immune cells may not play an immu-
nological role in development because there is no
pathogens present. Instead, they may be trophic to
developing tissue, enhance rates of epithelial growth
and invasion, and influence the complexity of the
ductal structures [86, 89].

The most striking is that the adaptive immune system
also contributes locally to postnatal mammary organo-
genesis. Antigen-mediated interactions between
mammary CD11c + antigen-presenting cells and IFNy-
producing CD4+ T helper 1 cells provide signals that
negatively regulate ductal invasion. IFNy mediates
the inhibitory effect of CD4+ Th1l cells on mammary
organogenesis by affecting luminal differentiation.
The nature of the antigen(s) involved is unknown [90].
During tumorigenesis, there is a much higher engage-
ment of the acquired immune response. The presence
of many acquired immune cells in tumors suggests
the recognition of new "foreign" tumor antigens or
the extensive tissue damage caused by tumor growth.
CD8+, Ty1, and NK cells protect against tumor devel-
opment and progression. However, B cells, activation
of humoral immunity, and infiltration of T2 cells, as
well as innate inflammatory cells, may promote tumor
progression. Thus innate and acquired immune cells
are in the dynamics. The regulatory functions of the
immune system are conferred on the epithelial tumors
in a fashion that mimics development [86].

Signaling pathways

The reactivation of developmental pathways in breast
and other cancers contributes to tumor progression.
Developmental EMT regulators, including Snail/Slug,
Twist, Six1l, and Crypto, are misexpressed in breast
cancer [3]. Three major stem cell signaling pathways
(Notch, Wnt, and Hedgehog) and other critical cellular
signaling pathways (estrogen receptor, PI3K, MAPK,
JAK/STAT, NF«kB, and TGF-p) participate both in nor-
mal mammary gland development and in breast cancer
and cancer stem cells [91, 92].
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TGF-B regulation

Mammary epithelial cells are sensitive to TGF-f. Dur-
ing mammary gland development, stromal TGEF-
inhibits proliferation and morphogenesis. On the con-
trary, most breast cancer cells are not responsive to
the cytostatic action of TGF-p. Although mutations in
TGE-P receptor genes are infrequent in human breast
cancers, there is compelling evidence for impairment
of TGF-B signaling in this disease [93]. The paradox
of TGEF-p is that it suppresses the proliferation of nor-
mal breast epithelial cells, but converts to a promoter
during cancer development [94, 95]. There is clinical
evidence that TGF-f acts as a tumor-derived immuno-
suppressor, an inducer of tumor mitogens, a promoter
of carcinoma invasion, and a trigger of prometastatic
cytokine secretion [96]. TGF-f also drives the acquisi-
tion of invasive behaviors in cancer cells undergoing an
epithelial-mesenchymal transition (EMT) [95, 97, 98].

Hormone action

Two-thirds of all breast cancers are hormone-depend-
ent. Breast cancer is classified based on the presence or
absence of the estrogen receptor, progesterone recep-
tor, and human epidermal growth factor receptor-2
(HER2). Hormones influence the course of a disease by
affecting angiogenesis, stemness of breast cancer stem
cells, inducing chemoresistance, and favoring meta-
static growth. The same hormones control postnatal
mammary gland development during puberty, preg-
nancy, lactation, and involution. Estrogens, progester-
one, and prolactin act sequentially on the mammary
epithelium in synergy with corticosteroids and the
presence of the growth hormone. Sequential activa-
tion of hormone signaling in the mammary epithelium
is required for the progression of morphogenesis [99,
100].

Breast cancer susceptibility genes BRCA1 and BRCA2

are tumor suppressor genes and participate in normal
development

Hereditary breast cancers due to germline mutations
in the breast cancer susceptibility genes BRCAI and
BRCA?2 are very common. BRCA genes are tumor sup-
pressor genes, and germline mutations destroying their
functions also cause ovarian cancer and other malig-
nancies [101-103]. The molecular functions of BRCA
genes are connected with genome stability. The loss of
these functions due to mutations causes genome insta-
bility and leads to oncogenic transformation. BRCA
genes have also other tumor-related functions, the most
important for the present consideration is participation
in the regulation of cancer stem cells [104].
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On the other hand, BRCA genes participate in nor-
mal development. Brcal and Brca2 genes are required
for embryonic cellular proliferation and differentiation
in the mammary gland and other tissues in the mouse
[105, 106]. BRCA is expressed by embryonic and adult
neural stem cells and is involved in neural stem cell
proliferation in rats [107]. In primates, BRCA1 evolves
rapidly under positive selection and has implications
both for cancer predisposition and brain development
[108-110].

Intermediary conditions

So-called "responsive” spontaneous mammary tumors in
mice grow during pregnancy, reach a peak before partu-
rition, and regress after that [111]. The mammary gland
tumors of rats are mostly benign fibroadenomas [73]. In
dogs and cats, benign mammary tumors are challeng-
ing to differentiate histologically from the physiological
hyperplasia of the mammary gland. Differential diagno-
sis between complex adenoma and complex adenocar-
cinoma is also tricky [112]. In women, the vast majority
of the lesions that occur in the breast are benign [113].
Benign breast disease is a broad category of diagnoses
(including developmental abnormalities, inflammatory
lesions, epithelial and stromal proliferation, and neo-
plasms) with a variable degree of increased risk of devel-
oping breast cancer [114]. Disordered development may
result in tumor-like lesions such as hamartomas, pseu-
doangiomatous stromal hyperplasia, and gynecomas-
tia [115]. Compared to women with normal pathology
or non-proliferative disease, women with a proliferative
disease without atypia have a modestly increased risk of
breast cancer. In contrast, women with atypical hyper-
plasia have a substantially increased risk [116]. Breast
fibroadenomas are not associated with increased breast
cancer risk in African American women [117]. Lobular
and ductal carcinomas in situ are not considered to be
obligatory precursors of invasive breast cancer [113, 118].

Milk and mammary genes

Milk originated as a glandular skin secretion in synap-
sids, the ancestors of mammals. That is why the mam-
mary gland coopted signaling pathways and genes for
secretory products from earlier integumentary structures
[66, 119]. Milk has both protective and nutritional roles
for mammalian neonates [66, 67]. Xanthine oxidoreduc-
tase (XOR) and lysozyme are two important antimicro-
bial enzymes of the innate immune system. Due to gene
sharing, XOR is also required for the secretion of milk fat
globules [120]. a-Lactalbumin, a whey protein and a sub-
unit of the lactose synthase heterodimer, evolved from
a gene duplicate of lysozyme [66]. Besides participating
in lactose synthesis, alpha-lactalbumin functions as an
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apoptotic factor that kills tumor cells [121] and regulates
the involution of the mammary gland [122].

Caseins evolved in the mammalian lineage. In milk,
casein and calcium phosphate combine into casein
micelle. Caseins show high substitution rates and belong
to the secretory calcium-binding phosphoprotein gene
family that arose by gene duplication [123].

The most divergent proteins of milk are associated
with nutritional and immunological components of milk,
and the most conserved proteins are associated with the
secretory process.

More milk and mammary genes are present in all mam-
mals, and more duplicated after common ancestor with
platypus than other genes of the mammalian genome
[124]. A recent study of novel genes in placental mam-
mals discovered novel genes expressed in breast tissue
[125].

The opossum genome’s sequencing revealed that a
considerable proportion of eutherian non-coding ele-
ments originated after the divergence of Eutheria and
Methatheria. Part of these eutherian-specific non-coding
sequences originated from transposons [126]. Endog-
enous retroviruses expressed in the mammary gland are
also evolutionarily novel to mammals.

Mouse mammary tumor virus (MMTV) and other viruses
MMTV causes most of the mammary tumors in mice
[73]. MMTYV exists as an exogenous infectious virus,
and as an endogenous virus. Both can cause mammary
tumors when the provirus integrates into the mam-
mary epithelial and lymphoid cell genome and acti-
vates cellular oncogene expression [127]. MMTYV first
infected Mus germline approximately 10 million years
ago, after their speciation from rats [128]. MMTYV infec-
tion may have a dual effect: physiological increase of
lobuloalveolar differentiation and pathological tumori-
genic activity. These are separate activities that use differ-
ent pathways [186]. The physiological activity of MMTV
could participate in the evolution of the development of
the mammary gland. The experiments can be designed to
further study this involvement.

Many species, including humans, contain endog-
enous retrovirus sequences related to MMTYV. The most
recently integrated HERV provirus, HERV-K, belongs
to a subgroup most highly related to MMTV [129]. The
accumulating evidence suggests that exogenous MMT V-
like virus and HERV-K, individually or in concert, can
cause mammary tumors in humans. Other viruses
(bovine leukemia virus, human papillomaviruses, and
Epstein-Barr virus) may also have a role [127, 130-135].

We currently study the phenomenon of TSEEN genes
with human endogenous retroviruses (HERVs). It is
known that different families of HERVs infected human
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ancestors during different phylogenetic periods. We sug-
gested that evolutionarily youngest HERV-K HML-2
sequences should have higher expression levels in tumors
and evolutionarily younger organs, e.g. mammalian
mammary gland. We analyzed the expression of twelve
HERV-K HML-2 sequences located on human X-chro-
mosome and found that these sequences are expressed
significantly higher in tumors (lung small cell carcinoma,
colon cancer, and acute myeloid leukemia) than in corre-
sponding normal tissues (lung, colon, and lymphocytes).
However, there was no difference in expression levels of
these sequences between normal mammary gland and
breast cancer cells, which supports the tumor-like nature
of the mammary gland [185].

Coevolution of the mammary gland with the placenta

The evolution of the mammary gland and placenta culmi-
nates in Eutherians, where the impact of placentation and
lactation in rearing young animals is approximately equal.
In marsupials, the imperfect short-lived placenta forms
late in pregnancy (and in a different way), but lactation
is extended. The mammary gland of marsupials performs
many of the functions of the eutherian placenta. Some
genes expressed in the eutherian placenta are expressed
during lactation in marsupials [136, 137]. Placental hor-
mones are critical regulators of mammary gland develop-
ment and lactation [138]. Syncytin participates in breast
cancer-endothelial cell fusions [38]. PLAC1 (placenta-
specific protein 1) is expressed in breast cancer and could
be a serum biomarker for breast cancer [139].

The prostate gland is a tumor-like organ

The prostate gland has many biological similarities with
the mammary gland. Like the mammary gland, the pros-
tate originated in placental mammals [140]. (The pros-
tate glands of male marsupials are disseminated [141]).
In the course of evolution, both glands developed many
similarities in physiology, endocrinology, and oncology.
Similarities of prostate and breast cancer are outstand-
ing and include common epidemiological, biochemical,
and genetic features [142—144]. Both types of cancer are
hormone-dependent [144]. Germline mutations in breast
cancer predisposition genes 1/2 (BRCA1/2), especially in
the BRCA2 gene, are predictive factors for prostate can-
cer also [145, 146]. On the other hand, prostate-specific
antigen (PSA) is found in normal breast tissues and flu-
ids, in breast tumors, and in benign breast disease [147].
PBOVI gene is overexpressed in breast and prostate
cancer [148]. This gene originated de novo in humans;
its expression is connected with a favorable clinical out-
come of breast cancer [149]. On the other hand, PBOVI
rs6927706 polymorphism is associated with an increased
risk of developing breast cancer [150].
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Like the mammary gland, the prostate involutes upon
deprivation of hormonal factors, e.g., upon castration
[151].

Similar to the mammary gland, the prostate gland
demonstrates the correlation between evolutionary nov-
elty and the highest incidence of cancer [78]. The GBD
2015 study reported that for men, the most common type
of cancer globally was prostate cancer [77]. In the US,
one in eight men will be diagnosed with prostate can-
cer during their lifetime. Prostate cancer is the leading
cancer type for new cancer cases, and the second lead-
ing cause of cancer lethality in men [152]. Age-specific
prostate cancer prevalence, determined by autopsy stud-
ies, reaches 59% by age >79 years [153]. In older men,
the prevalence of benign prostatic hyperplasia may reach
100% (reviewed in [154]), which produces the impres-
sion that the prostate is a benign tumor slowly growing
throughout the life of an individual.

The prostate also has similarities with the placenta.
PSA is synthesized and excreted by the placenta [155].
On the other hand, placenta-specific protein 1 (PLACI)
is expressed in prostate adenocarcinoma [156].

Like the placenta and mammary gland, the prostate has
a regulated invasion stage in its organogenesis. At the
earliest stages of prostate development, prostate epithe-
lial buds invade into surrounding mesenchyme. Genes
expressed during prostate cancer progression overlap
with genes expressed at the most initial stages of prostate
development [157].

This evidence indicates the tumor-like nature of the
prostate gland. Recapitulation of neoplastic features at
the earliest stage of prostate development, when its iden-
tity is first becoming established, points at the possible
origin of a prostate from the tumor.

Prostate accumulates the amount of zinc almost an
order of magnitude higher than other tissues. The high
amounts of zinc and citric acid in prostatic fluid (their
metabolism is linked to the prostatic gland) are impor-
tant for the functioning of spermatozoa. In prostate
tumors, the concentration of zinc is lower due to the
downregulation of zinc transporters ZIP1, ZIP2, and
ZIP3 [181-183]. We may guess that the primary adapta-
tion provided by the benign tumor ancestor of the pros-
tate could be an initial accumulation of zinc, which was
selected for in evolving prostate organs because it sup-
ported the viability of spermatozoa. Downregulation of
zinc concentration in prostate tumors may recapitulate
the initial evolutionary condition of the ancestor tumors.

Hereditary/familial prostate cancer is described
[158, 159]. Prostate cancer predisposition genes
include ATM, BRCAI, BRCA2, CHEK2, EPCAM,
HOXB13, MLH1, MSH2, MSH6, NBN, PALB2, PMS2,
RADSID, and TP53 genes. BRCA2, ATM, CHEK?2, and
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HOXB13 mutate more often. The multigene panel is
suggested as the primary germline testing for heredi-
tary prostate cancer [184].

Human brain recapitulates many features

of tumors

The human brain, the most recently evolved organ, has
many features recapitulating those of tumors. Besides a
disproportional increase in size, these features include
production of excessive neurons during development;
aneuploidy connected with recombination-related
genes; many additional copies of L1 transposable ele-
ments; genetic mosaicism; high level of gene expres-
sion; the involvement of many proto-oncogenes and
tumor suppressor genes in brain evolution and devel-
opment (reviewed in [2]). Evolutionarily novel genes,
including cancer/testis/brain genes, are expressed in
the brain [2, 160].

The pattern of directional and accelerating evolution
towards larger brain size has been described within
hominins. The human brain is exceptionally large for
primates, "238% larger than the size expected for a pri-
mate of similar body mass and phylogenetic position”
[175].

During normal development, prolongation of the
high prenatal rate of brain growth into early child-
hood results in a human-size brain, which is much
larger than the monkey’s brain. Studies of the ontogenic
allometry have shown that prenatal brain-body curves
for humans and monkeys are identical, but humans
extend their curve into postnatal ontogeny, until two
years after birth (reviewed in [2]). That is probably why
the human brain demonstrates more of its tumor-like
nature during childhood and infancy. Brain cancers are
the most common type of solid organ tumor in children
and are the leading cause of cancer death in children
[161-163].

The theory of carcino-evo-devo suggests that it was a
heritable benign tumor-like process that supplied evolv-
ing human ancestors with additional cell masses for brain
evolution. Indeed, expansion of the human cerebral cor-
tex may be a result of selection for tumor growth con-
nected with the human-specific loss of tumor suppressor
gene GADD45G enhancer [164]. Tumor suppressor gene
BRCALI (breast cancer susceptibility gene 1) is rapidly
evolving under positive selection in primates and humans
and participated in the evolution of brain size in humans
[2, 108—-110]. Brain tumors possess mechanisms of neural
plasticity. Many gliomas molecularly and phenotypically
resemble oligodendrocyte precursor cells. Gliomas func-
tionally integrate into electrically active neural circuits
through neuron-to-glioma signaling [165].
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Pseudodiseases and tumor-like conditions in other
organs

Infantile in situ neuroblastomas, detected by screening,
represent an interesting example of tumors fundamen-
tally different from symptomatic tumors. Their natural
history is mostly unknown. Neuroblastomas may regress
or differentiate into benign cells in older children.

Infant screening programs for neuroblastoma demon-
strated increasing incidence rates of early-stage tumors.
Still, they did not show any increase in more advanced
tumors and deaths due to neuroblastoma (reviewed in
[2]). It was suggested to call such lesions the “pseudodis-
ease” [166, 167].

Tumor-like conditions exist in different normal
organs. Tumor-like conditions can be defined as condi-
tions that macroscopically and/or microscopically may
appear as neoplasms but are not truly neoplastic [176].
Many organs (bones, pleura, lung, heart, brain, etc.) have
tumor-like conditions which complicate the diagnostics
of the tumors. Tumor-like malformations (e.g. hamarto-
mas and choristomas) occur anywhere in the body and
may be confused with true neoplasms [177, 178]. Breast
lumps may be non-neoplastic, benign, and malignant.
Tumor-like conditions of the mammary gland discussed
above may never progress to cancer. The borders between
tumor-like conditions, benign and malignant tumor pro-
cesses in the mammary gland are difficult to draw, and
the prognosis is difficult to make.

The borderline tumors (tumors of low malignant
potential) may be associated with tumor-like conditions.
For example, borderline ovarian tumors may be related
to ovarian endometriosis—the tumor-like condition of
endometrial cells growing outside the uterus in about
10% of reproductive-age women [179, 180].

The existing evidence produces the impression that
normal organs are not fixed and stable entities, but fluc-
tuating and relatively unstable in terms of their cellular
composition and proliferative processes, sometimes
resembling tumors. This may reflect the role of heredi-
tary tumors in their origin, which may consist in provid-
ing cellular material for the natural selection of new or
improved organs.

Tumor-like organs in other animals

Breeders have selected varieties of goldfish which develop
hoods (Oranda and Redcap Oranda, Lion head, Ranchu)
during the last several hundred years. Thus, the "hoods"
of goldfishes are less than one thousand years old and
may be considered as evolutionarily new organs.

We studied the morphology and dynamics of hoods
growth in goldfishes [2, 18]. We performed macroscopic
and microscopic studies of adult hoods and the dynamics
of the hood growth. A population of baby fishes obtained
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by hybridization of Oranda and Fantail goldfishes was
observed for two years. Individual fishes were periodi-
cally taken for the histological study of the head skin. We
proved histologically that these hoods are benign papil-
lomas [2, 18].

The hoods differ from malformations by progressive
changes of macroscopic and microscopic features. From
reactive proliferates, the hoods differ by the absence of
inflammation and no tendency to regression. The hoods
do not have the characters of malignancy. Thereby the
most likely conclusion would be that the goldfish hoods
represent genetically determined benign tumors [2, 18].

That is, benign tumors were artificially selected for. As
a result of this selection, a new organ—the hood—orig-
inated. This is the first example of artificial selection of
benign tumors described in the literature [2, 18].

The symmetrical shape of the hoods and their benign
nature make them similar to organs. The progressive
character of their growth makes them similar to tumors.
That is why hoods of goldfishes may be considered as
tumor-like organs.

Tumor-like features of evolutionarily novel organs
suggest their origin from, or with the help of,
hereditary tumors

Tumor-like organs discussed in this paper are evolution-
arily young or novel organs. The "hoods" of goldfishes
are a few hundred years old. Placenta, mammary gland,
and prostate are characteristic traits of mammals, even
though their ancestral forms originated somewhat earlier.
The human neocortex is human-specific. Thus, tumor-
like properties of the discussed organs may be connected
with their evolutionary novelty, as predicted by the main
hypothesis and carcino-evo-devo theory [2, 23].

We see that tumor-like organs have many features of
tumors. Tumor-like properties of the placenta and mam-
mary gland are so remarkable that researchers use the
placenta as the model of tumor progression [31], and the
mammary gland involution as a model of tumor regres-
sion and the other complicated features of tumors [168].
Prostate at the early stage of development was considered
as a model system for the investigation of genes that drive
prostate cancer [157].

The critical feature of the mammary gland and prostate
is the high rate of cancer incidence. Brain cancers are the
most common type of solid organ cancer in children. Ear-
lier it was shown that the evolutionary novelty of organs
correlates with cancer rates in humans [78]. Davies asked
a question, “Why should this be?” but didn’t answer. He
dismissed the argument that selection pressure had less
time to reduce neoplastic tendencies because this would
mean that the evolution of new organs would reset’ the
risk of neoplasia. Davies saw no reason for that.
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But the theory of carcino-evo-devo [2, 23] provides
such a reason. This theory suggests that hereditary
tumors at the earlier stages of progression might partic-
ipate in the origin of new cell types, tissues, and organs
through the expression of evolutionarily novel genes in
tumor cells. Tumor specifically expressed, evolutionar-
ily novel genes have been described in my lab [12, 19,
20, 149].

According to carcino-evo-devo theory, new organs may
originate from hereditary tumors, as shown for “hoods”
of goldfishes [2, 18], and for the placenta [62—64]. Hered-
itary tumors may also participate in the evolution of
existing organs, as in the case of the origin of symbiovilly
in the stomach of voles [169] and neocortex [164], and in
the origin of new cell types, as in the case of the origin
of macromelanophores from melanoma cells in sword-
tails (reviewed in [2]). If tumor neofunctionalization
indeed took place in evolution, it would result in similari-
ties of normal and neoplastic development, and features
of tumors and higher cancer rates in evolutionarily new
organs, like in mammary gland and prostate.

Thus, the selection pressure indeed had less time to
reduce neoplastic tendencies in novel organs, as follows
from the hypothesis of evolution by tumor neofunction-
alization. I would agree with Davies that recently evolved
differentiation states could be less stable. As I discussed
earlier [2], there should be a positive selection for rein-
forcement of the evolutionarily novel functions and reg-
ulatory feedbacks, as in the case of evolutionarily novel
genes that encode evolutionary novelties and morpho-
logical innovations. So, we could anticipate the dynamic
picture and the whole gradient of relatively unstable tran-
sitionary structures (tumor-like organs), leading to the
origin of evolutionarily novel organs. We also should look
more carefully for tumor-like transitionary structures in
paleontological records.

The ancient condition of the most invasive hemocho-
rial placenta [170, 171] and participation of the adaptive
immunity in postnatal mammary organogenesis [90]
are difficult to explain otherwise than by suggesting the
tumor nature of ancestral organs. The mosaicism of the
mammary gland, the evolution of which involved the
incorporation of characteristics expressed initially by
separate populations of skin glands [68], is explained by
the "tumors as search engine” concept [2, 23] if we sug-
gest the tumor nature of the ancestral mammary gland.

Recent hypotheses suggest that cancer development
may be promoted by reactivation of placentation pro-
grams and that tumors recapitulate features of the pla-
centa [30, 172]. I offer a different scenario: tumor-like
properties of the placenta and other organs discussed in
this paper may be a recapitulation of their origin from
ancestral hereditary tumors.
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Tumor-like organs might originate from hereditary
atypical tumor organs

Solid tumors are not amorphous masses of cells but have
features of normal organs. Solid tumors have paren-
chyma and stroma. Parenchyma consists of a hierarchy
of cell types at different stages of differentiation, similar
to that in normal organs, i.e. undifferentiated cancer stem
cells (CSCs), transit-amplifying cells, and differentiated
cells. The stroma consists of connective tissue, blood
vessels, and accessory cells. Although differentiation of
tumor cells is not perfect and regulatory feedback loops
are weak or non-existent, the concept of tumors as atypi-
cal organs is well spread among oncologists (reviewed in
[2,173]).

Many tumors are inherited. Hereditary cancer syn-
dromes are even more frequent than non-cancer genetic
syndromes (reviewed in 2, 174]).

The main hypothesis suggests that hereditary atypi-
cal tumor organs could be used by natural selection for
the origin of new organs, or for the evolution of existing
organs. This might happen if ancestral hereditary tumors
acquired regulated functions, and tumor-bearing organ-
isms survived long enough to leave a progeny. Thus,
hereditary atypical tumor organs may be the initial stage
in the evolution of novel tumor-like organs.

Tumor-like organs, atypical tumor organs,

and the theory of carcino-evo-devo

Tumor-like organs and atypical tumor organs may
occupy intermediate, transitory positions on the carcino-
evo-devo diagram (Fig. 2). Normal tumor-like organs,
from one side, and tumors as atypical organs, from the
other side, thus help to fill the gaps in the description of
the origin of evolutionarily new organs from hereditary
tumors.

evo
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‘ devo’ Lcarcmo ’

/ A\

|

_—
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Fig. 2 Carcino-evo-devo diagram with tumor-like organs and atypical
tumor organs: devo—normal ontogenies. carcino—ontogenies with
neoplastic development. evo—progressive evolution of ontogenies.
devo'—tumor-like organs. carcino'—atypical tumor organs

devo
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The origin of the eutherian placenta, mammary gland,
and prostate in ancestral eutherians may be represented
in the following way (Fig. 3). As follows from Fig. 3, the
ancestral ontogenesis (Devo 1) has evolved three addi-
tional processes of organogenesis (Devo 2, Devo 2” and
Devo 2") through the participation of three different
hereditary tumors/atypical tumor organs (Carcino 1,
Carcino 1” and Carcino 1”).

Devo 2, which includes Devo 1 and three novel organs
(Devo 2=Devo 1+ Devo2’ +Devo 2”+Devo 2”), can
further evolve with the origin of younger organs like a
human brain with its neocortex (e.g., Devo 5 at Fig. 4)
with the help of the other hereditary tumors/atypical
tumor organs (Carcino 4 at Fig. 4).

Thus, the concepts of tumor-like normal organs and
tumors as atypical organs help to understand better the
carcino-evo-devo relationships and the role of hereditary
tumors as the transitory condition in the evolution of
normal development.

/)

Carcino 1”

Evo 1”

A

Devo 2’

Evo 1’

Devo 2"

Devo 1 Carcino 1’

\
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/

Evo 1"
Fig. 3 Carcino-evo-devo dlagram illustrating the origin of the
eutherian placenta, mammary gland, and prostate in ancestral
eutherians
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Fig. 4 Carcino-evo-devo diagram showing several successive steps in
the progressive evolution of ontogenies. From A. P Kozlov (2019) Acta
Naturae 11: 65-72, with permission
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Conclusion

We see that evolutionarily novel organs such as the
eutherian placenta, mammary gland, prostate, infantile
human brain, and hoods of goldfishes have many fea-
tures of tumors and may be considered as normal but
tumor-like organs. Tumor-like organs might originate
from hereditary tumors and atypical tumor organs and
represent the part of carcino-evo-devo relationships,
i.e., coevolution of normal and neoplastic development,
and involvement of hereditary tumors in the evolution
of development. During subsequent evolution, tumor-
like organs may lose the features of tumors and the high
incidence of cancer and become normal organs with-
out (or with almost no) tumor features. However, the
proneness of different normal organs to cancer devel-
opment, although with varying rates of incidence, is
the tumor feature. According to the carcino-evo-devo
theory, this may be a recapitulation of the origin of new
organs from the ancestral hereditary tumors.

Abbreviations

GADD45G: Growth arrest and DNA-damage-inducible protein; HERVs: Human
Endogenous Retroviruses; HERV-K: The human endogenous retrovirus type K;
HIF: Hypoxia-inducible factors; JAK/STAT: The Janus kinase/signal transducers
and activators of transcription; LTRs: Long terminal repeats; MAPK: Mitogen-
activated protein kinase; NFkB: Nuclear factor kappa-light-chain-enhancer of
activated B cells; PI3Ks: Phosphoinositide 3-kinases; TGFb: Transforming growth
factor beta; VEGF: Vascular endothelial growth factor.

Acknowledgements
Many thanks to anonymous reviewers for their advices.

Authors’ contributions
APK is an only author. The author read and approved the final manuscript.

Funding

This research work was supported by the Academic Excellence Project 5-100
proposed by Peter the Great St. Petersburg Polytechnic University, and by
funding from Vavilov Institute of General Genetics, RAS.

Availability of data and materials
Not applicable.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

Vavilov Institute of General Genetics, Russian Academy of Sciences, 3, Gub-
kina Street, Moscow, Russia 117971, 2Peter the Great St. Petersburg Polytech-
nic University, 29, Polytekhnicheskaya Street, St. Petersburg, Russia 195251.

Received: 2 July 2021 Accepted: 23 December 2021
Published online: 10 January 2022

Page 11 of 15

References

1. MaY, Zhang P Wang F, Yang J, Yang Z, Qin H. The relationship between
early embryo development and tumorigenesis. J Cell Mol Med.
2010;14:2697-701.

2. Kozlov AP. Evolution by Tumor Neofunctionalization: the role of tumors
in the origin of new cell types, tissues and organs. Amsterdam, Boston,
Heidelberg, London, New York, Oxford, Paris, San Diego, San Francisco,
Singapore, Sydney and Tokyo: Academic Press/Elsevier; 2014.

3. Micalizzi DS, Farabaugh SM, Ford HL. Epithelial-mesenchymal transition
in cancer: parallels between normal development and tumor progres-
sion. J Mammary Gland Biol Neoplasia. 2010;15:117-34.

4. Aiello NM, Stanger BZ. Echoes of the embryo: using the developmental
biology toolkit to study cancer. Dis Model Mech. 2016;9:105-14.

5. Durante F. Nesso fisio-patologico tra la struttura dei nei materni e
la genesi di alcuni tumori maligni. Arch Memor Observ Chir Prat.
1874;11:217.

6. Cohnheim J.Vorlesungen uber allgemein Pathologie. Berlin:
Hirschwald; 1877.

7. Cohnheim J. Lectures on general pathology: a handbook for practition-
ers and students, vol. 2. London: The New Sydenham Society; 1889.

8. Glazunov MF. Classification and nomenclature of tumors and tumor-like
processes. In: Petrov NN, editor. Malignant tumors, vol. 1. Leningrad:
Medgiz; 1947.

9. Young MD, Mitchell TJ, Viera Braga FA, Tran MGB, Stewart BJ, Ferdinand
JR, et al. Single-cell transcriptomes from human kidneys reveal the cel-
lular identity of renal tumors. Science. 2018;361:594-9.

10.  Aktipis CA, Boddy AM, Jansen G, Hibner U, Hochberg ME, Maley CC,
et al. Cancer across the tree of life: cooperation and cheating in multi-
cellularity. Philos Trans R Soc B Biol Sci. 2015;370:20140219.

11.  Albuguerque TAF, Drummond do Val L, Doherty A, de Magalhaes JP.
From humans to hydra: patterns of cancer across the tree of life. Biol
Rev.2018;93:1715-34.

12. Makashov A, Malov SV, Kozlov AP. Oncogenes, tumor suppressor and
differentiation genes represent the oldest human gene classes and
evolve concurrently. Sci Rep. 2019;9:16410.

13. Domazet-Loso T, Klimovich A, Anokhin B, Anton-Erxleben F, Hamm MJ,
Lange C, et al. Naturally occurring tumors in the basal metazoan Hydra.
Nat Commun. 2014;5:4222.

14.  Cetkovic H, Halasz M, Bosnar MH. Sponges: a reservoir of genes impli-
cated in human cancer. Mar Drugs. 2018;16:20.

15. Kozlov AP. Evolution of living organisms as a multilevel process. J Theor
Biol. 1979;81:1-17.

16. Kozlov AP. Gene competition and the possible evolutionary role of
tumors. Med Hypotheses. 1996;46:81-4.

17. Kozlov AP.The possible evolutionary role of tumors in the origin of new
cell types. Med Hypotheses. 2010;74:177-85.

18. Kozlov AP, Zabezhinski MA, Popovich IG, Polev DE, Shilov ES, Murashev
BV. Hyperplastic skin growth on the head of goldfish—comparative
oncology aspects. Probl Oncol (Voprosi Oncologii). 2012;58:387-93.

19. Kozlov AP Expression of evolutionarily novel genes in tumors. Infect
Agents Cancer. 2016;11:34.

20. Matyunina EA, Emelyanov AV, Kurbatova TV, Makashov AA, Mizgirev IV,
Kozlov AP. Evolutionarily novel genes are expressed in transgenic fish
tumors and their orthologs are involved in development of progressive
traits in humans. Infect Agents Cancer. 2019;14:46.

21. Kozlov AP. Evolution by Tumor Neofunctionalization: Tumors as a factor
of progressive evolution. St. Petersburg, Russia: The Publishing House of
Peter the Great Polytechnic University; 2016.

22. Kozlov AP. Evolution by tumor neofunctionalization: the role of tumors
in the origin of new cell types, tissues, and organs. Beijing: China Sci-
ence Publishing and Media Ltd, Science Press; 2019.

23. Kozlov AP.The role of heritable tumors in evolution of development: a
new theory of carcino-evo-devo. Acta Nat. 2019;11:65-72.

24. Lavialle C, Cornelis G, Dupressoir A, Esnault C, Heidmann O, Ver-
nochet C, et al. Paleovirology of ‘syncytins’, retroviral env genes
exapted for a role in placentation. Philos Trans R Soc Lond B Biol Sci.
2013;368:20120507.

25. Imakawa K, Nakagawa S, Miyazawa T. Baton pass hypothesis: successive
incorporation of unconserved endogenous retroviral genes for placen-
tation during mammalian evolution. Genes Cells. 2015;20:771-88.



Kozlov Infectious Agents and Cancer

26.

27.

28.

29.

30.

32.

33

34

35.

36.

37.

38.

39.

40.

41.

42,
43,
44,
45,

46.

47.

48.
49.
50.
51.

52.

(2022) 17:2

Weiss RA. Exchange of genetic sequences between viruses and hosts.
Curr Topics Microbiol Immunol. 2017;407:1-29.

Cornelis G, Vernochet C, Carradec Q, Souquere S, Mulot B, Catzefli F,

et al. Retroviral envelope gene captures and syncytin exaptation for
placentation in marsupials. Proc Natl Acad Sci USA. 2015;112:E487-96.
Holtan SG, Creedon DJ, Haluska P, Markovic SN. Cancer and pregnancy:
parallels in growth, invasion, and immune modulation and implications
for cancer therapeutic agents. Mayo Clinic Proc. 2009;84:985-1000.
Kurlak LO, Knofler M, Mistry HD. Lumps & Bumps: Common features
between placental development and cancer growth. Placenta.
2017;56:2-4.

Costanzo V, Bardelli A, Siena S, Abrignani S. Exploring the links between
cancer and placental development. Open Biol. 2018;8:180081.

Lala PK, Lee BP, Xu G, Chakraborty C. Human placental trophoblast

as an in vitro model for tumor progression. Can J Physiol Pharmacol.
2002;80:142-9.

Ohno S. Evolution by gene duplication. New York: Springer; 1970.
Rawn SM, Cross JC. The evolution, regulation, and function of placenta-
specific genes. Annu Rev Cell Dev Biol. 2008;24:159-81.

Taniguchi K, Kawai T, Hata K. Placental development and nutritional
environment. In: Kubota T, Fukuoka H, editors. Developmental origin of
health and disease (DOHaD). Singapore: Springer; 2018. p. 63-75.

Silva WA Jr, Gnjatic S, Ritter E, Chua R, Cohen T, Hsu M, et al. PLACT,

a trophoblast-specific cell surface protein, is expressed in a range of
human tumors and elicits spontaneous antibody responses. Cancer
Immun. 2007;7:18.

Fant M, Farina A, Nagaraja R, Schlessinger D. PLACT (Placenta-specific 1):
a novel, X-linked gene with roles in reproductive and cancer biology.
Prenat Diagn. 2010;30:497-502.

Yu H-L, Zhao Z-K, Zhu F. The role of human endoretroviral long terminal
repeat sequences in human cancer. Int J Mol Med. 2013;32:755-62.
Bjerregaard B, Holck S, Christensen 1J, Larsson L-I. Syncytin is

involved in breast cancer-endothelial cell fusions. Cell Mol Life Sci.
2006;63:1906-11.

Gimenez J, Montgiraud C, Pichon JP, Bonnaud B, Arsac M, Ruel K,

et al. Custom human endogenous retroviruses dedicated microarray
identifies self-induced HERV-W family elements reactivated in testicular
cancer upon methylation control. Nucleic Acids Res. 2010;38:2229-46.
Yu H, LiuT, Zhao Z, Chen'Y, Zeng J, Liu S, et al. Mutations in 3"-long ter-
minal repeat of HERV-W family in chromosome 7 upregulate syncytin-1
expression in urothelial cell carcinoma of the bladder through interact-
ing with cMyb. Oncogene. 2014,33:3947-58.

Brandt B, Kemming D, Packeisen J, Simon R, Helms M, Feldmann U, et al.
Expression of early placenta insulin-like growth factor in breast cancer
cells provides an autocrine loop that predominantly enhances invasive-
ness and motility. Endocr Relat Cancer. 2005;12:823-37.

Cohen CJ, Lock WM, Mager DL. Endogenous retroviral LTRs as promot-
ers for human genes: a critical assessment. Gene. 2009;448:105-14.
Pierce JG, Parsons T. Glycoprotein hormones: structure and function.
Ann Rev Biochem. 1981;50:465-95.

Cole LA. Human chorionic gonadotropin and associated molecules.
Expert Rev Mol Diagn. 2009,9:51-73.

Fusco FD, Rosen SW. Gonadotropin-producing anaplastic large-cell
carcinoma of the lung. New Engl J Med. 1966;275:507-15.

Rosen SW, Becker CF. Ectopic gonadotropin production before

clinical recognition of bronchogenic carcinoma. New Engl J Med.
1968;279:640-1.

Braunstein GD, Vaitukaitis JL, Carbone PP, Ross GT. Ectopic production
of human chorionic gonadotropin by neoplasms. Ann Intern Med.
1973;78:39-45.

Ghosh NK, Cox RP. Production of human chorionic gonadotropin in
Hela cell cultures. Nature. 1976;259:416~7.

Policastro PF, Daniels-McQueen S, Carle G, Boime I. A map of the hCGf
-LHB gene cluster. J Biol Chem. 1986;261:5907-16.

Hallast P, Rull K, Laan M. The evolution and genomic landscape of CGBT
and CGB2 genes. Mol Cell Endocrinol. 2007,260-262:2-11.

Knox K, Baker JC. Genomic evolution of the placenta using co-option
and duplication and divergence. Genome Res. 2008;18:695-705.
Nagirnaja L, Rull K, Uuskula L, Hallast P, Grigorova M, Laan M. Genomics
and genetics of gonadotropin beta-subunit genes: Unique FSHB and
duplicated LHB/CGB loci. Mol Cell Endocrinol. 2010;329:4-16.

53.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

71

72.

73.

74.

75.

76.

77.

Page 12 of 15

Acevedo HF, Tong JY, Hartsock RJ. Human chorionic gonadotropin-3
subunit gene expression in cultured human fetal and cancer cells of
different types and origins. Cancer. 1995,76:1467-75.

Kubiczak M, Walkowiak GP, Nowak-Markwitz E, Jankowska A. Human
chorionic gonadotropin beta subunit genes CGBT and CGB2 are tran-
scriptionally active in ovarian cancer. Int J Mol Sci. 2013;14:12650-60.
Burczynska BB, Kobrouly L, Butler SA, Naase M, lles RK. Novel insights
into the expression of CBGT & 2 genes by epithelial cancer cell lines
secreting ectopic free hCGP. Anticancer Res. 2014;34:2239-48.

Berger P, Kranewitter W, Madersbacher S, Gerth R, Geley S, Dirnhofer
S. Eutopic production of human chorionic ganadotropin 8 (hCGp)
and luteinizing hormone S (hLHQ) in the human testis. FEBS Lett.
1994;343:229-33.

Dirnhofer S, Hermann M, Hittmair A, Hoermann R, Kapelari K, Berger

P. Expression of the human chorionic gonadotropin-f gene cluster in
human pituitaries and alternate use of exon 1. J Clin Endocr Metab.
1996;81:4212-7.

Strauss BL, Pittman R, Pixley MR, Nilson JH, Boime I. Expression of the
B subunit of chorionic gonadotropin in transgenic mice. J Biol Chem.
1994,269:4968-73.

Bo M, Boime I. Identification of the transcriptionally active genes

of the chorionic gonadotropin 8 gene cluster in vivo. J Biol Chem.
1992,267:3179-84.

Rull K, Laan M. Expression of B-subunit of human chorionic gon-
adotropin genes during normal and failed pregnancy. Hum Reprod.
2005;20:3360-8.

Talmage K, Boorstein WR, Vamvakopoulos NC, Gething M-J, Fiddes

JC. Only three of the seven human chorionic gonadotropin beta
subunit genes can be expressed in the placenta. Nucl Acids Res.
1984;12:8415-36.

Harris JR. The evolution of placental mammals. FEBS Lett. 1991;295:3-4.
Harris JR. Placental endogenous retrovirus (ERV): structural, functional,
and evolutionary significance. BioEssays. 1998;20:307-16.

Dupressoir A, Lavialle C, Heidmann T. From ancestral infectious retro-
viruses to bona fide cellular genes: Role of the captured syncytins in
placentation. Placenta. 2012;33:663-71.

Oftedal OT. The mammary gland and its origin during synapsid evolu-
tion. J Mammary Gland Biol Neoplasia. 2002;7:225-52.

Vorbach C, Capecchi MR, Penninger JM. Evolution of the mammary
gland from the innate immune system? BioEssays. 2006;28:606—-16.
McClellan HL, Miller SJ, Hartmann PE. Evolution of lactation: nutrition v.
protection with special reference to five mammalian species. Nutr Res
Rev. 2008;21:97-116.

Blackburn DG. Evolutionary origins of the mammary gland. Mammal
Rev. 1991;21:81-96.

Oftedal OT, Dhouaily D. Evo-devo of the mammary gland. J Mammary
Gland Biol Neoplasia. 2013;18:105-20.

Salas Y, Marquez A, Diaz D, Romero L. Epidemiological study of mam-
mary tumors in female dogs diagnosed during the period 2002-2012: a
growing animal health problem. PLoS ONE. 2015;10:e0127381.
Vascellari M, Capello K, Carminato A, Zanardello C, Baioni E, Mutinelli F.
Incidence of mammary tumors in the canine population living in the
Veneto region (Northeastern Italy): risk factors and similarities to human
breast cancer. Prev Vet Med. 2016;126:183-9.

Munson L, Moresco A. Comparative pathology of mammary gland
cancers in domestic and wild animals. Breast Dis. 2007;28:7-21.
Greenacre CB. Spontaneous tumors of small mammals. Vet Clin North
Am Exot Anim Pract. 2004;7:627-51.

Wingo PA, Calle EE, McTiernan A. How does breast cancer mortal-

ity compare with that of other cancers and selected cardiovascular
diseases at different ages in US women? J Women Health Gend Based
Med. 2000;9:999-1006.

Breast cancer facts and figures 2017-2018. In: American Cancer Society.
Atlanta: American Cancer Society, Inc. 2017. http://www.cancer.org/.
Accessed July 2017.

Bray F, Ferlay J, Soerjomataram |, Siegel RL, Torre LA, Jemal A. Global
cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin.
2018;68:394-424.

Global Burden of Disease Cancer Collaboration. Global, regional,

and national cancer incidence, mortality, years of life lost, years lived


http://www.cancer.org/

Kozlov Infectious Agents and Cancer

78.
79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.
95.

96.
97.

98.

99.
100.

101.

102.

103.

(2022) 17:2

with disability, and disability-adjusted life-years for 32 cancer groups,
1990-2015: a systematic analysis for the global burden of disease study.
JAMA Oncol. 2017,3:524-48.

Davies JA. Inverse correlation between an organ's cancer rate and its
evolutionary antiquity. Organogenesis. 2004;1:60-3.

Wiseman BS, Werb Z. Stromal effects on mammary gland development
and breast cancer. Science. 2002,296:1046-9.

Ewald AJ, Brenot A, Duong M, Chan BS, Werb Z. Collective epithelial
migration and cell rearrangements drive mammary branching mor-
phogenesis. Dev Cell. 2008;14:570-81.

Spike BT, Engle DD, Lin JC, Cheung SK, La J, Wahl GM. A mammary
stem cell population identified and characterized in late embryo-
genesis reveals similarities to human breast cancer. Cell Stem Cell.
2012;10:183-97.

Gouon-Evans V, Lin EY, Pollard JW. Requirement of macrophages and
eosinophils and their cytokines/chemokines for mammary gland devel-
opment. Breast Cancer Res. 2002;4:155.

Van Nguyen A, Pollard JW. Colony-stimulating factor-1 is required to
recruit macrophages into the mammary gland to facilitate mammary
ductal outgrowth. Dev Biol. 2002;247:11-25.

Lilla JN, Werb Z. Mast cells contribute to the stromal microenviron-
ment in mammary gland branching morphogenesis. Dev Biol.
2010;337:124-33.

Reed JR, Schwertfeger KL. Immune cell location and function during
postnatal mammary gland development. J Mammary Gland Biol Neo-
plasia. 2010;15:329-39.

Coussens LM, Pollard JW. Leukocytes in mammary development and
cancer. Cold Spring Harb Perspect Biol. 2011,3:a003285.

Atabai K, Sheppard D, Werb Z. Roles of the innate immune system in
mammary gland remodeling during involution. J Mammary Gland Biol
Neoplasia. 2007;12:37-45.

O'Brien J, Martinson H, Durand-Rougely C, Schedin P. Macrophages
are crucial for epithelial cell death and adipocyte repopulation during
mammary gland involution. Development. 2012;139:269-75.

Pollard JW. Trophic macrophages in development and disease. Nat Rev
Immunol. 2009;9:259-70.

Plaks V, Boldajipour B, Linnemann JR, Nguyen NH, Kersten K, Wolf Y, et al.
Adaptive immune regulation of mammary postnatal organogenesis.
Dev Cell. 2015;34:493-504.

Malhotra GK, Zhao X, Band H, Band V. Shared signaling pathways in
normal and breast cancer stem cells. J Carcinog. 2011;10:38.

Velloso FJ, Bianco AFR, Farias JO, Torres NES, Ferruzo PYM, Anschau

V, et al. The crossroads of breast cancer progression: insights into

the modulation of major signaling pathways. OncoTargets Ther.
2017;10:5491-524.

Yang L, Huang J, Ren X, Gorska AE, Chytil A, Aakre M, et al. Abrogation
of TGF {3 signaling in mammary carcinomas recruits Gr-14+CD11b+
myeloid cells that promote metastasis. Cancer Cell. 2008;13:23-35.
Tian M, Schiemann WP. The tgf-beta paradox in human cancer: An
update. Future Oncol. 2009;5:259-71.

Moses H, Barcellos-Hoff MH. TGF-{3 biology in mammary development
and breast cancer. Cold Spring Harb Perspect Biol. 2011;3:a003277.
Massague J. TGFB in cancer. Cell. 2008;134:215-30.

Silberstein GB, Daniel CW. Reversible inhibition of mammary gland
growth by transforming growth factor-. Science. 1987;237:291-3.
Lippman ME, Dickson RB, Gelmann EP. Human breast carcinoma cells
produce growth regulatory peptides. Progress Cancer Res Therapy.
1998;35:263-9.

Brisken C, O'Malley B. Hormone action in the mammary gland. Cold
Spring Harb Perspect Biol. 2010;2:a003178.

Subramani R, Nandy SB, Pedrosa DA, Lakshmanaswamy R. Role of
growth hormone in breast cancer. Endocrinology. 2017;158:1543-55.
The New York Breast Cancer Study Group, King MC, Marks JH, Mandel
JB. Breast and ovarian cancer risks due to inherited mutations in BRCA1
and BRCAZ2. Science. 2003;302:643-6.

Mersch J, Jackson M, Park M, Nebgen D, Peterson SK, Singletary C, et al.
Cancers associated with BRCAT and BRCA2 mutations other than breast
and ovarian. Cancer. 2015;121:269-75.

Alvarez C, Papia T, Perez-Moreno E, Gajardo-Meneses P, Ruiz C, Rios

M, et al. BRCA1 and BRCA2 founder mutations account for 78% of

104.

105.

106.

107.

108.

110.

115.

116.

119.

120.

121.

124.

126.

127.

Page 13 of 15

germline carriers among hereditary breast cancer families in Chile.
Oncotarget. 2017,8:74233-43.

Gorodetska |, Kozeretska |, Dubrovska A. BRCA genes: The role in
genome stability, cancer stemness and therapy resistance. J Cancer.
2019;10(9):2109-27.

Hakem R, de la Pompa JL, Sirard C, Mo R, Woo M, Hakem A, et al. The
tumor suppressor gene Brcal is required for embryonic cellular prolif-
eration in the mouse. Cell. 1996;85:1009-23.

Suzuki A, de la Pompa JL, Hakem R, Elia A, Yoshida R, Mo R, et al. Brca2 is
required for embryonic cellular proliferation in the mouse. Genes Dev.
1997;11:1242-52.

Korhonen L, Brannvall K, Skoglosa Y, Lindholm D. Tumor suppressor
gene BRCA-1 is expressed by embryonic and adult neural stem cells
and involved in cell proliferation. J Neurosci Res. 2003;71:769-76.
Pavlicek A, Noskov V, Kouprina N, Barret JC, Jurka J, Larionov V. Evolution
of the tumor suppressor BRCAT locus in primates: implications for
cancer predisposition. Hum Mol Genet. 2004;13:2737-51.

Evans PD, Anderson JR, Vallender EJ, Choi SS, Lahn BT. Reconstructing
the evolutionary history of microcephalin, a gene controlling human
brain size. Hum Mol Genet. 2004;13:1139-45.

Dumas G, Malesys S, Bourgeron T. Systematic detection of brain
protein-coding genes under positive selection during primate evolu-
tion and their role in cognition. Genome Res. 2021;31:484-96.

Foulds L. The experimental study of tumor progression: a review. Can-
cer Res. 1954;14:327-39.

Baba Al, Catoi C. Comparative Oncology. Bucharest: The Publishing
House of the Romanian Academy; 2007.

Guray M, Sahin AA. Benign breast diseases: classification, diagnosis, and
management. Oncologist. 2006;11:435-49.

Dyrstad SW, Yan Y, Fowler AM, Colditz GA. Breast cancer risk associated
with benign breast disease: systematic review and meta-analysis. Breast
Cancer Res Treat. 2015;149:569-75.

Reisenbichler E, Hanley KZ. Developmental disorders and malforma-
tions of the breast. Semin Diagn Pathol. 2018;36:11-5.

Kabat GC, Jones JG, Olson N, Negassa A, Duggan C, Ginsberg M, et al. A
multi-center prospective cohort study of benign breast disease and risk
of subsequent breast cancer. Cancer Causes Control. 2010;21:821-8.
Shaik AN, Ruterbusch JJ, Abdulfatah E, Shrestha R, Daaboul MHDF, Pard-
eshiV, et al. Breast fibroadenomas are not associated with increased
cancer risk in an African American contemporary cohort of women
with benign breast disease. Breast Cancer Res. 2018;20:91.

Welch HG, Woloshin S, Schwartz LM. The sea of uncertainty surround-
ing ductal carcinoma in situ—the price of screening mammography. J
Natl Cancer Inst. 2008;100:228-9.

Oftedal OT. The evolution of milk secretion and its ancient origins.
Animal. 2012;6:355-68.

Vorbach C, Scriven A, Capecchi MR. The housekeeping gene xanthine
oxidoreductase is necessary for milk fat droplet enveloping and
secretion: gene sharing in the lactating mammary gland. Genes Dev.
2002;16:3223-35.

Svensson M, Hakasson A, Mossberg AK, Linse S, Svanborg C. Conversion
of alpha-lactalbumin to a protein inducing apoptosis. Proc Natl Acad
Sci USA. 2000;,97:4221-6.

Sharp JA, Lefevre C, Nicholas KR. Lack of functional alpha-lactalbumin
prevents involution in Cape fur seals and identifies the protein is

an apoptotic milk factor in mammary gland involution. BMC Biol.
2008;6:48.

Kawasaki K, Lafont AG, Sire JY. The evolution of milk casein genes

from tooth genes before the origins of mammals. Mol Biol Evol.
2011;28:2053-61.

Lemay DG, Lynn DJ, Martin WF, Neville MC, Casey TM, Rincon G, et al.
The bovine lactation genome: insights into the evolution of mamma-
lian milk. Genome Biol. 2009;10:R43.

Dunwell TL, Paps J, Holland PW. Novel and divergent genes in the
evolution of placental mammals. Proc R Soc B. 2017;284:20171357.
Mikkelsen TS, Wakefield MJ, Aken B, Amemiya CT, Chang JL, Duke S,

et al. Genome of the marsupial Monodelphis domestica reveals innova-
tion in non-coding sequences. Nature. 2007;447:167-77.

Dudley JP, Golovkina TV, Ross SR. Lessons learned from mouse mam-
mary tumor virus in animal models. ILAR J. 2016,57:12-23.



Kozlov Infectious Agents and Cancer

128.

129.

130.

132.

133.

134.

135.

137.

138.

139.

140.

143.
144.
145.

146.

147.

148.

150.

151.

(2022) 17:2

Baillie GJ, van de Lagemaat LN, Baust C, Mager DL. Multiple groups of
endogenous betaretroviruses in mice, rats, and other mammals. J Virol.
2004;78:5784-98.

Hohn O, Hanke K, Bannert N. HERV-K(HML-2), the best-preserved family
of HERVs: Endogenization, expression, and implications in health and
disease. Front Oncol. 2013;3:246.

Wang Y, Holland JF, Bleiweiss 1J, Melana S, Liu X, Pelisson |, et al. Detec-
tion of mammary tumor virus ENV gene-like sequences in human
breast cancer. Cancer Res. 1995,55:5173-9.

Salmons B, Lawson JS, Gunzburg WH. Recent developments linking
retroviruses to human breast cancer: infectious agent, enemy within or
both? J Gen Virol. 2014;95:2589-93.

Nartey T, Mazzanti CM, Melana S, Glenn WK, Bevilacqua G, Holland JF,
et al. Mouse mammary tumor-like virus (MMTV) is present in human
breast tissue before development of virally associated breast cancer. Inf
Agents Cancer. 2017;12:1.

Lawson JS, Salmons B, Glenn WK. Oncogenic viruses and breast cancer:
mouse mammary tumor virus (MMTV), bovine leukemia virus (BLV),
human papilloma virus (HPV), and Epstein-Barr Virus (EBV). Front Oncol.
2018;8:1.

Lawson JS, Mazzanti C, Civita P, Menicagli M, Ngan CC, Whitaker NJ,

et al. Association of mouse mammary tumor virus with human breast
cancer: histology, immunohistochemistry and polymerase chain reac-
tion analyses. Front Oncol. 2018;8:141.

Kaplan MH, Contreras-Galindo R, Jiagge E, Merajver SD, Newman L, Big-
man G, et al. Is the HERV-K HML-2 Xg21.33, an endogenous retrovirus
mutated by gene conversion of chromosome X in a subset of African
populations, associated with human breast cancer? Infect Agent Can-
cer. 2020;15:19.

Abbot P, Capra JA. What is placental mammal anyway? Elife.
2017,6:30994.

Guernsey MW, Chuong EB, Cornelis G, Renfree MB, Baker JC. Molecular
conservation of marsupial and Eutherian placentation and lactation.
Elife. 2017;6:227450.

Napso T, Yong HEJ, Lopez-Tello J, Sferruzi-Perri AN. The role of placental
hormones in mediating maternal adaptations to support pregnancy
and lactation. Front Physiol. 2018;9:1091.

Yuan H, ChenV, Boisvert M, Isaaks C, Glazer RI. PLAC1 as a serum bio-
marker for breast cancer. PLoS ONE. 2018;13:e0192106.

Olsen BD. Understanding human anatomy through evolution. Mor-
risville: Lulu Press, Inc; 2009.

Tyndale-Biscoe H, Renfree M. Reproductive physiology of marsupials.
Cambridge: Cambridge University Press; 1987.

Lopes-Otin C, Diamandis EP. Breast and prostate cancer: an analysis of
common epidemiological, common genetic, and biochemical features.
Endocr Rev. 1998;19:365-96.

Coffey DS. Similarities of prostate and breast cancer: Evolution, diet, and
estrogens. Urology. 2001;57(4 Suppl 1):31-8.

Risbridger GP, Davis ID, Birrell SN, Tilley WD. Breast and prostate cancer:
more similar than different. Nat Rev Cancer. 2010;10:205-12.

Castro E, Eeles R. The role of BRCAT and BRCA 2 in prostate cancer.
Asian J Androl. 2012;14:409-14.

Lecarpentier J, Silvestry V, Kuchenbaecker KB, Barrowdale D, Dennis J,
McGuffog L, et al. Prediction of breast and prostate cancer risks in male
BRCA1 and BRCA2 mutation carriers using polygenic risk scores. J Clin
Oncol. 2017;35:2240-50.

Parish DC. Prostate-specific antigen in the breast. Endocr Relat Cancer.
1998;5:223-9.

An G, Ng AY, Meka CS, Luo G, Bright SP, Cazares L, et al. Cloning and
characterization of UROC28, a novel gene overexpressed in the pros-
tate, breast, and bladder cancer. Cancer Res. 2000;60:7014-20.

Samusik N, Krukovskaya L, Meln |, Shilov E, Kozlov A. PBOV1 is a human
de novo gene with a tumor-specific expression that is associated with a
positive clinical outcome of cancer. PLoS ONE. 2013;8:e56162.

Loizidou MA, Cariolou MA, Neuhausen SL, Newbold RF, Bashiardes E,
Marcou Y, et al. Genetic variation in genes interacting with BRCA1/2
and risk of breast cancer in the Cypriot population. Breast Cancer Res
Treat. 2010;121:147-56.

Medh RD, Thompson EB. Hormonal regulation of physiological turnover
and apoptosis. Cell Tissue Res. 2000;301:101-24.

152.

153.

154.

155.

156.

157.

158.

159.

165.
166.
167.
168.

169.

170.

171,

172.

176.

177.

178.

Page 14 of 15

Siegel RL, Miller KD, Jemal A. Cancer statistics, 2017. CA Cancer J Clin.
2017,67:7-30.

Bell KJL, Del Mar C, Wright G, Dickinson J, Glasziou P. Prevalence of
incidental prostate cancer: a systematic review of autopsy studies. Int J
Cancer. 2015;137:1749-57.

Yeboah E, Hsing AW. Benign prostatic hyperplasia and prostate

cancer in Africans and Africans in the diaspora. J West Afr Coll Surg.
2016;6:x—xviii.

Malatesta M, Mannello F, Luchetti F, Marcheggiani F, Condemi S, Papa
S, et al. Prostate-specific antigen synthesis and secretion by human
placenta: a physiological kallikrein source during pregnancy. J Clin
Endocrinol Metab. 2000;85:317-21.

Ghods R, Ghahremani MH, Madid Z, Asgari M, Abolhasani M, Tavasoli S,
et al. High placenta-specific 1/low prostate-specific antigen expres-
sion pattern in high-grade prostate adenocarcinoma. Cancer Immuno
Immunother. 2014:63:1319-27.

Schaefer EM, Marchionni L, Huang Z, Simons B, Blackman A, Yu W,

et al. Androgen-induced programs for prostate epithelia growth and
invasion arise in embryogenesis and are activated in cancer. Oncogene.
2008;27:7180-91.

Potter SR, Partin AW. Hereditary and familial prostate cancer: biologic
aggressiveness and recurrence. Rev Urol. 2000;2:35-6.

Alberty C. Hereditary/familial versus sporadic prostate cancer: few
indisputable genetic differences and many similar clinicopathological
features. Eur Rev Med Pharmacol Sci. 2010;14:31-41.

Heide M, Long KR, Huttner WB. Novel gene function and regulation in
neocortex expansion. Curr Opin Cell Biol. 2017;49:22-30.

Linabery AM, Ross JA. Trends in childhood cancer incidence in the US
(1992-2004). Cancer. 2008;112:416-32.

MacDonald TJ. Aggressive infantile embryonal tumors. J Child Neurol.
2008;23:1195-204.

Ostrom QT, deBlank PM, Kruchko C, Petersen CM, Liao P, Finlay JL, et al.
Alex’s Lemonade Stand Foundation infant and childhood primary brain
and central nervous system tumors diagnosed in the United States in
2007-2011. Neuro Oncol. 2015;16(Suppl 10):x1-36.

McLean CY, Reno PL, Pollen AA, Bassan Al, Capellini TD, Guenther C,

et al. Human-specific loss of regulatory DNA and the evolution of
human-specific traits. Nature. 2011;471:216-9.

Venkatesh HS. The neural regulation of cancer. Science. 2019; 366:965-B.
Kramer BS. The science of early detection. Urol Oncol. 2004;22:344-7.
Kramer BS, Croswell JM. Cancer screening: the clash of science and
intuition. Annu Rev Med. 2009,60:125-37.

Guo Q, Betts C, Pennock N, Mitchell E, Schedin P. Mammary gland
involution provides a unique model to study the TGF-f cancer paradox.
JClin Med. 2017;6:10.

Vorontsov NN. Macromutations and evolution: fixation of Gold-
schmidt's macromutations as species and genus characters. Papillo-
matosis and appearance of macrovilli in the rodent stomach. Genetica.
2003;39:519-24.

Wildman DE, Chen C, Erez O, Grossman LI, Goodman M, Romero R. Evo-
lution of the mammalian placenta revealed by phylogenetic analysis.
Proc Natl Acad Sci USA. 2006;103:3203-8.

Ferner K, Mess A. Evolution and development of fetal membranes

and placentation in amniote vertebrates. Respir Physiol Neurobiol.
2011;178:39-50.

Bronchud MH. Are aggressive epithelial cancers‘a disease’ of Eutherian
mammals? Ecancermedicalscience. 2018;12:840.

Egeblad M, Nakasone ES, Werb Z. Tumors as organs: complex tissues
that interface with the entire organism. Dev Cell. 2010;18:884-901.
Sokolenko AP, Imyanitov EN. Molecular diagnostics in clinical oncology.
Front Mol Biosci. 2018;5:76.

Miller IF, Barton RA, Nunn CL. Quantitative uniqueness of human brain
evolution revealed through phylogenetic comparative analysis. Elife.
2019;8:241250.

Czernobilsky B. Tumor-like conditions. In: Dallenbach-Hellweg G, editor.
Ovarialtumoren. Berlin: Springer; 1982. p. 209-17.

Welsh CT. Hamartomas and choristomas in the nervous system. Semin
Diagn Pathol. 2018. https://doi.org/10.1053/j.semdp.2018.11.006.

Wick MR. Hamartomas and other tumor-like malformations of the lungs
and heart. Semin Diagn Pathol. 2018. https://doi.org/10.1053/j.semdp.
2018.11.002.


https://doi.org/10.1053/j.semdp.2018.11.006
https://doi.org/10.1053/j.semdp.2018.11.002
https://doi.org/10.1053/j.semdp.2018.11.002

Kozlov Infectious Agents and Cancer (2022) 17:2 Page 15 of 15

179. Giudice L. Endometriosis. N Engl J Med. 2010,362(25):2389-98.

180. Hauptmann S, Friedrich K, Redline R, Avril S. Ovarian borderline tumors
in the 2014 WHO classification: evolving concepts and diagnostic
criteria. Virchows Arch. 2017;470(2):125-42.

181. Franklin RB, Ma J, Zou J, et al. Human ZIP1 is a major zinc uptake trans-
porter for the accumulation of zinc in prostate cells. J Inorg Biochem.
2003;96(2-3):435-42.

182. Hu J. Toward unzipping the ZIP metal transporters: structure, evolu-
tion, and implications for drug discovery against cancer. FEBS J. 2020.
https://doi.org/10.1111/febs.15658.

183. Sauer AK, Vela H, Vela G, et al. Zinc deficiency in men over 50 and its
implications in prostate cancer. Front Oncol. 2020. https://doi.org/10.
3389/fonc.202.01293.

184. Pritzlaff M, Tian Y, Reineke P, et al. Diagnosing hereditary cancer predis-
position in men with prostate cancer. Genet Med. 2020;22:1517-23.

185. Makashov A, Malov SV, Kozlov AP. Expression of evolutionarily novel
human endogenous retroviruses in tumors. Oral presentation at Il Inter-
national Forum “Virology Days” 2021—IV Russian-Chinese Symposium
on Infectious Diseases, St. Petersburg, 2021. https://www.influenza.spb.
ru/conferences/4th-ru-cn-symposium-2021.

186. Squartini F, Basolo F, Bistocchi M. Lobuloalveolar differentiation and
tumorigenesis: Two separate activities of mouse mammary tumor virus.
Cancer Res. 1983;43:5879-82.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://doi.org/10.1111/febs.15658
https://doi.org/10.3389/fonc.202.01293
https://doi.org/10.3389/fonc.202.01293
https://www.influenza.spb.ru/conferences/4th-ru-cn-symposium-2021
https://www.influenza.spb.ru/conferences/4th-ru-cn-symposium-2021

	Mammalian tumor-like organs. 1. The role of tumor-like normal organs and atypical tumor organs in the evolution of development (carcino-evo-devo)
	Abstract 
	Background: 
	Main text: 
	Conclusion: 

	Background: the theory of carcino-evo-devo
	Main text
	Eutherian placenta, the first identified example of tumor-like organ
	The expression of evolutionarily novel genes in the placenta
	Some novel genes are expressed both in the placenta and in tumors

	Tumor-like properties of the mammary gland
	Similarities in immune regulation of mammary gland development and tumorigenesis
	Signaling pathways
	TGF-β regulation
	Hormone action
	Breast cancer susceptibility genes BRCA1 and BRCA2 are tumor suppressor genes and participate in normal development
	Intermediary conditions
	Milk and mammary genes
	Mouse mammary tumor virus (MMTV) and other viruses
	Coevolution of the mammary gland with the placenta

	The prostate gland is a tumor-like organ
	Human brain recapitulates many features of tumors
	Pseudodiseases and tumor-like conditions in other organs
	Tumor-like organs in other animals
	Tumor-like features of evolutionarily novel organs suggest their origin from, or with the help of, hereditary tumors
	Tumor-like organs might originate from hereditary atypical tumor organs
	Tumor-like organs, atypical tumor organs, and the theory of carcino-evo-devo
	Conclusion
	Acknowledgements
	References


