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Abstract: The cancer cells could be celled biomass without normal cellular regulation. They bypass
most of the signaling pathways leading to programmed cell division. On the other hand, the embryos
are highly regulated, giving rise to the whole organism based on the planned regulation.
Understanding the bridge concepts between them might be an interventional art for discovering
valuable cancer drugs. The present review highlighted the most similarities between them and recent
literary works.
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1. Introduction

Anticancer drugs target vital cellular functions such as deoxyribonucleic acid (DNA),
topoisomerases, microtubules, histone deacetylases, and other essential protein kinases such as
CDK9 in cancer cells also may act similarly on normal cells. When those drugs are extending their
inhibitory activity on the normal cells than cancerous cells, they are said to be "side- effects". The
side effects may range from simple ones such as neutropenia, anemia, mucositis, and colitis,
diarrhoea to the fatal ones viz., mitotic spindle arrest and vital cell signaling processes. Nausea and
vomiting are the most common side effects of anticancer drugs. Besides, morning sickness in
pregnancy is a common symptom of avoiding any harmful chemical substances to the developing
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embryos. These chemicals are commonly called "teratogens", many of the medicinal plants have
been known to cause morning sickness in women [1,2]. Teratogens are often found following a rise
in the incidence of a certain birth abnormality [3]. A medicine called thalidomide, for example, was
used to treat morning sickness in the early 1960s. The mother's and fetal genetic susceptibilities also
influence the types and degree of defects generated by a teratogenic substance. Variation in maternal
metabolism of medication will dictate which metabolites the fetus is exposed to and for how long [4].
The fetus's genetic vulnerability to a certain teratogenic agent will also influence the eventual result.
Histological approaches indicate changes in brain structure sensitivity following the administration
of specific teratogenicity chemicals at various stages of embryo development [5]. The period of the
nausea of pregnancy coincides with critical periods in embryogenesis, particularly of the
development of the central nervous system in the embryo. Thus nausea and vomiting of pregnancy
may protect the developing embryo from teratogens found in vegetables and food-associated
microorganisms [6]. Ginseng, ginger, and ginkgo Biloba are examples of natural compounds that
have been shown to suppress fetal development [7]. At least the embryos have this type of evaluating
mechanisms for the omission, but the cancer cells lack. Unfortunately, limited research has been
done on the impact of numerous anticancer drugs on embryonic development, where their biological
activities may impact [8]. Natural products' anticancer action may prevent embryonic cell growth,
and its chemical content varies according to the region, season, bee type, and manufacture technique.
As a result, appropriate research should be undertaken to determine the impact of drug
administration on embryo development throughout pregnancy. The modern scientific era aims to
explore these teratogens as anticancer drugs since; they can differentiate the normal and cancer cells,
thus reducing or devoid of fatal side effects.

2. Cancers and embryos – how are they different from each other?

Cancer is one of the most common causes of morbidity and mortality globally; it is the second
biggest cause of death, behind cardiovascular disease, and one of the most serious public health
issues today [9]. Normal cells acquire DNA mutations over time, losing their capacity to grow and
multiply in a controlled way, resulting in unconstrained cell proliferation. Cancer cells can form in
almost any tissue, although the breast, ovary, prostate, liver, stomach, pancreas, lung, brain, and bone
marrow are the most prevalent sites [10]. On the other hand, embryonic cells have the potential to
divide rapidly while still producing stem cells and cells that can develop into specialized cells.
Cancer stem cells (CSCs) have the same cellular and molecular pathways as embryonic cells, but
they lack the regulatory system needed to avoid excessive multiplication [11]. While the exact origin
of CSCs is unknown, evidence shows that they are stem cells that have lost control of their
multiplication due to aberrant conditions. CSCs might also result via cell-cell fusion between cancer
cells and adult stem cells, gene transfer between somatic and cancers cells, or stem cell mutations,
according to some theories [12].

Furthermore, transformation may occur during tissue regeneration due to inflammation,
infection, toxin exposure, and metabolic processes, resulting in mutations. The peculiarity of the
early embryo and its intrinsic similarity with cancer is just in chaos, and further, human embryonic
chromosomes appear to be more unstable than initially believed. In vitro fertilization, embryos had a
significant risk of structural defects, according to a study [13]. Furthermore, the remarkable disorder
was discovered in the genome of an early mammalian embryo, which is very comparable to cancer.
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It is shown by chromosomal instability, abnormal mitoses, heteroploidy, anaphase bridges,
structural chromosome aberrations, and loss of heterozygosity in certain single cells, among other
things. The hyper-dynamic behaviour of structural chromatin proteins and the diffusion of
chromocenters identified in ESC indicate that positional information is being erased [14]. It is a
relatively new research topic on the impact of chaotic rules on environmental adaptability. Certain
characteristics found during the production of complicated cell division events that occur as a result
of evolutionary and adaptive analogies can aid in the development of more effective anticancer
medicines and provide a better understanding of the adaptive nature of cancer genome chaos [15].

An embryo could be differentiated from cancer, where it has tight control over its cell growth,
differentiation and morphogenesis. If not on self-control, it leads to the formation of simple cell mass,
i.e., tumor/cancer. Thus, the embryos are controllable at unique cellular mechanisms on migration,
invasion, gene expression, protein profiles, signaling pathways, cell differentiation, immune escape
and so on (Figure 1). While these mechanisms are bypassed due to defects in normal genetic
makeups, they lead to carcinogenesis. Lobstein et al. [16] first expressed the idea of tumors from the
embryonic origin, and Pierce postulated that tumorigenesis was concerned intimately with
developmental biology to a large extent. The next progression of molecular biological reports
revealed a certain kinship between them. Multiple reports in the literature recently reviewed the
cancer progression on the embryonic origin to a different extent. They emphasized the role of
common regulators such as Nanog, Oct4, Sox2 and c-Myc in cancers and the embryos [17–21].
Ben-Porath et al. [22] showed that the onset of cancer cell differentiation is preferentially
overexpressed of the activation targets such as Nanog, Oct4, Sox2 and c-Myc, similar to developing
embryos. These genes are overexpressed in the onset of cancer by carcinogenic differentiation than
the differentiated ones such as breast cancers (estrogen receptor (ER)-negative tumors), basal-like
subtype, glioblastomas and bladder carcinomas [23,24].

Apart from these genes, different epigenetic mechanisms were proposed to participate in
embryo metabolism. Single nucleotide substitutions (SNS) play a significant role in regulating the
embryos. The SNS are the sole player for modifying the mutational landscape of the cell's
chromosome and strongly determine the fate of the cells adjusting with the environmental stimuli
(i.e., external or internal). The epigenetic cascades specifically determine the changes such as
nuclear organization, replication line and chromatin modification. Any violation in their normal
regulating mechanisms resulted in a dysregulated proliferation of the cells, including embryo cells
(refer [25] for further reading). Recently, intense research on molecular biological pathways reported
that the malignancy ensued by the persistency of the problems in the maintenance and renewal of
post-embryonic modifications. Since the cancer stem cells are modified normal stem cells, they can
control differentiation or replication according to the environmental signals. Thus the cancer cells
remain the stem cells that lack control over their proliferating ability rather than the
differentiation [26,27]. Thus, Pierce (1983) proposed that these malignant signatures are already
encoded within the cell's genome and can produce neoplasms just like their descendant cells. The
malignancy occurs when the repressed genes on normal embryonic development tend to be
expressed at certain conditions (i.e., abnormal physiological signalling, refer, [28] for further
reading). Recent studies also showed that mutational signatures finely determine the nature of the
tumours that are originated in later stages. Several epigenetic factors determine the function of the
transcriptional gatekeepers, such as the phosphatidylinositol 3-kinase (PI3K) system during the
normal physiology of the cells. Recent developments showed that those violated signatures even
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persist with the embryos and lead to developing [25] cancers in later stages. These abnormal embryo
cells are termed the Polyploidy Giant Cancer Cells (PGCC) and play a prominent role in determining
drug resistance and metastasis [29]. Since the cancer cells are a simple mass of clonal cells, few of
their proportions represent embryonic tissue status. During gastrulation, the embryonal cells have the
capability of migratory behaviours; those undifferentiated cancel stem cells also showed similarity to
such kind of mobility. Moreover, their mobility is strongly determines their invasive
properties [30,31].

Figure 1. Cancers and embryos: how are they different from each other? The cancer cells
are characteristically behaving like the developing embryos but differing in uncontrolled
signalling mechanisms.

3. Invasiveness of cancer and embryonic cells

The implantation of the zygote is the foremost important step in embryogenesis. Murray et
al. [32] have reviewed the implantation mechanism and suggested that the cancer cells use the same
machinery for tumor implantation as the embryos do. After their implantation, the embryo cells
activate repressing pathways (viz., ATM- p53, ATM – ChK1) against the maternal immune system.
Likewise, the cancers also use such pathways and share similarities with normal trophoblasts. The
trophoblasts are used to invade the endometrium, uterus attachment, neoangiogenesis at the sites, and
repress the maternal immune functions. Recently, Costanzo et al. [33] reviewed the behaviour of
cancer cells that mimic the embryo’s migrating pattern and exclusively discussed the factors and
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environmental conditions behind it. During embryonal development's early stages, the urge to
replicate results in replication stress (RS) and chromosomal instability. These revoke many mutations,
and the embryos seem to persist with that defect due to several physiological adaptations. The cancer
cells particularly vary with the embryos at this stage, in which they selectively activate the cell
proliferation based on those persisted mutations [34].

The cancer cells mimic the striking behaviour of invasive placental cells [35]. In particular, both
use trophinin, a kind of protein that aids in cell adherence. Fukuda et al. [36] suggested that
trophinin-expressing cancers use the bystin and tastin, the sister proteins of trophinin, which are
potentially involved in human embryo implantation. Their work also revealed that the cancer cells
secrete a cell adhesion protein, trophinin, as in embryos then implant themselves aggressively against
the cell matrix. They also added that 20%-40% of all epithelial cancers in humans had expressed the
human chorionic gonadotrophin (hCG), a marker for trophoblast, similar to other studies [37,38].
Harada et al. [39] report that trophinin is expressed in 64% of colon cancer patients and is closely
associated with colon carcinogenesis due to the HMGB1/RAGE mechanism. High mobility group
box 1 (HMGB1) is a DNA binding protein predominately expressed for cytokine production and cell
death on inflammatory diseases [40]. RAGE is a pattern recognizing molecule likewise the TLR
proteins and linked with the different pathology such as diabetes, cancer and Alzheimer's
disease [41]. Cui et al. [42] reported that HMGB1 expression decreased with the zygote to blastocyst
stage and was stable in mouse embryos. The unregulated and overexpressed HMGB1 may hasten the
unrestricted replicative, antiapoptosis and neoangiogenic potential in cancers [36,37]. HMGB1 can
associate with other molecules, including TLR ligands and cytokines, and activate cells through
multiple surface receptors' differential engagement, including TLR2, TLR4, and RAGE. RAGE is a
multiligand receptor that binds structurally diverse molecules, including not only HMGB1 but also
S100 family members and amyloid-beta [45]. Integrins are cell cementing materials, but they can
alter cellular behaviour by modulating non-receptor tyrosine kinases such as focal adhesion kinase
(FAK) and c-Src [46]. They facilitate the formation of the FAK–Src complex and pave the road to
phosphorylation of wide adaptor proteins such as p130Cas and paxillin. This activation promotes cell
motility, cell cycle progression, survival, etc. The integrin αvβ3 is fundamentally involved in the
maturation of blood vessels during embryonic neovascularization (vasculogenesis) [47]. LM609, an
antagonist of integrin αvβ3, disturbed the normal angiogenesis development in zebra fishes and led
to vessel patterns with defected lumen. αvβ3 is highly expressed only on endothelial cell activation,
newborn vessel formation, and in most cancer types and used targeted anti-angiogenic therapy [48].

Similar to integrins, fibronectin binds to collagen, fibrin, and heparan sulfate proteoglycans (e.g.
syndecans), leading to neoangiogenesis in the developing embryos [49]. George et al. [50], generated
fibronectin deficient, reported that the embryo implantation was normal in homozygous and
heterozygous embryos; but, the mutant allele causes early embryonic mortality in homozygous. They
also added that several defects occurred in the absence of fibronectin, such as shortened
anterior-posterior axes, deformed neural tubes and severe defects in mesodermally derived tissues,
deformed heart, embryonic vessels, extraembryonic vasculature and amnion. Thus they proved that
the absence of fibronectin directed to deficits in mesodermal migration, adhesion, proliferation or
differentiation. Snow et al. [51] showed defects in mussel development in zebrafish embryos on
fibronectin absent. The cancer cells differ from normal embryonic cells on the dependence of the
fibronectin requirement. The cancer angiogenesis will not depend on endothelial fibronectin since; it
is produced by almost all of the cells in the tumor and is also abundant in plasma. Its absence showed
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no differences in vascular density or the deposition of basement membrane laminins, ColIV, Nid1,
Nid2, or the TGFβ binding matrix proteins, fibrillin-1 and -2 [52]. However, the cancer cells use
another protein called cancer procoagulant [53].

Cancer procoagulant is another hypothesized protein in malignant cells and the undifferentiated
tissues of the human placenta, not in any normal cells. These proteins initiate neoangiogenesis in
embryos and increase thrombosis in cancer patients [54], and the defects in embryonic angiogenic
would lead to carcinogenesis. In addition, such complex mechanisms differentiate the cancer stem
cells from the embryos. The previous studies revealed that the division rate in cancer stem cells is
slower than the normal somatic stem cell [55]. Embryonic liver fodrin (ELF) is a protein that
organizes the TGF-beta pathway in embryos. Baek et al. [56] reported that Embryonic liver fodrin
(ELF) deficiency initiate tumor angiogenesis in livers by deregulating the normal hepatocyte
proliferation. A better understanding of the maternal mechanisms to control this invasive behaviour
may provide novel insights into the behaviour of metastatic cancer cells and lead to better methods to
control their growth and spread within host tissues and concluded that ELF would be a potential
target for TGF-beta pathway tumor suppression of HCC cells [57]. A better understanding of the
similarity of cancer and embryonic cells would be very useful in dissecting future cancer-targeted
drugs. Thus major adaptations in differentiating pathways bifurcate the embryo and cancer cells,
particularly cancer stem cells and attract intense scientific research for discovering novel cancer
drugs [58–60].

4. Cancer cells and embryos: similarity in cell microenvironment

Self-renewal and division is the main concept in developmental biology. The stem cells and
cancer cells are typically express the same gene signatures at certain stages, particularly the early at
carcinogenesis (Figure 2). The cancer cell microenvironment is similar to embryos, and both of them
are profoundly influenced by the same gene signatures [61]. Thus the cancers and embryonic stem
cells can undergo rapid clonal proliferation but vary with the execution of molecular
signalling [62–64]. Out of nine main signalling pathways, seven (JAK/STAT, NOTCH,
MAP-Kinase/ERK, PI3K/AKT, NFkB, Wnt and the TGFβ pathways) are similarly involved in
embryonic development and cancer [65]. Surprisingly, the embryonic microenvironment suppresses
several tumor growths, and the embryonic cell extracts showed inhibition of cancer cells [66].
Induced Pluripotent Stem Cells (iPSCs), Adult Stem Cells (ASCs) and Cancer Stem Cells (CSCs)
have overlaps in many pathways due to the similar gene expression pattern and epigenetic status [67].
The p53 has an important role in stem cell maintenance, self-renewal and differentiation capacity.
The mutated p53 gene led to the generation of CSCs from SCs capable of forming aggressive tumors
in mice fibroblasts. Many studies have identified Nanog as a gene expressed in the CSCs population
of different tumors [68].

Moreover, Nanog is essential for breast, prostate, and colon cancer initiation. Oct 4- Nanog
complex regulates the CSCs population, enhanced sphere formation, drug resistance, EMT, and the
ability to initiate tumors in several cancer types. The p53 negatively regulates Nanog, Oct4
expression and Focal adhesion kinase (FAK), suggesting that it had an important mechanism that
reconciled the CSCs generation. Resveratrol, an antitumor phytochemical, activated the p53 by
reducing the Nanog level. Moreover, FAK inhibits p53 transcriptional activation and stability in
addition to activating NANOG through phosphorylation. Thus, these findings suggest the
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p53-Nanog-FAK axis as a potential target for CSC therapy. In addition, the β3‐Adrenoceptor (β3-
Ar) is involved in different carcinogenesis processes by using the hypoxia growth factor. On
regulating the glucose metabolism, β3- Ar also mimics the intratumor ischemic environment and
determines the stem- cell-like properties and cancer cell dedifferentiation. The studies showed that
the β3- Ar regulates differentiation, immune tolerance and chemoresistance of embryos and cancer
cells [69].

Figure 2. Cancer and embryos have similar gene expression signatures at certain
pathways. These similarities help to discover novel therapeutic drugs (Refer to the text
for details).

In contrast to embryonic stem cells, in which OCT4 and SOX2 are tightly regulated and
physically interact to regulate a wide spectrum of target genes, de novo SOX2 expression alone in
pancreatic cancer cells is sufficient to promote self-renewal, dedifferentiation and imparting
stemness characteristics via impacting specific cell cycle regulatory genes and
epithelial-mesenchymal transition driver genes [29,70–72].

5. Similar invasive behaviour between cancer cells and embryos
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Preeclampsia is a pregnancy complication characterized by high blood pressure. Preeclampsia
commonly develops after 20 weeks of pregnancy in women who previously had normal blood
pressure. Women who suffer from preeclampsia (low oestrogen and high progesterone levels) had a
lower risk of breast cancer. The novel chemical factors discovered subsequently as preceding and
accompanying preeclampsia and referred to by writers may be beneficial in treating cancer [73] and
higher circulating soluble FMS-like tyrosine kinase-1 (sflt-1, also referred to as svegfr-1). These
similarities made the scientific community investigate new possibilities for cancer therapies. Innes
and Byers [73] claimed that preeclampsia might decrease the cancer risk from their epidemiological
study among the affected women. Their classic study explained that the synergistic effects of
hormones might be a major reason for the reduced risk.

Similarly, Mahendra et al. [74] showed that the stable expression of the sflt-1 in the human
ovarian cancer cell line, SKOV3, inhibited the cancer growth and stated to be a feasible way for
anticancer therapy. Bellamy et al. [75] found no association of preeclampsia with the cancer risk, but
the patients were more vulnerable to vascular diseases. Wu et al. [76] also showed that preeclampsia
increased the risk of vascular diseases rather than cancer . Meanwhile, Fong et al. [77] reported the
dual role of salt-1 on cancer as an angiogenic enhancer and as an inhibitor in embryos. Shibuya [78]
also reported that the binding ability of sflt-1 to the VEGF was the major reason for its dual role by
analyzing the deficient sflt-1 that lost the tyrosine kinase activity in mice. The stronger binding
resulted in the excessive production of endothelial cells leading to preeclampsia. The weaker binding
resulted in enhanced cancer growth. Their studies revealed that sflt-1 could be an alternative drug
target for antiangiogenesis in cancer.

In contrast to these studies, a survey disclosed that preeclampsia might increase the risk of
cancer based on environmental and genetic factors [79]. A similar study in Jerusalem revealed that
the protective effect of preeclampsia on cancer is not universal, and it was based on environmental
factors [80]. These studies indicated that though hormonal imbalance plays a vital role in cancer
prevalence in preeclampsia patients, the in-depth molecular analysis may open new doors for
effective anticancer therapy. The cell adhesion molecules, including the integrins, extracellular
matrix and matrix metalloproteinases, are mainly involved in the regulation of implantation and
angiogenesis. Thus the proper regulation is important for metazoan development and tissue
homeostasis. The integrins are negatively regulated by tumour suppressor PTEN, a protein with
homology to protein tyrosine phosphatases and tensin at development and carcinogenesis on
pathogenic conditions. Pten inactivation resulted in early embryonic lethality. Mutated Pten ES cells
formed aberrant embryoid bodies. They displayed an impaired endodermal, ectodermal and
mesodermal derivatives differentiation and its inactivation enhanced the ability of ES cells to
generate tumours in nude and syngeneic. Yoshitomi et al. [81] reported that the JunB is responsible
for forming a vascular network in embryos . Besides the PTEN playing a role as a signalling barrier
on metastatic prostate cancer, it is based on the epigenetic or genetically expressions. Thus the
mechanism behind the maternal control for invasiveness in an embryo could be used to discover
newer efficient drugs for cancers that spawn in host tissues.

6. Defects in embryos during their regulated divisions and polyploid giant cancer cells

The cell division in embryos is tightly regulated by the maternal and subsequent environmental
factors, even though there are occasionally loosened nucleated cells. Those cells contain more than a
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set of homologous chromosomes and are collectively called Polyploidy cells [82]. Those cells result
from two significant defectives, either endoreplication, endomitosis, or both [83]. During
endoreplication, the chromosomes replicate each other but fail to divide; on endomitosis, there is a
failure for cytokinesis. Both types strongly influence the cell physiology from severity to malignant
level [84]. Other defects such as microcells, failed mitosis and aneuploidy are also found frequently
in developing human embryos [75,76]. Double spindle formation on blastomeres is another major
reason for such defects in the embryos and results in erroneous cell divisions [87,88]. Several studies
showed that those cells play as the origination aberrant mutational signatures for producing the
cancer phenomenon in later stages [29,89–93].

Polyploidy is a normal phenomenon in cancerous growth, and it has been reported in several
cancer types [12,89–93]. The endomitosis produces Polyploid Giant Cancer Cells (PGCC) in cancers,
and nearly 37% of all human tumors exhibited PGCCs [94]. The frequency of PGCCs was also
increased with benign, tumor, cancer and metastasis stages [95]. Several studies showed that PGCCs
inhibit cancer growth [96] and bring senescence [97–99] among the cancer cell. In contrast, recent
studies showed that PGCCs aided in bypassing the senescence-induced replication blockade and led
to tumor progression [100,101]. Thura et al. [102] also showed that relapsed tumors were enriched
with PGCCs and seemed to be a reason for chemoresistance. The PGCCs play an important role in
the chemoresistance of ovarian cancer cell lines Hey and SKOV3 cells and PGCC-derived daughter
cells on paclitaxel treatment [103,104]. Further, their study also showed that the daughter cells
developed proportionally higher resistance and PGCCs than the normal cells.

Phosphatases of Regenerating Liver (PRLs) are an oncogene that regulates many of the
essential cells signaling pathways for implementing cancer growth and metastasis [105]. Its isoform,
PRL3, overexpressed in more than 80% of cancers and strongly positively attributed to initiating the
PGCCs. These PRL+ PGCCs co-expressed with embryonal stem cell markers (SOX2 and OCT4)
showed due to incomplete cytokinesis and DNA damage. This co-expression inhibit the
pro-apoptotic ataxia–telangiectasia mutated (ATM) DNA damage-signaling pathway and increased
the tumor relapse [102]. In another study, Niu et al. [104] showed that Interleukine-6 (IL-6) induced
the PGCCs by activating the conversion of Cancer Associated Fibroblast (CAF) from normal
fibroblasts in cancer stroma and participated in cancer progression in a patient-derived xenograft
high-grade serous ovarian carcinoma model. They showed that the IL-6 induced the embryonic
stemness properties and increased the collagen synthesis, VEGF expression through regulating the
CAF population. They also showed the IL-6 blockade reversed the inhibition of PGCCs and CAFs.

Shankaranarayanan et al. [106] showed that PGCCs produced resistant daughter cells after the
cytotoxicity treatment with doxorubicin (DOX). They showed that the bovine lactoferrin conjugated
with DOX increased the mortality rate in ADR1000-DU145 cells. After the treatment, the remaining
cells developed into PGCCs and produce drug resistant daughter cells against DOX. They also found
the higher elevation of drug resistance gene expression is upto 32 fold. Dedifferentiation in PGCCs
mimics the embryonal cell divisions (blastomere into morula stage) in several cancers [93] (for
further reading, refer [29,103,107–109]). Several studies showed that PGCCs induce cell
budding [110–112], and Niu et al. [107] showed that the budding results from senescence escape.
Further they showed that PGCCs also expressed the embryonic stem cell markers, such as OCT4,
NANOG, SOX2 and SSEA1. SSEA1 is a stage-specific embryonic antigen-1 (SSEA-1) that
differentiates the embryonic stem cells and initiates stem cells. This antigenic maker expression lead
to aggressiveness in thyroid tumors [113]. The above studies indicated that the targeting of PGCCs
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has the potential use of immunomodulatory medicines in combination. PGCCs could form any of the
three germ layers, and spheroids derived from them could be an initiator for several cancer types
including carcinomas, and further details are reviewed in the literature extensively [109,113–117].

7. Similarity in metabolism

The recent scientific insights showed a peculiar difference in Embryonic Stem Cells (ESCs) and
Cancer Stem Cells (CSCs) on utilizing the intra and intercellular signals for changing their metabolic
dependency. ESCs are mainly depend on glycolysis for differentiation; the cancer cells use glycolytic
pathways, oxidative phosphorylation centralized on the mitochondrial pathways [118]. The aerobic
glycolysis is a key metabolic pathway in the cancer cells, and the active embryo cells also use the
same to produce the energy currencies for cell divisions [119]. The glycolysis produces the lactates
and free acids (H+) as by-products; cancer cells acidy the neighbouring environment, thus breaking
down the extracellular matrix breakdown, disrupting gap junctions, and ultimately promoting
invasion and metastasis. Similarly, after forming blastocyst, a crucial step in embryogenesis, the
embryos use the same mechanism to de-cement the cell-matrix materials for implantation. The role
of glycolysis in embryos and cancer cells has been reviewed in the literature in detail [116]. Oct4,
Myc, KRAS, HIF, TFAM, SLC2A1, STAT3 and p53 genes are important genes that regulate the cell
progression of many cancers and normal embryonic development. The oct4 expression is mainly
altered by the GLUT1 and GLUT3 during differentiation in hESCs based on the environmental
oxygen condition [120].

In addition, Myc is one of the transcription factors (including Oct3/4, Sox2, and Klf4, under ES
cell culture conditions) that collectively can reprogram the adult cells reverse to a pluripotent stem
cell. C- Myc is regulated by normal circuits such as the growth factor in embryos to render
proliferation and appropriate point at cell cycle for tissue repairing. C- Myc restrain the cell
signalling mechanism while controlled by the short circuits (genetic alterations). Myc could directly
bind to the promoters of 30% of existing genes, but the transcription factors perform the
up-regulation or down-regulation in Myc activation. In embryos, Myc combined with the
transcription factor, E2F1 and hypoxia-inducible factor (HIF-1) to activate the genes involved in
nucleotide and glucose metabolism. The transcription factors determine the c-Myc role in controlling
embryos and cancer for biosynthesis and cell growth [121]. Varlakhanova et al. [122] also studied the
role of cMyc in self-renewal in pluripotent of the embryonic stem cells. They reported that the
embryonic cells are strongly c-Myc dependent for stemness maintenance, and the inhibition or any
deregulation could lead to cancer formation. Their self-renewing capacity has been regularised by
VEGF receptor-2 (VEGFR-2)/STAT3-mediated pathway.

The placenta and cancer both develop in environments with graded oxygen availability.
Hypoxia-inducible factor (HIF) is highly regulated by the expression ratio of oxygen-sensitive
enzymes in cells. Gabryelska et al. [123] reviewed and suggested that HIF regulation is a common
mechanism to achieve the epithelial-mesenchymal transition, migration and proliferation in
embryonic cells in neuron crust formation. The cells need adequate oxygen and a highly sensitive
stage of normal embryonic development. Similarly, after a detailed analysis, they concluded that the
same mechanism is utilized in cancer stem cells but without proper signalling compared to the
embryos. In addition, recently, Yu et al. [124] had reviewed the HIF's role in cancer and embryos.
The oxygen gradient makes a switch in the progression of cancer or embryos. At the same time, the
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chaotic regulation or gradient leads to carcinogenesis besides the other epigenetic deregulations.
Mitochondrial transcription factor A (TFAM or mtTFA) is essential to maintain the mitochondrial
genome copy number. Since embryonic development is highly dependent on the energy currency,
ATP, the TFAM is also a highly important mediator of embryonic development.

On the other hand, TFAM is highly upregulated in glioma non-small cell lung cancer
(NSCLC)[125]. TFAM mediated embryos' energy utilization via the ROS-mediated JNK/p38MAPK
signalling pathway as the cancer cells produce more reactive oxygen species (ROS) and disturb the
normal JNK/p38MAPK signalling resulting in cancer progression due to excessive energy
production. Their study also revealed that TFAM knockdown in NSCLC cells could lead to elevated
p53 expression due to the phosphorylation on serine residue. In this light, the antagonist for embryos
(viz., teratogens) may constitute a novel therapeutic strategy for combating the spread of cancer.

8. Oncofetal proteins and teratogens

The oncofetal antigens are typically expressed in embryogenesis and at certain pathogenic
conditions, especially on cancer types. These are used for diagnosis and cancer treatments.
α-fetoprotein, carcinoembryonic antigen, trophoblast glycoprotein precursor, IMP3, the receptor
tyrosine kinase-like orphan receptors (ROR) and immature laminin receptor protein are some of the
oncofetal proteins which are promising cancer drug targets against several cancer types. The receptor
tyrosine kinase-like orphan receptors (ROR) family proteins are oncofetal proteins expressed on
embryos rather than the normal adult cells. Receptor tyrosine kinase-like orphan receptor (ROR)
proteins are involved in skeletal and neuronal development, cell movement and cell polarity in
embryos. Worthwhile, they act as the antagonist of the Wnt target by sequestering Wnt ligands.
ROR1 was found to be selectively expressed in different tumors than the adult tissues and could be a
unique drug target [126]. The ROR proteins consist of ROR1 and ROR2. RORs are highly expressed
in blood and solid malignancies. α-fetoprotein (AFP) is an important embryonic protein that binds to
the estradiol receptor to establish male characters in the specific tissues on development.

Meanwhile, it is a prominent cancer biomarker in hepatocellular carcinoma; studies related to
other cancer types are scarcely found. Vujanovic et al. [128] showed that cord blood-derived AFP
regulated the natural killer cells (NK) by inducing pro-inflammatory markers such as IL2, IL1β, IL6,
and TNF secretion and CD69 upregulation against the hepatocellular carcinoma [127]. The tumour
cells also produced the AFP (AFP), which degraded and minimized the NK cells' viability and
population. The mechanism underlined this specificity had not been elucidated.

Carcinoembryonic antigens are produced during embryo development and cease at birth. They
are found lower in healthy individuals, but an elevated ratio is strongly correlated with cancer and
smoking conditions [129]. Recently, its correlation with the different cancer types has been in the
limelight [130]. IMP3 (insulin-like growth factor-2 mRNA binding protein 3) is an important
oncofetal protein and is frequently detected in cancer patients at different levels in their serum.
Samanta et al. [131] reported the role of IMP3 on self-renewal and tumor initiation, properties in
breast cancer stem cells (BCSCs) . IMP3 bonds to the SNAI2 (SLUG) transcriptional stage and via
its 5′UTR. SLUG targeted the regulation of SOX2 for reviewing its stem cell properties. Thus
IMP3 indirectly contributed to the initiation and progression of BCCSCs. In addition, IMP3 also
regulates the ATP-binding cassette (ABC) transporters and breast cancer resistance protein
(BCRP/ABCG2) with TGFβ pathway triple-negative breast cancers and HCC. Thus, targeting the
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IMP3 could be the most feasible route for cancer suppression and inhibition of drug resistance [132].

9. Teratogenic compounds as anticancer drugs

Inhibiting the Hedgehog signalling pathway (Hh) involved in intercellular communication with
cyclopamine has enhanced the survival rate in a genetically engineered mouse model of pancreatic
cancer and abrogated the systemic metastases arising from these orthotopic xenografts. This study
also provides more evidence that Hh signalling is a valid target for developing novel therapeutics for
pancreatic cancer and would be worth evaluating in a clinical setting. Teratogenic alkaloids are found
in many plants, including Conium maculatum L., Nicotiana glauca, Nicotiana tabaccum, and
Lupinus spp. Fetal musculoskeletal defects produced by alkaloids from these plants include
arthrogryposis, scoliosis, torticollis, kyphosis, lordosis, cleft palate, etc. Neferine, a group of
bisbenzylisoquinoline alkaloids, from Nelumbo nucifera (Lotus) embryo induced apoptosis between
human osteosarcoma cells, but not in non-neoplastic human sarcoma cells. Neferine induced G1
arrest was based on p21(WAF1/CIP1)-dependent and without any role for p53 or RB
(retinoblastoma-associated protein). Neferine increased the p21 level in cancer cells dependent on
the p38 proteins. The up-regulation of p21 by reference was due to an increase in the half-life of p21
protein. Reveratrol has been found to enhance caspase 3, 8, 9 and cleave the PARP in HeLa cell
lines [133]. Besides that, curcumin showed malformed tails (bent or hook-like), curved body,
pericardial sac oedema, retarded growth due to delayed yolk sac absorption and shorter body length.
The LD50 values of curcumin (24-h incubation) were estimated at 7.5 microM and 5 microM for
embryos and larvae, respectively [134]. Curcumin teratogenicity depended on the dose and
administration time in the mice embryos. Curcumin exhibited adverse effects at the post- implanted
blastocyst and early egg cylinder stages and led to the retarded growth during the gestation period.

Nevertheless, the apoptosis-inducing activity of fucoxanthin was more than fucoxanthin at
non-toxic concentrations towards normal cells. Though the underlying mechanism is unclear, the
specificity of the seaweed extracts to cancer cells has been cited in several reports as discussed above.
Many seaweed compounds are efficient or show enhanced activity when administered with known
chemotherapeutic agents such as cisplatin, 5-fluorouracil (5-FU). The tumour inhibition rate
increased significantly when tumour-bearing animals were treated simultaneously with sulfated
polysaccharides from Champia feldmannii and the chemotherapeutic agent, 5-FU. Fucoidan from
Fucus evanescens is reported to induce etoposide, a DNA topoisomerase II inhibitor in HL-MT-4
cells. This is a very interesting finding since one way to improve the efficacy of anticancer therapy is
to develop optimal combination regimens of chemotherapeutic drugs, as the objective is to increase
efficacy while reducing side effects. Drug-induced over-expression of the multi-drug efflux pump
P-glycoprotein (P-GP) could be one of the leading causes of chemotherapy failure in clinical
oncology. Because P-GP can remove many unrelated chemotherapeutic agents from the target cells,
including agents to which the tumor had not previously exposed, these cells are multi-drug resistant
(MDR) mutants. In addition, non-toxic extract of L. translucida can inhibit the MES-SA/Dx5 cell
proliferation when administered with doxorubicin, which revealed that the activity was due to the
possible presence of P-gp inhibitors or other agents (e.g. pro-apoptotic factors) in the extract.
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10. Conclusion and future directions

We attempted to summarize the similar properties of cancer and embryos and explore the
possible therapeutic potentials. Frequently, the cancer cells recapitulate the embryonic pathways by
different means and activate the normal gene repressors in unique ways. Meanwhile, as complex
signaling systems, this field calls for many level analyses in different directions. Overall, these
findings might pave the way for a new field of cancer research that draws parallels between cancer
rates and embryo development techniques. There has been an enormous understanding and growth of
literature that scientifically explores the similarities between embryos and cancer for two decades.
Carcinogenesis and embryogenesis are relatively similar in certain aspects in their initial stages. The
genes responsible for onset and maintenance for stem cell-like properties are more or less similarly
expressed. These striking phenomena are hallmarks of identifying the embryos as model systems for
cancer drug discovery.

Acknowledgements

The authors wish to thank all the researchers who contributed to the research field around the
globe.

Conflict of interest

The authors declare no conflicts of interest.

References

1. Blagosklonny M V. (2005) Teratogens as anti-cancer drugs. Cell Cycle 4: 1518–1521.
https://doi.org/10.4161/cc.4.11.2208

2. Ramazani M, Jaktaji RP, Shirazi FH, et al. (2019) Analysis of apoptosis related genes in nurses
exposed to anti-neoplastic drugs. BMC Pharmacol Toxicol 20.
https://doi.org/10.1186/s40360-019-0372-0

3. Finnell RH (1999) Teratology: general considerations and principles. J Allergy Clin Immunol
103: S337–S342. https://doi.org/10.1016/S0091-6749(99)70259-9

4. Vargesson N (2015) Thalidomide‐induced teratogenesis: History and mechanisms. Birth
Defects Res Part C Embryo Today Rev 105: 140–156. https://doi.org/10.1002/bdrc.21096

5. Coyle I, Wayner MJ, Singer G (1976) Behavioral teratogenesis: A critical evaluation. Pharmacol
Biochem Behav 4: 191–200. https://doi.org/10.1016/0091-3057(76)90014-9

6. Flaxman SM, Sherman PW (2000) Morning sickness: a mechanism for protecting mother and
embryo. Q Rev Biol 75: 113–148. https://doi.org/10.1086/393377

7. Mei N, Guo X, Ren Z, et al. (2017) Review of Ginkgo biloba-induced toxicity, from
experimental studies to human case reports. J Environ Sci Heal Part C 35: 1–28.
https://doi.org/10.1080/10590501.2016.1278298.

8. Wu C-P, Ohnuma S, V Ambudkar S (2011) Discovering natural product modulators to overcome
multidrug resistance in cancer chemotherapy. Curr Pharm Biotechnol 12: 609–620.
https://doi.org/10.2174/138920111795163887



AIMS Molecular Science Volume 9, Issue 1, 25–45.

38

9. Sung H, Ferlay J, Siegel RL, et al. (2021) Global cancer statistics 2020: GLOBOCAN estimates
of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin 71:
209–249. https://doi.org/10.3322/caac.21660

10. Roy M, Datta A (2019) Cancer: Types and Hallmarks, Cancer Genetics and Therapeutics,
Springer, 1–26. https://doi.org/10.1007/978-981-13-9471-3_1

11. Manzo G (2019) Similarities Between Embryo Development and Cancer Process Suggest New
Strategies for Research and Therapy of Tumors: A New Point of View. Front cell Dev Biol 7: 20.
https://doi.org/10.3389/fcell.2019.00020

12. Shabo I, Svanvik J, Lindström A, et al. (2020) Roles of cell fusion, hybridization and polyploid
cell formation in cancer metastasis. World J Clin Oncol 11: 121.
https://doi.org/10.5306/wjco.v11.i3.121

13. Ledbetter DH (2009) Chaos in the embryo. Nat Med 15: 490–491.
https://doi.org/10.1038/nm0509-490

14. Erenpreisa J, Giuliani A (2020) Resolution of Complex Issues in Genome Regulation and
Cancer Requires Non-Linear and Network-Based Thermodynamics. Int J Mol Sci 21.
https://doi.org/10.3390/ijms21010240

15. Erenpreisa J, Salmina K, Anatskaya O, et al. (2020) Paradoxes of cancer: Survival at the brink.
Semin Cancer Biol. https://doi.org/10.1016/j.semcancer.2020.12.009

16. Krebs ET (1947) CANCERAND THE EMBRYONAL HYPOTHESIS. Calif Med 66: 270–271.
17. Saitoh M (2018) Involvement of partial EMT in cancer progression. J Biochem 164: 257–264.

https://doi.org/10.1093/jb/mvy047
18. Saitoh M (2018) JB special review-cellular plasticity in epithelial homeostasis and diseases:

Involvement of partial EMT in cancer progression. J Biochem 164: 257–264.
https://doi.org/10.1093/jb/mvy047

19. Mukund K, Syulyukina N, Ramamoorthy S, et al. (2020) Right and left-sided colon
cancers-specificity of molecular mechanisms in tumorigenesis and progression. BMC Cancer 20.
https://doi.org/10.1186/s12885-020-06784-7

20. Wessely A, Steeb T, Berking C, et al. (2021) How neural crest transcription factors contribute to
melanoma heterogeneity, cellular plasticity, and treatment resistance. Int J Mol Sci 22.
https://doi.org/10.3390/ijms22115761

21. Saravanan KM, Kannan M, Meera P, et al. (2022) E3 ligases: a potential multi-drug target for
different types of cancers and neurological disorders. Future Med Chem 14: 187–201.
https://doi.org/10.4155/fmc-2021-0157

22. Ben-Porath I, Thomson MW, Carey VJ, et al. (2008) An embryonic stem cell-like gene
expression signature in poorly differentiated aggressive human tumors. Nat Genet 40: 499–507.
https://doi.org/10.1038/ng.127

23. Viswanathan A, Musa A, Murugesan A, et al. (2019) Battling Glioblastoma: A Novel Tyrosine
Kinase Inhibitor with Multi-Dimensional Anti-Tumor Effect (Running Title: Cancer Cells Death
Signalling Activation). Cells 8. https://doi.org/10.3390/cells8121624

24. Doan P, Nguyen P, Murugesan A, et al. (2021) Targeting orphan g protein‐coupled receptor 17
with t0 ligand impairs glioblastoma growth. Cancers (Basel) 13.
https://doi.org/10.3390/cancers13153773



AIMS Molecular Science Volume 9, Issue 1, 25–45.

39

25. Cofre J, Abdelhay E (2017) Cancer Is to Embryology as Mutation Is to Genetics: Hypothesis of
the Cancer as Embryological Phenomenon. ScientificWorldJournal 2017: 3578090.
https://doi.org/10.1155/2017/3578090

26. Rountree CB, Mishra L, Willenbring H (2012) Stem cells in liver diseases and cancer: recent
advances on the path to new therapies. Hepatology 55: 298–306.
https://doi.org/10.1002/hep.24762

27. Qin S, Jiang J, Lu Y, et al. (2020) Emerging role of tumor cell plasticity in modifying
therapeutic response. Signal Transduct Target Ther 5: 228.
https://doi.org/10.1038/s41392-020-00313-5

28. Pierce GB (1983) The cancer cell and its control by the embryo. Rous-Whipple Award lecture.
Am J Pathol 113: 117.

29. Liu J (2018) The dualistic origin of human tumors. Semin Cancer Biol 53: 1–16.
https://doi.org/10.1016/j.semcancer.2018.07.004

30. Xu B, Konze KD, Jin J, et al. (2015) Targeting EZH2 and PRC2 dependence as novel anticancer
therapy. Exp Hematol 43: 698–712. https://doi.org/10.1016/j.exphem.2015.05.001

31. Wang W, Qin J, Voruganti S, et al. (2015) Polycomb group (PcG) proteins and human cancers:
multifaceted functions and therapeutic implications. Med Res Rev 35: 1220–1267.
https://doi.org/10.1002/med.21358

32. Murray MJ, Lessey BA (1999) Embryo implantation and tumor metastasis: Common pathways
of invasion and angiogenesis. Semin Reprod Endocrinol 17: 275–290.
https://doi.org/10.1055/s-2007-1016235

33. Costanzo V, Bardelli A, Siena S, et al. (2018) Exploring the links between cancer and placenta
development. Open Biol 8: 180081. https://doi.org/10.1098/rsob.180081

34. Turajlic S, Sottoriva A, Graham T, et al. (2019) Resolving genetic heterogeneity in cancer. Nat
Rev Genet 20: 404–416. https://doi.org/10.1038/s41576-019-0114-6

35. Wagner GP, Kshitiz, Dighe A, et al. (2021) The Coevolution of Placentation and Cancer. Annu
Rev Anim Biosci 10. https://doi.org/10.1146/annurev-animal-020420-031544

36. Fukuda MN, Sugihara K (2008) An integrated view of L-selectin and trophinin function in
human embryo implantation. J Obstet Gynaecol Res 34: 129–136.
https://doi.org/10.1111/j.1447-0756.2008.00776.x

37. Ayala GE, Dai H, Li R, et al. (2006) Bystin in perineural invasion of prostate cancer. Prostate 66:
266–272. https://doi.org/10.1002/pros.20323

38. Aplin JD, Ruane PT (2017) Embryo–epithelium interactions during implantation at a glance. J
Cell Sci 130: 15–22. https://doi.org/10.1242/jcs.175943

39. Harada O, Suga T, Suzuki T, et al. (2007) The role of trophinin, an adhesion molecule unique to
human trophoblasts, in progression of colorectal cancer. Int J Cancer 121: 1072–1078.
https://doi.org/10.1002/ijc.22821

40. Sims GP, Rowe DC, Rietdijk ST, et al. (2009) HMGB1 and RAGE in inflammation and cancer.
Annu Rev Immunol 28: 367–388. https://doi.org/10.1146/annurev.immunol.021908.132603

41. Ibrahim ZA, Armour CL, Phipps S, et al. (2013) RAGE and TLRs: relatives, friends or
neighbours? Mol Immunol 56: 739–744. https://doi.org/10.1016/j.molimm.2013.07.008

42. Cui T, Zhang W, Li S, et al. (2019) Oxidative Stress–Induced HMGB1 Release from
Melanocytes: A Paracrine Mechanism Underlying the Cutaneous Inflammation in Vitiligo. J
Invest Dermatol 139: 2174-2184.e4. https://doi.org/10.1016/j.jid.2019.03.1148



AIMS Molecular Science Volume 9, Issue 1, 25–45.

40

43. Rapoport BL, Steel HC, Theron AJ, et al. (2020) High Mobility Group Box 1 in Human Cancer.
Cells 9. https://doi.org/10.3390/cells9071664

44. Zhang H, Li J, Saravanan KM, et al. (2021) An Integrated Deep Learning and Molecular
Dynamics Simulation-Based Screening Pipeline Identifies Inhibitors of a New Cancer Drug
Target TIPE2. Front Pharmacol 12. https://doi.org/10.3389/fphar.2021.772296

45. Saravanan KM, Zhang H, Zhang H, et al. (2020) On the Conformational Dynamics of
β-Amyloid Forming Peptides: A Computational Perspective. Front Bioeng Biotechnol 8.
https://doi.org/10.3389/fbioe.2020.00532

46. Viswanathan A, Kute D, Musa A, et al. (2019)
2-(2-(2,4-dioxopentan-3-ylidene)hydrazineyl)benzonitrile as novel inhibitor of receptor tyrosine
kinase and PI3K/AKT/mTOR signaling pathway in glioblastoma. Eur J Med Chem 166:
291–303. https://doi.org/10.1016/j.ejmech.2019.01.021

47. Imashiro C, Azuma T, Itai S, et al. (2021) Travelling ultrasound promotes vasculogenesis of
three-dimensional-monocultured human umbilical vein endothelial cells. Biotechnol Bioeng 118:
3760–3769. https://doi.org/10.1002/bit.27852

48. Srimathi Devi J, Haripriya D, Arul S, et al. (2021) Evaluation of anti-cancer effect of zerumbone
and cisplatin on N-nitrosodiethylamine induced hepatic cancer in freshwater fish (Danio rerio).
Nat Prod Res 1–5. https://doi.org/10.1080/14786419.2021.2012672

49. Saravanan KM, Ponnuraj K (2018) Sequence and structural analysis of fibronectin-binding
protein reveals importance of multiple intrinsic disordered tandem repeats. J Mol Recognit
e2768. https://doi.org/10.1002/jmr.2768

50. George EL, Georges-Labouesse EN, Patel-King RS, et al. (1993) Defects in mesoderm, neural
tube and vascular development in mouse embryos lacking fibronectin. Development 119:
1079–1091. https://doi.org/10.1242/dev.119.4.1079

51. Snow CJ, Goody M, Kelly MW, et al. (2008) Time-lapse analysis and mathematical
characterization elucidate novel mechanisms underlying muscle morphogenesis. PLoS Genet 4.
https://doi.org/10.1371/journal.pgen.1000219

52. Murphy PA, Begum S, Hynes RO (2015) Tumor angiogenesis in the absence of fibronectin or its
cognate integrin receptors. PLoS One 10. https://doi.org/10.1371/journal.pone.0120872

53. Galmiche A, Rak J, Roumenina LT, et al. (2022) Coagulome and the tumor microenvironment:
an actionable interplay. Trends in Cancer. https://doi.org/10.1016/j.trecan.2021.12.008

54. Nasser NJ, Fox J, Agbarya A (2020) Potential mechanisms of cancer-related hypercoagulability.
Cancers (Basel) 12. https://doi.org/10.3390/cancers12030566

55. Yu G, Wen Q (2018) Expression of embryonic liver fodrin (ELF) and stem cell markers in CD13
liver cancer stem cells. Eur Rev Med Pharmacol Sci 22: 1653–1657.

56. Baek HJ, Lim SC, Kitisin K, et al. (2008) Hepatocellular cancer arises from loss of transforming
growth factor beta signaling adaptor protein embryonic liver fodrin through abnormal
angiogenesis. Hepatology 48: 1128–1137. https://doi.org/10.1002/hep.22460

57. Teng B, Huang C, Cheng CL, et al. (2020) Newly identified peptide hormone inhibits intestinal
fat absorption and improves NAFLD through its receptor GPRC6A. J Hepatol 73: 383–393.
https://doi.org/10.1016/j.jhep.2020.02.026

58. Bian J, Dannappel M, Wan C, et al. (2020) Transcriptional regulation of Wnt/β-catenin pathway
in colorectal cancer. Cells 9: 2125. https://doi.org/10.3390/cells9092125



AIMS Molecular Science Volume 9, Issue 1, 25–45.

41

59. Davis-Marcisak EF, Deshpande A, Stein-O’Brien GL, et al. (2021) From bench to bedside:
Single-cell analysis for cancer immunotherapy. Cancer Cell 39: 1062–1080.
https://doi.org/10.1016/j.ccell.2021.07.004

60. Xie Y, Yao L, Yu X, et al. (2020) Action mechanisms and research methods of tRNA-derived
small RNAs. Signal Transduct Target Ther 5: 1–9. https://doi.org/10.1038/s41392-020-00217-4

61. Postovit LM, Margaryan N V., Seftor EA, et al. (2008) Human embryonic stem cell
microenvironment suppresses the tumorigenic phenotype of aggressive cancer cells. Proc Natl
Acad Sci U S A 105: 4329–4334. https://doi.org/10.1073/pnas.0800467105

62. Dreesen O, Brivanlou AH (2007) Signaling pathways in cancer and embryonic stem cells. Stem
Cell Rev 3: 7–17. https://doi.org/10.1007/s12015-007-0004-8

63. Saravanan KM, Palanivel S, Yli-Harja O, et al. (2018) Identification of novel GPR17-agonists
by structural bioinformatics and signaling activation. Int J Biol Macromol 106: 901–907.
https://doi.org/10.1016/j.ijbiomac.2017.08.088

64. Caruso S, O’Brien DR, Cleary SP, et al. (2021) Genetics of hepatocellular carcinoma:
approaches to explore molecular diversity. Hepatology 73: 14–26.
https://doi.org/10.1002/hep.31394

65. Gnanavel M, Murugesan A, Mani SK, et al. (2021) Identifying the mirna signature association
with aging-related senescence in glioblastoma. Int J Mol Sci 22: 1–14.
https://doi.org/10.3390/ijms22020517

66. Buhrmann C, Brockmueller A, Harsha C, et al. (2021) Evidence that tumor microenvironment
initiates epithelial-to-mesenchymal transition and calebin a can suppress it in colorectal cancer
cells. Front Pharmacol 12: 1689. https://doi.org/10.3389/fphar.2021.699842

67. Zhang H, Shao X, Peng Y, et al. (2019) A novel machine learning based approach for iPS
progenitor cell identification. PLoS Comput Biol. https://doi.org/10.1101/744920

68. Shetzer Y, Solomon H, Koifman G, et al. (2014) The paradigm of mutant p53-expressing cancer
stem cells and drug resistance. Carcinogenesis 35: 1196–1208.
https://doi.org/10.1093/carcin/bgu073

69. Filippi L, Pini A, Cammalleri M, et al. (2021) β3-Adrenoceptor, a novel player in the round-trip
from neonatal diseases to cancer: Suggestive clues from embryo. Med Res Rev n/a.
https://doi.org/10.1002/med.21874

70. Martinez NJ, Walhout AJM (2009) The interplay between transcription factors and microRNAs
in genome‐scale regulatory networks. Bioessays 31: 435–445.
https://doi.org/10.1002/bies.200800212

71. Shi G, Jin Y (2010) Role of Oct4 in maintaining and regaining stem cell pluripotency. Stem Cell
Res Ther 1: 1–9. https://doi.org/10.1186/scrt39

72. van den Berg DLC, Snoek T, Mullin NP, et al. (2010) An Oct4-centered protein interaction
network in embryonic stem cells. Cell Stem Cell 6: 369–381.
https://doi.org/10.1016/j.stem.2010.02.014

73. Innes KE, Byers TE (1999) Preeclampsia and breast cancer risk. Epidemiology 10: 722–732.
https://doi.org/10.1097/00001648-199911000-00013

74. Mahendra G, Kumar S, Isayeva T, et al. (2005) Antiangiogenic cancer gene therapy by
adeno-associated virus 2-mediated stable expression of the soluble FMS-like tyrosine kinase-1
receptor. Cancer Gene Ther 12: 26–34. https://doi.org/10.1038/sj.cgt.7700754



AIMS Molecular Science Volume 9, Issue 1, 25–45.

42

75. Bellamy L, Casas JP, Hingorani AD, et al. (2007) Pre-eclampsia and risk of cardiovascular
disease and cancer in later life: Systematic review and meta-analysis. Br Med J 335: 974–977.
https://doi.org/10.1136/bmj.39335.385301.BE

76. Wu P, Haththotuwa R, Kwok CS, et al. (2017) Preeclampsia and future cardiovascular health: a
systematic review and meta-analysis. Circ Cardiovasc Qual Outcomes 10: e003497.
https://doi.org/10.1161/CIRCOUTCOMES.116.003497

77. Fong GH, Rossant J, Gertsenstein M, et al. (1995) Role of the Flt-1 receptor tyrosine kinase in
regulating the assembly of vascular endothelium. Nature 376: 66–70.
https://doi.org/10.1038/376066a0

78. Shibuya M, Yamaguchi S, Yamane A, et al. (1990) Nucleotide sequence and expression of a
novel human receptor-type tyrosine kinase gene (flt) closely relatd to the fms family. Oncogene
5: 519–524.

79. Kim JS, Kang EJ, Woo OH, et al. (2013) The relationship between preeclampsia,
pregnancy-induced hypertension and maternal risk of breast cancer: A meta-analysis. Acta
Oncol (Madr) 52: 1643–1648. https://doi.org/10.3109/0284186X.2012.750033

80. Calderon-Margalit R, Friedlander Y, Yanetz R, et al. (2009) Preeclampsia and subsequent risk of
cancer: update from the Jerusalem Perinatal Study. Am J Obstet Gynecol 200: 63.e1-63.e5.
https://doi.org/10.1016/j.ajog.2008.06.057

81. Yoshitomi Y, Ikeda T, Saito H, et al. (2017) JunB regulates angiogenesis and neurovascular
parallel alignment in mouse embryonic skin. J Cell Sci 130: 916–926.
https://doi.org/10.1242/jcs.196303

82. Mihajlović AI, FitzHarris G (2018) Segregating chromosomes in the mammalian oocyte. Curr
Biol 28: R895–R907. https://doi.org/10.1016/j.cub.2018.06.057

83. Wang J, Batourina E, Schneider K, et al. (2018) Polyploid superficial cells that maintain the
urothelial barrier are produced via incomplete cytokinesis and endoreplication. Cell Rep 25:
464–477. https://doi.org/10.1016/j.celrep.2018.09.042

84. Zhang J, Qiao Q, Xu H, et al. (2021) Human cell polyploidization: the good and the evil,
Seminars in Cancer Biology, Elsevier. https://doi.org/10.1016/j.semcancer.2021.04.005

85. Vasudevan A, Schukken KM, Sausville EL, et al. (2021) Aneuploidy as a promoter and
suppressor of malignant growth. Nat Rev Cancer 21: 89–103.
https://doi.org/10.1038/s41568-020-00321-1

86. Zhu J, Tsai H-J, Gordon MR, et al. (2018) Cellular stress associated with aneuploidy. Dev Cell
44: 420–431. https://doi.org/10.1016/j.devcel.2018.02.002

87. Vázquez-Diez C, FitzHarris G (2018) Causes and consequences of chromosome segregation
error in preimplantation embryos. Reproduction 155: R63–R76.
https://doi.org/10.1530/REP-17-0569

88. Masset H, Tšuiko O, Vermeesch JR (2021) Genome‐wide abnormalities in embryos: Origins
and clinical consequences. Prenat Diagn 41: 554–563. https://doi.org/10.1002/pd.5895

89. Sikora E, Czarnecka-Herok J, Bojko A, et al. (2020) Therapy-induced polyploidization and
senescence: Coincidence or interconnection?, Seminars in Cancer Biology, Elsevier.
https://doi.org/10.1016/j.semcancer.2020.11.015

90. Wang N, Hao F, Shi Y, et al. (2021) The Controversial Role of Polyploidy in Hepatocellular
Carcinoma. Onco Targets Ther 14: 5335. https://doi.org/10.2147/OTT.S340435



AIMS Molecular Science Volume 9, Issue 1, 25–45.

43

91. Amend SR, Torga G, Lin K, et al. (2019) Polyploid giant cancer cells: Unrecognized actuators
of tumorigenesis, metastasis, and resistance. Prostate 79: 1489–1497.
https://doi.org/10.1002/pros.23877

92. Was H, Borkowska A, Olszewska A, et al. (2021) Polyploidy formation in cancer cells: How a
Trojan horse is born, Seminars in Cancer Biology, Elsevier.
https://doi.org/10.1016/j.semcancer.2021.03.003

93. Demin S, Berdieva M, Goodkov A (2021) Cell-cell fusions and cell-in-cell phenomena in
healthy cells and cancer: Lessons from protists and invertebrates, Seminars in Cancer Biology,
Elsevier. https://doi.org/10.1016/j.semcancer.2021.03.005

94. Zack TI, Schumacher SE, Carter SL, et al. (2013) Pan-cancer patterns of somatic copy number
alteration. Nat Genet 45: 1134–1140. https://doi.org/10.1038/ng.2760

95. Chen J, Niu N, Zhang J, et al. (2019) Polyploid giant cancer cells (PGCCs): the evil roots of
cancer. Curr Cancer Drug Targets 19: 360–367.
https://doi.org/10.2174/1568009618666180703154233

96. Wen Q, Goldenson B, Silver SJ, et al. (2012) Identification of regulators of polyploidization
presents therapeutic targets for treatment of AMKL. Cell 150: 575–589.
https://doi.org/10.1016/j.cell.2012.06.032

97. Vakifahmetoglu H, Olsson M, Zhivotovsky B (2008) Death through a tragedy: mitotic
catastrophe. Cell Death Differ 15: 1153–1162. https://doi.org/10.1038/cdd.2008.47

98. Ganem NJ, Storchova Z, Pellman D (2007) Tetraploidy, aneuploidy and cancer. Curr Opin
Genet Dev 17: 157–162. https://doi.org/10.1016/j.gde.2007.02.011

99. Ganem NJ, Pellman D (2007) Limiting the proliferation of polyploid cells. Cell 131: 437–440.
https://doi.org/10.1016/j.cell.2007.10.024

100.Leikam C, Hufnagel AL, Otto C, et al. (2015) In vitro evidence for senescent multinucleated
melanocytes as a source for tumor-initiating cells. Cell Death Dis 6: e1711–e1711.
https://doi.org/10.1038/cddis.2015.71

101.Zheng L, Dai H, Zhou M, et al. (2012) Polyploid cells rewire DNA damage response networks
to overcome replication stress-induced barriers for tumour progression. Nat Commun 3: 1–12.
https://doi.org/10.1038/ncomms1825

102.Thura M, Ye Z, Al-Aidaroos AQ, et al. (2021) PRL3 induces polyploid giant cancer cells
eliminated by PRL3-zumab to reduce tumor relapse. Commun Biol 4: 923.
https://doi.org/10.1038/s42003-021-02449-8

103.Liu J (2020) The “life code”: A theory that unifies the human life cycle and the origin of human
tumors. Semin Cancer Biol 60: 380–397. https://doi.org/10.1016/j.semcancer.2019.09.005

104.Niu N, Yao J, Bast RC, et al. (2021) IL-6 promotes drug resistance through formation of
polyploid giant cancer cells and stromal fibroblast reprogramming. Oncogenesis 10: 65.
https://doi.org/10.1038/s41389-021-00349-4

105.Campbell AM, Zhang Z-Y (2014) Phosphatase of regenerating liver: a novel target for cancer
therapy. Expert Opin Ther Targets 18: 555–569. https://doi.org/10.1517/14728222.2014.892926

106. Shankaranarayanan JS, Kanwar JR, AL-Juhaishi AJA, et al. (2016) Doxorubicin Conjugated to
Immunomodulatory Anticancer Lactoferrin Displays Improved Cytotoxicity Overcoming
Prostate Cancer Chemo resistance and Inhibits Tumour Development in TRAMP Mice. Sci Rep
6: 32062. https://doi.org/10.1038/srep32062



AIMS Molecular Science Volume 9, Issue 1, 25–45.

44

107.Niu N, Mercado-Uribe I, Liu J (2017) Dedifferentiation into blastomere-like cancer stem cells
via formation of polyploid giant cancer cells. Oncogene 36: 4887–4900.
https://doi.org/10.1038/onc.2017.72

108.Xiong S, Feng Y, Cheng L (2019) Cellular reprogramming as a therapeutic target in cancer.
Trends Cell Biol 29: 623–634. https://doi.org/10.1016/j.tcb.2019.05.001

109.Labi V, Erlacher M (2015) How cell death shapes cancer. Cell Death Dis 6: e1675–e1675.
https://doi.org/10.1038/cddis.2015.20

110. Zhang D, Yang X, Yang Z, et al. (2017) Daughter Cells and Erythroid Cells Budding from
PGCCs and Their Clinicopathological Significances in Colorectal Cancer. J Cancer 8: 469–478.
https://doi.org/10.7150/jca.17012

111. Zhang S, Mercado-Uribe I, Hanash S, et al. (2013) iTRAQ-based proteomic analysis of
polyploid giant cancer cells and budding progeny cells reveals several distinct pathways for
ovarian cancer development. PLoS One 8: e80120.
https://doi.org/10.1371/journal.pone.0080120

112. Lv H, Shi Y, Zhang L, et al. (2014) Polyploid giant cancer cells with budding and the expression
of cyclin E, S-phase kinase-associated protein 2, stathmin associated with the grading and
metastasis in serous ovarian tumor. BMC Cancer 14: 576.
https://doi.org/10.1186/1471-2407-14-576

113. Xu J, Hardin H, Zhang R, et al. (2016) Stage-Specific Embryonic Antigen-1 (SSEA-1)
Expression in Thyroid Tissues. Endocr Pathol 27: 271–275.
https://doi.org/10.1007/s12022-016-9448-1

114. Fleming H (2021) Opaque Polyploid Cells in Ishikawa Endometrial Cultures Are Capable of
Forming Megamitochondria, Organelles Derived from the Adaptation of Fused Mitochondria
Whose Capacity to Develop Gaseous Vacuoles Suggests CO2 Retention and Hypoxic
Metabolism. Adv Biosci Biotechnol 12: 229–255. https://doi.org/10.4236/abb.2021.127015

115. Liu J (2021) Giant cells: Linking McClintock’s heredity to early embryogenesis and tumor
origin throughout millennia of evolution on Earth, Seminars in Cancer Biology, Elsevier.
https://doi.org/10.1016/j.semcancer.2021.06.007

116. Liu J, Niu N, Li X, et al. (2021) The life cycle of polyploid giant cancer cells and dormancy in
cancer: Opportunities for novel therapeutic interventions. Semin Cancer Biol.
https://doi.org/10.1016/j.semcancer.2021.10.005

117. Li Z, Zheng M, Zhang H, et al. (2021) Arsenic Trioxide Promotes Tumor Progression by
Inducing the Formation of PGCCs and Embryonic Hemoglobin in Colon Cancer Cells. Front
Oncol 4046. https://doi.org/10.3389/fonc.2021.720814

118. Jang YJ, Won JH, Back MJ, et al. (2015) Paraquat induces apoptosis through a
mitochondria-dependent pathway in RAW264.7 cells. Biomol Ther 23: 407–413.
https://doi.org/10.4062/biomolther.2015.075

119. Smith DG, Sturmey RG (2013) Parallels between embryo and cancer cell metabolism. Biochem
Soc Trans 41: 664–669. https://doi.org/10.1042/BST20120352

120.Christensen DR, Calder PC, Houghton FD (2015) GLUT3 and PKM2 regulate OCT4
expression and support the hypoxic culture of human embryonic stem cells. Sci Rep 5.
https://doi.org/10.1038/srep17500

121.Dang C V. (2013) MYC, metabolism, cell growth, and tumorigenesis. Cold Spring Harb
Perspect Med 3. https://doi.org/10.1101/cshperspect.a014217



AIMS Molecular Science Volume 9, Issue 1, 25–45.

45

122.Varlakhanova N V., Cotterman RF, deVries WN, et al. (2010) Myc maintains embryonic stem
cell pluripotency and self-renewal. Differentiation 80: 9–19.
https://doi.org/10.1016/j.diff.2010.05.001

123.Gabryelska A, Karuga FF, Szmyd B, et al. (2020) HIF-1α as a Mediator of Insulin Resistance,
T2DM, and Its Complications: Potential Links With Obstructive Sleep Apnea. Front Physiol 11.
https://doi.org/10.3389/fphys.2020.01035

124.Yu M, Lun J, Zhang H, et al. (2021) The non-canonical functions of HIF prolyl hydroxylases
and their dual roles in cancer. Int J Biochem Cell Biol 135.
https://doi.org/10.1016/j.biocel.2021.105982

125.Kim J, Hong J, Lee J, et al. (2021) Recent advances in tumor microenvironment-targeted
nanomedicine delivery approaches to overcome limitations of immune checkpoint
blockade-based immunotherapy. J Control Release 332: 109–126.
https://doi.org/10.1016/j.jconrel.2021.02.002

126. Parsons MJ, Tammela T, Dow LE (2021) WNT as a driver and dependency in cancer. Cancer
Discov 11: 2413–2429. https://doi.org/10.1158/2159-8290.CD-21-0190

127.Wang X, Wang Q (2018) Alpha-fetoprotein and hepatocellular carcinoma immunity. Can J
Gastroenterol Hepatol 2018. https://doi.org/10.1155/2018/9049252

128.Vujanovic L, Stahl EC, Pardee AD, et al. (2017) Tumor-derived a-fetoprotein directly drives
human natural killer-cell activation and subsequent cell death. Cancer Immunol Res 5: 493–502.
https://doi.org/10.1158/2326-6066.CIR-16-0216

129. Samet JM, Avila-Tang E, Boffetta P, et al. (2009) Lung cancer in never smokers: Clinical
epidemiology and environmental risk factors. Clin Cancer Res 15: 5626–5645.
https://doi.org/10.1158/1078-0432.CCR-09-0376

130.Boogerd LSF, Handgraaf HJM, Lam HD, et al. (2017) Laparoscopic detection and resection of
occult liver tumors of multiple cancer types using real-time near-infrared fluorescence guidance.
Surg Endosc 31: 952–961. https://doi.org/10.1007/s00464-016-5007-6

131. Samanta S, Guru S, Elaimy AL, et al. (2018) IMP3 Stabilization of WNT5B mRNA Facilitates
TAZ Activation in Breast Cancer. Cell Rep 23: 2559–2567.
https://doi.org/10.1016/j.celrep.2018.04.113

132.Beilerli A, Gareev I, Beylerli O, et al. (2021) Circular RNAs as biomarkers and therapeutic
targets in cancer, Seminars in Cancer Biology, Elsevier.

133.Zhu T, Tu SZ, Yang YL, et al. (2019) Induced effects of resveratrol on apoptosis and autophagy
in human breast cancer MDA-MB231 cells. Chinese Pharmacol Bull 35: 839–843.
https://doi.org/10.1016/j.semcancer.2020.12.026

134.Wu Y, Wang F, Albert Reece E, et al. (2015) Curcumin ameliorates high glucose-induced neural
tube defects by suppressing cellular stress and apoptosis. Am J Obstet Gynecol 212:
802.e1-802.e8. https://doi.org/10.1016/j.ajog.2015.01.017

© 2022 the Author(s), licensee AIMS Press. This is an open-access
article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/4.0)


