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ABSTRACT: The mechanism of prostate cancer (PCa) progression and metastasis remains unclear.
Spontaneous cancer cell fusion is one theory of etiology. This essay takes a reductionist approach to
highlight spontaneous cancer cell fusion as the primary mechanism of PCa progression and metastasis. PCa
cells can fuse with adjacent cancer cells or various bystander cells in the tumor microenvironment. The fate
of the fusion hybrids is determined by the similarity of cell cycle timing between the fusing cancer cell and
the cell being fused. A tumor cell with high proliferative activity, when fused with a non-proliferating
neighbor, results in growth arrest. However, fusion with a proliferative cell may lead to abnormal hybrid
cell division, causing the hybrid genome to undergo random recombination. This creates a hybrid derivative
clone with a genotype and phenotype distinct from those of both the parental cancer cell and the cell being
fused. The progression of tumor cell heterogeneity is dynamic, as the hybrid derivative clone can inherit
the ability to fuse. Their fusion with various proliferative cells in the tumor microenvironment generates
additional hybrid clones, each with a new genomic makeup and altered phenotype. The spontaneity of PCa
cell fusogenicity enables an ever-changing tumor cell heterogeneity, which is the root cause of the
pathological behavior of PCa progression and metastasis.
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1. Tumor Cell Heterogeneity Plays a Significant Role in PCa Progression and Metastasis

The prostate is not a vital organ. Mortality from PCa often results from widespread metastases to the
bone and soft tissues rather than tumor burden at the primary site [1,2]. These metastases damage organ
function, leading to cancer wasting or cachexia, and ultimately cancer-related death. Preventing metastasis
is a critical therapeutic goal to protect patients from succumbing to cancer.

PCa has a unique racial and familial distribution. Men of Northern European descent and those with a
family history are at higher risk [3,4]. This disparity suggests a potential involvement of the germline
genome. While individuals at risk may develop a normal, healthy prostate for most of their adult life, the
development of PCa in late adulthood is reminiscent of antagonistic pleiotropy observed in aging-related
diseases [5—7]. Research has identified germline factors that contribute to various predispositions, though
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not specifically to PCa, but to multiple cancers [8,9]. Although a germline etiology for PCa remains to be
identified, understanding the mechanisms of metastasis has long been a focus of cancer research.

PCa can evolve. While primary tumors are often seen in multiple foci [10], the metastasis of PCa is
believed to be initiated by a single tumor cell [11]. Despite their single-cell origin, metastatic tumor cells
exhibit high diversity, including various genomic abnormalities, asynchronous loss of the glandular
epithelial phenotype, and the adoption of behaviors from other cell lineages. This diversity, known as tumor
cell heterogeneity, is a primary reason for treatment failure as it ensures that some tumor cells will always
survive specific therapies. Heterogeneity may also drive PCa metastasis as some tumor cells become
invasive and migratory. The progression and metastasis can be viewed as the evolution of heterogeneity
among tumor cells. Understanding tumor cell heterogeneity is essential for uncovering the mechanisms
underlying PCa progression and metastasis.

2. The Mechanism of Tumor Cell Heterogeneity Remains Inadequately Explored

Tumor cell heterogeneity was identified almost fifty years ago [12—18]. This recognition came after
the discovery of the central dogma as the molecular mechanism of genetic inheritance. The discovery paved
the way for technologies based on nucleotide base-pairing. The central dogma, together with molecular
genetic tools, was quickly adopted in cancer research before the recognition of tumor cell heterogeneity.

The central dogma outlines the flow of genetic information from genotype to phenotype. Cancer
research has embraced this concept, assuming that mutations in the tumor cell genome lead to malignant
behavior, akin to genetic inheritance. Before assessing the relevance of the central dogma to cancer
progression, it has been widely accepted that genomic or genetic abnormalities are the probable cause of
malignancy, with accumulating mutations propelling the progression of heterogeneity. The acceptance is
so complete that there is a dearth of alternative hypotheses to prompt an exploration of a verifiable
mechanism for the progression of heterogeneity.

After decades of global efforts and breakthrough discoveries in cancer research, the undeniable cause
of tumor cell heterogeneity remains unclear, or at best, contentious. Effective strategies to halt the
progression of tumor cell heterogeneity are lacking. This essay explores an alternative mechanism through
which cancer cells acquire the ability to progress in heterogeneity.

3. Genotypic and Phenotypic Heterogeneities in PCa Tumor Cells

The heterogeneity of tumor cells appears endless, especially given the wide range of genotypic
variation [19-21]. In comparison, there are limited criteria for evaluating phenotypic heterogeneity. In
clinical studies, changes in prostate-specific antigen (PSA) levels, tumor growth, dormancy, recurrence,
metastasis, remission, relapse, resistance to treatment, as well as cancer wasting, patient cachexia, and
survival or mortality, serve as indicators of phenotypic heterogeneity. In laboratory investigations, signs of
phenotypic heterogeneity include rates of proliferative activity, invasiveness, migratory activity, epithelial
to mesenchymal transition, stem cell properties or lineage plasticity, resistance to drugs, and the ability to
develop tumors or metastasize in animal models. Unlike genetic inheritance, where the connection between
genotype and phenotype is often clear, a similar correlation has not been definitively established in the
progression and metastasis of PCa. Discussing genotypic heterogeneity in conjunction with phenotypic
diversity in PCa research can be complex. This essay adopts a reductionist approach to exploring tumor
cell heterogeneity through genomic heterogeneity, with the expectation that the insights gained from this
exploration can be applied to understanding phenotypic heterogeneity within the same cells.
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4. Spontaneous PCa Cell Fusion Results in Tumor Cell Heterogeneity

Under the guidance of the late Dr. Leland W. K. Chung, our Molecular Urology and Therapeutics
Program, followed by the Uro-Oncology Program, investigated the mechanisms of PCa metastasis by
studying the impact of cancer-stromal interactions in the tumor microenvironment. This research was
inspired by Chung’s groundbreaking discovery that tissue-specific mesenchymal stromal cells (MSCs) play
a pivotal role in determining the fate of glandular epithelial cells [22-26]. Co-inoculation [23,27] or co-
culture [28-30] with MSCs increased tumor cell heterogeneity in terms of both genotype and phenotype.
These findings have led to a search for soluble factors that mediate cancer-stromal interactions. However,
the findings of these studies have limited translational significance, as they may not be universally
applicable to understanding the progression and metastasis of clinical PCa. After thorough research, it has
become clear that the extent of tumor cell heterogeneity is so vast that the abnormalities identified in these
studies may only represent a small portion of the irregularities present in PCa patients.

4.1. Cancer Cells Spontaneously Fuse with Adjacent Cells

By using fluorescence proteins to monitor cancer-stromal interactions, we have identified spontaneous
cancer cell fusion as a unique feature with the potential for generalization. Commonly used human PCa
cells, such as LNCaP, C4-2, C4-2B, ARCaPg, ARCaPwm, PC-3, DU145, and even the latent HPE-15 cells
[31], all have the ability to spontaneously fuse with prostate-derived MSCs (PrMSCs) [29,32,33], bone
marrow-derived MSCs (BMMSCs) [30], or neural stem cells (NSCs) [34]. These cells are considered
bystander cells typically found in the tumor microenvironment. Additionally, cells within the same PCa
cell line can fuse with each other. Under the same experimental conditions, PCa cells from different cell
lines exhibit varying levels of fusogenicity, with some being more fusogenic than others.

The discovery of fusogenicity in PCa cells is significant because cell fusion is one of the theories of
cancer etiology [35-37]. As discussed later, spontaneous cancer cell fusion may explain clinical cancer
progression and metastasis. Regardless of their androgen receptor status, level of PSA production, or
aggressiveness in in vitro or in vivo assays, all these PCa cells have the potential for progression and
metastasis under established experimental conditions.

4.2. The Fate of Fusion Hybrids Is Determined by the Proliferative Activity of the Cell Being Fused

While studying PCa cell fusion using in vitro models, we have encountered reports of similar fusion
occurring in cells of other human cancer types. Interestingly, there is little evidence of cancer cell fusion
found in vivo, or ex vivo in clinical tumor specimens. Apart from rare cases, such as patients with a history
of allogeneic transplant [38], there are few parameters available for detecting cancer cell fusion in clinical
cancer patients. However, mouse tumor models offer the ability to track fusion using fluorescence or
xenogeneic markers [39,40].

In addition to explanations provided by other groups [41,42], we speculate that technical challenges in
studying cancer cell fusion in vivo may contribute to certain histopathologic observations being open to
alternative interpretations. For instance, cancer cell fusion can result in the creation of a hybrid cell with
two or more nuclei, resembling the morphology of polyploid giant cancer cells [43]. However, the increased
genomic material in such cells is typically attributed to mitotic failure. Similarly, the neuroendocrine
property frequently observed during PCa progression and metastasis is usually explained as a result of
neuroendocrine differentiation by cancer stem cells, stemming from the lineage plasticity in these cells.
Nevertheless, in our studies, PCa cell fusion with NSCs effectively generated hybrid-derived clones, each
exhibiting independent genomic hybridization along with distinct neuroendocrine behavior [34].
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Until a tracking technology is established, obtaining direct in vivo evidence of cancer cell fusion will be
challenging, and evaluating its frequency or clinical correlation will remain uncertain. With this rationale in mind,
we utilized PCa cell co-culture with bystander cells to recreate cell fusion during cancer-stromal interaction.

In co-culture studies, long-term assessment of fusion or the fate of fusion hybrids is complex due to
the high proliferative activity of cancer cells, which often leads to overgrowth. To address this issue, we
focused on fusion with LNCaP or HPE-15 cells, as they have slower growth rates compared to other PCa
cells [31]. Their fusion can be tracked with fluorescence proteins and validated by DNA fingerprinting
when co-cultured with allogeneic bystander cells. The progression of their heterogeneity can be evaluated
through xenograft tumor formation, as both cell lines are non-tumorigenic in athymic mice before fusion.

After fusion, the cancer cell becomes part of a cancer-bystander hybrid. An important finding from our
observations is that the fate of the hybrid is determined by the proliferative activity of the bystander cell
being fused, rather than the fusing cancer cell [32]. Terminally differentiated, most established PrMSC or
BMMSC cell lines exhibit minimal proliferative activity. Their fusion with PCa cells results in binucleated
or multinucleated hybrids that can survive for extended periods without dividing. By trapping cancer cells
through fusion, a stromal cell may serve as a barrier to prevent cancer spread. On the other hand, growth
arrest of the hybrids may provide a haven for cancer cells to survive in a dormant state.

In addition to terminally differentiated MSCs, the stromal compartment also contains mesenchymal
stem cells or spontaneously transformed MSCs. In our study, some PrMSC cell lines established from
clinical tumor specimens contained these cells. This was evidenced by the appearance of distinct colonies
with faster growth rates as these cell lines were passaged [44]. Compared to the differentiated PrMSCs,
cells from these colonies are smaller, fibroblastic, and faster growing. Surprisingly, many fusion hybrids
with these cells are capable of undergoing cell division. Despite the difficulty of division for binuclear cells
to produce viable hybrid progeny, nuclear fusion or synkaryon formation was frequently observed. This
was followed by successful colony formation among many other hybrids that displayed aborted cell division
and death. Proliferative activity in the bystander cell, therefore, plays a determinant role in the fate of the
cancer-bystander hybrid.

This conclusion is well supported by additional observations. For instance, primary BMMSCs grow at
slow rates. Although they can fuse with cancer cells, the fusion hybrids can barely form derivative hybrid
clones [30]. In contrast, virally immortalized BMMSCs, such as HS-5 and HS-27a, have high proliferation
rates. Most fusion hybrids with these cells can easily divide to form differently shaped derivative colonies.

For stem cells, self-renewal is supported by proliferative activity, while differentiation occurs after
growth arrest. The role of proliferative status has been assessed through cancer cell fusion with rat
embryonic NSCs [34]. PCa cells fuse effectively with NSCs on the neurospheres. Upon induction for
differentiation, NSCs become growth arrested and adopt neural cell morphology, forming a network of
astrocytes, neurons, and oligodendrocytes.

Throughout the process, the fate of the cancer-NSC fusion hybrids is documented through stepwise
observation of: (1) accumulation of the hybrids on the neurosphere; (2) widespread death of the hybrids
upon differentiation induction; (3) differentiation of the surviving hybrids into neuron-like cells; (4)
eventual death in the majority of the differentiated hybrids; and (5) formation of hybrid derivative clones
individually displaying markedly diversified neuroendocrine behaviors reminiscent of neuroendocrine
differentiation or mimicry in clinical specimens. This study thus corroborates the determinant role of
bystander cell proliferative activity from our study with MSCs [32].

In summary, all of our studies on the fate of fusion hybrids indicate that proliferative activity in the
tumor microenvironment is either the culprit or accomplice for cancer cell fusion hybrids to form derivative
progenies. As discussed in a later section, the generation of hybrid derivative cells is the cause of the ever-
changing tumor cell heterogeneity.
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4.3. Cancer Cell Fusion Occurs Spontaneously

PCa cells from different cell lines may behave differently when they fuse. For instance, LNCaP cells
only show clear fusion with PrMSCs after a 7-day co-culture, while HPE-15 cells fuse within 2 days. The
machinery for cell fusion may differ among individual cell lines. However, all PCa cell lines tested have
shown the capability to fuse. Importantly, this fusion occurs spontaneously, indicating an inherent trait. The
influence of external factors, such as growth factors or fetal bovine serum, is mainly quantitative and cannot
completely prevent PCa cell fusion with PrtMSCs, BMMSCs, NSCs, or other cancer cells. The spontaneity
of fusogenicity carries pathological significance. Since fusion hybrids can produce derivative cells that
contribute to tumor cell heterogeneity, the spontaneity of fusogenicity makes this heterogeneity a dynamic
and ever-changing process, a hideous aspect of clinical cancer progression.

4.4. Cancer Cell Fusion Is a Common Phenomenon

Biologically, there are two types of cell fusion. The germline fusion of sperm with an oocyte results in
hybridization and heterogeneity. Homotypic somatic fusion creates a syncytium with coordinated function.
Studies on biological fusion, such as the formation of a zygote, syncytiotrophoblast, osteoclast, and skeletal
myofiber; or bioengineering research, such as the development of monoclonal antibodies and the design of
artificial cells, have shown that the mechanisms for fusion are encoded in the genome and carried out by
dedicated surface proteins, or fusogens [45,46]. Given that cancer progression often involves dysregulated
gene expression, it is not surprising that cell-fusion machinery is present in PCa cells.

In addition to PCa, tumor cells from various types of cancers, including breast, ovarian, gastric, lung,
colorectal, and others, have been found to possess fusogenicity, capable of fusing spontaneously with
bystander cells or with each other. Once improved techniques for detecting tumor cell fusion in clinical
specimens are developed, the histopathologic significance of spontaneous cancer cell fusion will be more
widely acknowledged. Through cell fusion, cancer cells can literally recruit bystander cells, a phenomenon
that has been previously studied [47-55].

5. Clinical Relevance of Cancer Cell Fusion

The objective of our research is to clarify the mechanism of PCa progression and metastasis. We propose
that this is due to phenotypic heterogeneity caused by the spontaneous fusion of cancer cells with proliferative
bystander cells in the tumor microenvironment. This essay aims to demonstrate that the spontaneity of tumor
cell fusogenicity is responsible for all pathological aspects of the clinical history of PCa.

5.1. The Random and Dynamic Nature of Tumor Cell Heterogeneity Progression

The study on PCa cell fusion has made important observations relevant to clinical PCa progression and
metastasis. Firstly, the fusion process appears random, as PCa cells may fuse with any bystander cell type,
leading to heterogeneity. Secondly, the fusion is highly dynamic, as progenies derived from fusion hybrids
may inherit fusogenicity, further enhancing heterogeneity. Thirdly, fusion-induced heterogeneity is not
directional, as the majority of fusion hybrids either end up in growth arrest without signs of cell division or
die out due to failed cell division. Even in fusion with bystander cells of higher proliferative activity, only
a minority fraction of hybrids can survive the initial rounds of cell division to form derivative colonies. It
is this fraction of hybrids that is consequential to PCa progression and metastasis, because these cells can
amplify heterogeneity within a tumor cell population.

5.1.1. Cancer Cells Fuse with Bystander Cells in a Seemingly Random Fashion

In co-culture studies, only a fraction of the input PCa cells fused with PrMSCs or BMMSCs, while other
PCa cells in the same co-culture never initiated fusion. When fewer PCa cells were used, individual PCa cells
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may proliferate to form colonies on a layer of PrMSCs. Still, only a few cells of a colony displayed fusion
with the surrounding MSCs, whereas it was impossible to predict which of the cells would eventually initiate
a fusion event. Similar unpredictability was observed when co-culture conditions were manipulated to
investigate modulating factors. No significant changes in the number of PCa cells participating in fusion were
observed upon androgen deprivation, growth factor addition, or cell synchronization by serum starvation.
From other reports on various types of human cancers and animal tumors, it has been observed that
cancer cells can spontaneously fuse with each other [56] or with a variety of bystander cells. These
bystander cells include epithelial cells [57], endothelial cells [58,59], fibroblasts [60], osteoclasts [61], bone
marrow-derived leukocytic cells [38], hematopoietic stem cells [62], monocytes [63], macrophages [64],
dendritic cells, as well as myoblasts from either the skeletal or smooth muscle lineage [65]. Fusion with
other cell types may also occur, but has not been studied comprehensively, partly due to the challenges in
isolating or culturing terminally differentiated cell types for research purposes. Nonetheless, these findings
suggest that cancer cells have the ability to randomly fuse with many different types of cells. Interestingly,
tumor cells have been found to exhibit behaviors that mimic those of various cell types. It will be intriguing
to investigate whether this mimicry is a result of cancer cell fusion with specific types of bystander cells.

5.1.2. Chromosomal Reorganization in Fusion Hybrids Occurs in an Almost Random Fashion

Unlike normal glandular epithelial cells, PCa cells undergo genomic reorganization [66—71]. Similarly,
their fusion hybrids, heterokaryons or synkaryons, are capable of undergoing genomic reorganization and
reducing chromosome numbers [72], likely through a meiosis-like process of crossover and diploidization
[73]. Since all PCa cells are aneuploid, there will be a chromosomal mismatch between the fusing cancer
cell and the one being fused. In their fusion hybrid, the meiosis-like process will cause deletions, insertions,
or chromosomal loss. Genomic recombination occurs at almost random locations [74]. This almost random
genomic recombination results in hybrid progenies with a genomic makeup that differs from both the cancer
and bystander parents [34].

Because it takes place individually in each fusion hybrid, the almost random genomic recombination
creates a unique genomic makeup for each hybrid clone, which is genomically different from the offspring
derived from another hybrid. In our co-culture studies, a co-culture between multiple PCa cells and
bystander cells has generated many derivative hybrid clones, each exhibiting distinct genotypic and
phenotypic traits from the others [32,34]. The survival and proliferation of fusion hybrids therefore amplify
tumor cell heterogeneity.

5.1.3. Passing on Fusogenicity Results in Ever-Changing Tumor Cell Heterogeneity

The spontaneity of fusogenicity can be passed down from parental PCa cells to hybrid progenies [32].
This ability allows progenies to fuse with various bystander cells, creating more hybrids. Some of these
hybrids will survive and multiply, giving rise to the next-generation of progenies. These progenies can then
fuse with even more bystanders, initiating another cycle of progeny production. The transmission of
fusogenicity ensures the amplification of heterogeneity throughout the clinical progression of PCa (see
Figure 1A). In this sense, the presence of a cancer cell with a specific genotype or phenotype is only
temporary, as it is eliminated upon the cyclic fusion.
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Figure 1. The spontaneity model of tumor cell heterogeneity. This model explores the potential role of PCa cell fusion in creating
tumor cell heterogeneity. (A) Starting from the upper left, a fusogenic PCa cell (red) fuses with one of the bystander cells (green)
in the tumor microenvironment, resulting in a hybrid with distinct characteristics from both parent cells. This hybrid may
experience growth arrest and eventual death due to mitotic catastrophe. However, if the parent cells are synchronal in cell division,
the hybrid may continue to proliferate, leading to genomic reorganization. This proliferation gives rise to multiple hybrid
progenies, which may retain the fusogenicity of the parental PCa cell, initiating another cycle of fusion with more bystander cells
and propagating tumor cell heterogeneity. (B) An estimation of tumor cell heterogeneity introduced through cyclic cancer cell
fusion is provided. This estimation is based on the following assumptions: (1) Initially, there are 10 fusogenic PCa cells in the
tumor; (2) Although most hybrids may die due to mitotic catastrophe, each fusion event has a 10% chance of producing progenies;
(3) Each hybrid generates 100 clonal progenies; (4) Each cycle lasts 8 weeks; and (5) The fusogenicity is carried by all the
progenies. The bold line represents a one-year period of disease progression.

The spontaneity of fusogenicity is a highly efficient strategy for creating tumor cell heterogeneity. It
takes advantage of proliferative activity in bystander cells to increase the likelihood of generating hybrid
progenies. In addition to somatic stem cells, progenitor cells, and precursor cells, bystander cells in the
tumor microenvironment can be “re-activated” to proliferate [75]. On the other hand, maintaining
fusogenicity from one generation to the next intensifies the heterogeneity (see Figure 1B). The spontaneity
of fusogenicity alone can create dynamic PCa cell heterogeneity in both qualitative and quantitative terms.
This statement is supported by the observation that the extent of tumor cell heterogeneity is so significant
that in each patient, no two cancer cells appear to share the same genotype and phenotype [21,76,77].

In summary, the spontaneity model of tumor cell heterogeneity treats the fusion of PCa cells, which
leads to tumor cell heterogeneity, as a random process. While the homotypic fusion of PCa cells may
increase malignancy, the heterotypic fusion between PCa and bystander cells creates heterogeneity, which
can then be fixed through genomic hybridization and amplified by the formation of hybrid progeny. As
long as a cancer cell is capable of fusion, its genotype will be temporary and likely to change with each
fusion event. This model argues that there is no programmed mechanism for the directional progression of
tumor cell heterogeneity.
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5.2. Cancer Cell Fusion Is the Initial Step in the Progression of Tumor Cell Heterogeneity

The fusion of PCa cells with bystander cells leads to cytoplasmic fusion and tumor cell heterogeneity,
which is then fixed and propagated through genomic hybridization. Understanding the mechanisms of cell
fusion could aid in identifying targets to prevent the progression and metastasis of PCa.

Various proteins act as fusogens [45,78,79]. Some, such as [zumo1, Juno, and SPACAG6, are essential
for sperm-egg fusion [80—82]. Others, such as syncytin-1, syncytin-2, ASCT-1, and ASCT-2, contribute to
the formation of syncytiotrophoblast [83,84]. Myomaker and myomerger play a role in myoblast fusion and
myofiber formation [85]. In osteoclast formation, proteins like OC-STAMP and DC-STAMP are involved
[86]. Certain tetraspanin proteins (TSPAN), including CD9, CD63, and CD81, are present in various cell
fusion processes [87-91]. Conversely, CD82 acts as a decoy to prevent cell fusion and cancer metastasis
[92,93]. Intracellular proteins like AnxA1, AnxAS5 from the annexin family, and actin may also play a role
in cell fusion [94].

PCa tumors express fusogens. Unlike CD82, the expression of syncytin-1 and AnxAS5 is positively
correlated with Gleason Scores [65]. Through transcript analysis, we have found that many of the 33 genes
in the TSPAN family are expressed in PCa cell lines. Further research will help pinpoint the fusogen
responsible for PCa cell fusion. Importantly, the spontaneity model of tumor cell heterogeneity suggests
that genomic or genetic analysis of tumor cell heterogeneity examines the result, rather than the cause, of
cancer progression.

5.3. The Lack of Genetic Markers for Cancer Progression

As PCa progresses, the level of tumor cell heterogeneity becomes more prevalent. Genotypically, a
variety of mutations, both large (at the chromosomal level) and small (at the DNA sequence level) are
present in almost every cancer cell studied. Among individual cells, the mutations are so varied that efforts
to determine clonality or establish a unified genetic profile are deemed impossible [19].

The spontaneity of tumor cell heterogeneity is well documented in PCa cell lines. While small
mutations require DNA sequencing for detection, chromosomal changes are readily seen through
cytogenetic analysis. In each cell line, a high level of chromosomal heterogeneity has been documented
among individual cells. For instance, individual LNCaP cells have different chromosomal counts and
chromosomal abnormalities [95], which also differ from the LNCaP derivative sublines C4, C5, C4-2, C4-
2B2, C4-2B3, C4-2B4, and C4-2B5 [27,96]. Although LNCaP-FGC cells are derived from a single LNCaP
cell, cloning did not prevent LNCaP-FGC cells from chromosomal changes. The HPE-15 cell line is
established from a single cell of a PCa tumor resection. Although HPE-15 cells contain the least karyotype
anomalies among established PCa cell lines, none of the twenty HPE-15 cells examined shares an identical
karyotype [31]. Importantly, the anomalies are ever-changing. This is best studied with cells of the PC-3
lineage, in which chromosomal anomalies change with cell passaging [97]. In fact, the changes are so
frequent that a numerical range of chromosomal counts, along with a representative group of marker
chromosomes, must be used to depict cytogenetic features for each PCa cell line.

The genome in cancer cells is said to be unstable, with erratic cell division and defects in genomic
integrity surveillance mechanisms considered the main culprits. However, the exact reason why the cancer
genome becomes so unstable remains a topic of debate. It is also unclear whether genomic instability is the
root cause of tumor cell heterogeneity. Since cancer cells can fuse, leading to genomic changes, it would
be intriguing to determine whether spontaneous fusion is the cause of genomic instability.

In the clinical management of PCa, the progression of tumor cell heterogeneity is primarily evaluated
through phenotypic changes, especially when a previously indolent disease becomes aggressive. There is a
lack of genetic markers for metastasis, and purported markers are unable to accurately indicate the severity
of the disease.



iMed 2026, 1(1),10004. doi:10.70322/iMed.2026.10004 9 of 18

At the translational level, prostate-specific proteins such as PSA, PSMA, and PrLZ, which are typically
expressed in glandular epithelium and primary tumors, are often lost asynchronously during metastasis.
Proteins from other cell lineages may begin to express in the tumor, often in a sporadic or focalized fashion.
The presence of growth- or survival-promoting proteins, whether they are growth factors, cell-cycle
regulators, or transcription factors, has limited diagnostic value. On the contrary, the extent of expressional
heterogeneity of proteins is a sure sign of cancer progression to a highly advanced stage.

In PCa cells, if protein expressions correlate with transcriptional activity, changes in protein levels
should indicate whether the corresponding gene is in an on or off state. Based on this assumption, random
protein expression would yield a positivity score close to 50% in a highly heterogeneous tumor cell
population. This scenario is often observed in immunohistochemical analyses, in which positivity for
candidate markers decreases in advanced tumors.

If genomic heterogeneity is the driving force behind cancer progression, a common pattern of genomic
changes is expected to be present in metastatic PCa tumors, with specific tropistic proteins facilitating this
process. Despite decades of research, however, a biomarker for PCa metastasis has yet to be identified,
even though the basic structure of the human genome and the number of protein-coding genes have long
been known. Tumor cell heterogeneity is probably so vast that they do not share common genomic or
expression features.

The spontaneity model of tumor cell heterogeneity implies that the progression of heterogeneity is a
random and dynamic process. Naturally, hybrids formed randomly will experience a purifying selection-
like pressure for survival and proliferation. With extensive heterogeneity, some hybrid progenies will
always be positively selected. This model implies that genomic mutations are the consequence of cancer
cell fusion, and specific or directional genomic mutations are not necessary for the progression of tumor
cell heterogeneity.

5.4. Alternative and Non-Genetic Mechanisms Should Be Examined

The progression of tumor cell heterogeneity is believed to be driven by an accumulation of mutations.
The spontaneity model of tumor cell heterogeneity offers an alternative mechanism, placing genomic
mutations in a passive role, distinct from the inheritance-based scenario.

PCa cells in a tumor are thought to have survival and growth advantages. Counterintuitively, frequent
cell deaths are seen within the same tumor before any antitumor treatment is administered, and the high
extent of spontaneous cell death is indicative of a poor prognosis [98—101]. As the objective of antitumor
treatments is to eliminate cancer cells, it is puzzling how an increase in PCa cell death in untreated tumors
is linked to a worsened disease outcome.

Our observations on the fate of PCa cell fusion suggest that most of the hybrids would eventually die.
This is likely because binucleated or multinucleated hybrids, and even some synkaryons, face a
spatiotemporal conundrum when entering cell division. The timing of cell division, or the rhythm of the
cell cycle, is primarily controlled by factors in the nucleus [102,103], while machineries of karyokinesis
and cytokinesis execute the physical division. Unless the rhythms of individual nuclei are synchronal or
within a tolerable range, a hybrid is unable to complete a successful cell division and will die through the
mechanism of mitotic catastrophe [104—107]. In cases of fusion with terminally differentiated MSCs, the
main fate of the hybrids is death because their proliferative activity is too different. According to this
rationale, the death of tumor cells prior to treatment is due to spontaneous cell fusion.

Escaping from mitotic catastrophe is possible when PCa cells fuse with cells that have similar
proliferative activity. Besides neighboring cancer cells, many bystander cells have the potential to
proliferate. In the mesenchymal tumor microenvironment, terminally differentiated MSCs can become
reactive with increased desmoplastic activity. Mesenchymal stem cells maintain cellular homeostasis
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through proliferation. Fusion with a proliferative neighbor helps the hybrid survive mitotic catastrophe,
produce derivative progeny, and initiate a progression of heterogeneity.

This rationale may help explain several puzzling clinical observations. For instance, metastatic tumors
are rarely found in cardiac or skeletal muscles, despite these muscles being well perfused with blood, which
would facilitate tumor cell homing. A cancer cell fusing with these types of cells would be doomed to
mitotic catastrophe, as myofibers are terminally differentiated and lack proliferative activity. However,
fusion hybrids can form, and behavioral changes can occur when PCa cells fuse with precursor myoblasts,
although the fate of these hybrids remains to be examined [65]. The death from mitotic catastrophe may
prevent the formation of metastatic tumors in muscle tissues. On the other hand, chronic bombardment by
fusing cancer cells may eventually lead to the loss of myofibers, a typical sign of cancer wasting or cachexia.

For another example, after tumor resection, there may be metastatic tumor formation in the surgical
wound [108-110]. Mesenchymal stem cells increase their proliferative activity for wound repair, creating
a favorable condition for cancer-stem cell hybrids to generate derivative progenies. Cancer progression is
described as a wound healing process that never fully heals [111,112].

5.5. PCa Oncogenesis and PCa Metastasis Are Two Distinct Aspects of the Same Disease

If driven by the accumulation of genetic mutations, the progression and metastasis of PCa would be a
continuous process. However, findings from pathological epidemiology suggest a different scenario.
Although Caucasian men have a much higher chance of having metastatic disease than Asian men, multiple
autopsy studies on men who died from causes other than PCa revealed three discordant phenomena. First,
these autopsies detected age-related primary tumors in both the Caucasian and Asian groups [113—115].
Second, the incidences in both ethnic groups are much higher than the incidence of PCa metastases observed
in the clinical setting [113,116]. Third, latent PCa tumors in Asians are found with even higher Gleason
scores than in Caucasians, even though PCa metastasis is rare in Asians [113,117]. Results from these
studies argue for a distinction between Caucasians and Asians in the metastasis of their PCa tumors.

The racial disparity between local PCa tumor formation and distant metastasis may indicate separate
mechanisms for these processes. The author is unsure whether genetic mutations cause initial oncogenesis
in the glandular prostate epithelial layer. However, metastasis of PCa tumors is a random and dynamic
process, facilitated by various bystander cells in the tumor microenvironment. Investigating the racial
disparity, specifically in metastasis, is crucial because, for PCa at least, metastasis is the primary cause of
cancer-related deaths, while the majority of local PCa cases can be cured with surgery or hormonal therapy.

In summary, the spontaneity model of tumor cell heterogeneity is based on two crucial elements: the
spontaneous fusion of PCa cells to initiate phenotypic heterogeneity, and the proliferation of the hybrid to
introduce genomic heterogeneity. Since fusion is mediated by fusogens that are already present on PCa
cells, the progression of heterogeneity may not require additional genetic involvement. Cancer oncogenesis
and tumor metastasis may have different causes. Our studies strongly suggest that non-genetic mechanisms
are responsible for the random and dynamic progression of tumor cell heterogeneity.

5.6. Lessons from Our Molecular Genetic Studies of PCa Tumor Cell Heterogeneity

The concept of randomness and dynamism surrounding tumor cell heterogeneity presents a significant
challenge for PCa research. It implies that specimens or cell lines taken from tumors may represent the
current state of the disease, but not its future progression. One should not be surprised, then, that cancer
studies are often found to have low reproducibility. In the worst scenario, if cancer cell fusion is proven to
be the initial step of heterogeneity progression, molecular abnormalities found in tumor cells could be
secondary, lacking prognostic value. This concept also raises questions about how we apply our
understanding of genetic inheritance to cancer research.
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The primary function of the genome is in inheritance. In humans, inheritance is carried out by the
genome of germline cells. The germline genome is immortal and is maintained by multiple mechanisms to
minimize genomic mutations caused by DNA replication errors [118,119]. The integrity of the germline
genome is also under strict purifying selection [120]. In contrast, the somatic genome functions to sustain
individual organisms and dissipates as the individual dies. It has little impact on inheritance and is not
subject to the pressure of purifying selection [120]. Somatic cells undergo numerous rounds of division to
build body mass, while the somatic genome may acquire mutations in the process. In addition to replication
error-induced alterations, DNA damage from external risks is common in somatic cells [121,122]. In both
the animal and plant kingdoms, there is a clear distinction between the genomes of the germline and the
soma [123,124], with the fidelity of the germline genome significantly higher than that of the somatic
genome [121].

Importantly, somatic genomes are now known to carry within-individual variations. In addition to
replication-induced base-pair changes, many other alterations appear to be programmed for somatic
differentiation. Along with frequent mutation and recombination [125,126], somatic genomes experience
development-associated ploidy changes [127], programmed DNA elimination or chromatin diminution
[128], uniparental genome elimination [129], and even the elimination of entire chromosomes.

The extent of germline/soma distinction in humans has not been fully explored. Tissue-specific genome
differences exist [130], while the entire genome is eliminated from mature red blood cells. It is unclear
whether within-individual genome variation, especially between germline cells and terminally
differentiated somatic cells, is as common as in other species. In this context, a “patchwork” for the human
somatic genome has been assembled using DNA sequencing data from peripheral blood mononuclear cells
of multiple adult donors from various ethnic backgrounds [131]. The makeup of a human germline genome
is yet to be determined.

For decades, research on metastasis has focused on identifying mutations by comparing the cancer genome
with the assembled somatic genome, without control samples from the patient. Due to the extensive
heterogeneity among PCa tumor cells, it is challenging to determine a consensus profile of genetic abnormalities.

This assertion is based on the results of our molecular genetic investigations in both PCa cell lines and
clinical tumor specimens. At the genomic level, clinical tumor cells exhibit a variety of abnormalities, with
the quantity increasing as more tumor cells are examined. Similar challenges have been encountered in
studies at the transcription or translation level. Few of these findings could be generalized as markers of
cancer progression and metastasis.

6. Conclusions

Through examining PCa cell fusion with each other or with bystander cells, we have identified that
tumor cell heterogeneity is generated by fusion hybrids in a random and dynamic fashion. This essay aims
to highlight the importance of addressing these characteristics rather than the resulting anomalies. Future
studies are needed to identify the initiating role of spontaneous fusion in the progression of tumor cell
heterogeneity. Intervening in the underlying mechanism may be an evidence-based strategy for limiting
PCa progression and metastasis.
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