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Simple Summary: Germ cell tumor of the testis (TGCT) teaches us that to cure cancer, we need to
acquire and apply proper biological insight and clinical acumen. In 1946, about 90% of patients with
metastatic TGCT died within the first year of diagnosis. Today, over 90% of the same patients are
curable. This complete reversal in the cure rate of TGCT is not because we have designed better
drugs (we have not), but because we have learned how to use the same drugs in the right patients
under the right settings. Importantly, TGCT is a prototype stem cell tumor that may hold the key to
unlocking the origin of cancers, thereby enhancing our understanding of cancer and improving the
cure and care of patients with cancer.

Abstract: Germ cell tumor of the testis (TGCT) is a remarkably curable solid tumor even when it
is widely metastatic and patently heterogeneous. It provides invaluable clues about the origin and
nature of metastasis and heterogeneity, cancer dormancy and late recurrence, drug sensitivity and
resistance, tumor immunity, and spontaneous remission that would enable us to enhance the cure
and improve the care of patients with other currently intractable solid tumors. After all, germ cells
are primeval stem cells and TGCT are a perfect stem cell tumor for us to investigate a stem cell versus
genetic origin of cancer. In many respects, TGCT is a prototype stem cell tumor that will enable us
to elucidate the role of differentiation versus dedifferentiation in the evolution of a complex mixed
tumor. It will help us decipher relevance of the genome versus the epi-genome in a progenitor cancer
stem cell versus a progeny differentiated cancer cell. Importantly, clarification of a cellular context
versus the genetic makeup in cancer has immense clinical implications. We postulate a unified theory
of cancer derived from seminal TGCT research to improve personalized cancer care. Contrary to
current norms and conventional wisdom, we propose that when it concerns a complex rather than
simple cancer and a mixed rather than pure tumor (which is practically all solid tumors) multimodal
therapy trumps targeted therapy and integrated medicine overrides precision medicine.

Keywords: testicular cancer; personalized care; precision medicine; targeted therapy; cancer stem
cell; second malignancy; somatic transformation

1. Introduction

Germ cell tumor of the testis (TGCT) is a unique cancer. It is prominently curable, yet
still potentially lethal. Genetically, it is relatively simple, but clinically, it can be deceptively
complex [1]. Importantly, TGCT may hold the key to unlocking the origin of cancers,
thereby enhancing our understanding of cancer and improving the care of patients with
cancer.

In 1946, about 90% of patients died from their metastatic TGCT within the first year of
diagnosis [2]. Today, we have cured over 90% of the same patients. Although chemotherapy
did instigate a breakthrough and increase the cure rate of metastatic TGCT to about 60%
in the 1970s, we have actually not designed any better drugs since then [3]. What are the
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evidence and experience that bring us to where we are today? What are the ideas and
methods that will take us to where we need to be tomorrow?

In this article, we introduce the idea that TGCT is an ideal tumor model for us to
interrogate the theory of cancer having a stem cell origin and the concept of cancer being a
stem cell disease [4–7]. We illustrate that many cancer hallmarks, including heterogeneity
and dormancy, are in fact stem-ness earmarks. During carcinogenesis, there is often
reemergence and resurgence of embryogenesis. There is a reason and a purpose for the
dictum “oncology recapitulates ontogeny”.

We reminisce on classic experiments of TGCT that confirm a stem cell theory of cancer.
We revisit seminal experiments of other cancers supporting the idea that cancer is a stem
cell disease. We reiterate recent experiments that affirm a close relationship between a
primary TGCT and a second subsequent malignant neoplasm (SMN) separated by years,
if not decades, and between a mature teratoma and a somatically transformed malignant
neoplasm within the same tumor in the same patient [8]. In principle, these experiments
validate a universal cancer theory based on pertinent clinical observations. In practice, they
may have proven a unified theory of cancer with immense clinical implications—rendering
curable TGCT even more curable, and most incurable solid tumors more treatable, if
not curable.

2. Stem Cell Theory of Cancer

Nowadays, we attribute a stem cell theory of cancer to Rudolf Virchow (Figure 1).
He was the proponent of a famous doctrine, Omnis cellula e cellula (i.e., every cell from a
cell) [9]. Just as an animal can spring only from an animal and a plant only from a plant, a
cell must arise from a previously existing cell. However, the question remains whether a
cancer cell originates from a normal cell, and if so, what kind of normal cell.
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Figure 1. “Rudolf Ludwig Karl Virchow,” photographed by J. C. Schaarwächler in 1891, reproduced
with permission from the Wellcome Medical Museum, London, UK.

In 1863, Virchow began a series of lectures about cancer’s arising from a reservoir of
undifferentiated cells in the connective tissue of various organs [10]. He proposed that
these embryonic cells (i.e., stem cells) were multipotent and had the capacity to generate
different lineages or types of cancer.

Virchow was also the first pathologist to describe a subtype of TGCT, teratoma—
from the Greek teras, or “monster” [10]. Within teratomas, we sometimes find terminally
differentiated tissues such as a tooth, a piece of bone, brain cells, gland or gut tissue, or
strands of hair. In an adult human, teratomas are usually admixed with other, less well-



Cancers 2021, 13, 660 3 of 10

differentiated germ-cell tumor types, such as embryonal carcinoma (whose cells resemble
early embryonic cells) and/or yolk sac tumor and choriocarcinoma (whose cell types
resemble those of an embryo’s support structures, the yolk sac and placenta, respectively).

Another giant in the annals of a stem cell theory of cancer is Leroy Stevens (Figure 2).
One day, he noticed a mouse with a large scrotum. It turned out that there was a tumor
in its testis. About 2 percent of mouse strain 129 would spontaneously develop testicular
teratomas [11]. Unbeknownst to Stevens, his experiments on mice of strain 129 would lay
the groundwork for modern day stem-cell research.
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In 1964, Stevens demonstrated that stem cells derived from the gonadal ridge of a
developing mouse 129 embryo, when grafted onto an adult mouse testis, converted into em-
bryonal carcinoma [11]. Subsequently, Ivan Damjanov and Davor Solter (1974) performed
similar experiments and reported that normal stem cells derived from a mouse embryo
of a strain not prone to forming teratomas became malignant cells, too [12]. Conversely,
Karl Illmensee (1978) showed that embryonal carcinoma cells inserted into the inner cell
mass of a mouse blastocyst (implantation-stage embryo) behaved like normal stem cells
and became part of a normal mosaic mouse [13].

Evidently, normal stem cells and malignant stem cells are interchangeable depending
on whether they reside in a stem-ness microenvironment or an onco-niche, respectively.

Stevens also discovered that different germ cells in a stem cell hierarchy have different
malignant potential. He proved a stem cell rather than a genetic origin of cancers by
showing that mice lacking primordial germ cells failed to develop teratoma despite carrying
the putative genetic mutation, i.e., Steel (SL), which would have caused teratoma [14,15].

Perhaps Barry Pierce resurrected the stem cell theory of cancer in the modern era. In
1994, he and Stewart Sell published, “Maturation arrest of stem cell differentiation is a
common pathway for the cellular origin of teratocarcinomas and epithelial cancers” [16].
This influential paper revived the idea that cancer has a stem cell origin and is a stem
cell disease. Again, TGCT served as an invaluable tumor model to test the idea whether
a poorly differentiated tumor differentiates versus whether a well-differentiated tumor
dedifferentiates.

According to Sell and Pierce, when progenitor stem-like cells “fail to differentiate
normally and instead accumulate (i.e., they undergo maturation arrest),” cancer growth
ensues. However, we may interpret the resultant abnormal “halfway” cells as progenitor
stem-like cells in suspended differentiation or progeny somatic cells in reversed differ-
entiation (i.e., dedifferentiation or reprogramming). Inevitably, it is a challenge to prove
an arrest in differentiation versus an occurrence of dedifferentiation unless we have a
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pertinent hypothesis (theory) in place and proper tumor model available to perform the
experiments and test the hypothesis in question.

3. Unified Theory of Cancer

A unified theory of cancer must have universal appeal and application. Because TGCT
is a relatively simple and straightforward stem cell tumor, we have thus far proved that it
is a stem cell disease with relatively crude but ingenious experiments. It is a matter of time
before we demonstrate the same results using modern advanced technology in a variety of
other tumor types. Several such experiments come to mind.

In 2004, Timothy Wang and colleagues performed a provocative experiment to prove
a stem-cell origin of cancer [17]. They demonstrated that an epithelial malignancy could
have arisen from bone marrow-derived stem cells. Interestingly, cancer developed in
the stomachs of a common strain of lab mice only after induction of protracted, chronic
Helicobacter infection. It did not form after brief injury, acute inflammation, or transient
cell loss. A major implication of this study is that for a cancer to form, it does not matter
what kind of stem cell it is or where the stem cell originates, as long as it is a stem cell.
One should never underestimate the universality and plasticity of stem cells and their
capacity to form diverse cancers throughout the body. This seminal experiment provided
irrefutable evidence that stem cells play a central role in carcinogenesis and that cancer is a
stem-cell disease.

Nowadays, many scientists design experiments to elucidate a genetic origin of cancer
by manipulating a selected set of genetic pathways in a particular subset of cells in the
targeted organ. Unfortunately, it is hard to trace the effects of any single factor through a
maze of redundant pathways and complex networks. It is also difficult to track the fate of
specific cell types across time and space during a dynamic process such as carcinogenesis.

Philip Beachy and colleagues (2014) overcame this potential shortcoming with a
model of chemical carcinogenesis in bladder cancer [18]. The team used genetic tools to
mark different cell types in the bladders of live mice with distinct fluorescent colors, then
exposed the mice for several months to a mutagenic component of cigarette smoke—“the
most important known risk for human bladder cancer”. Tracing back the lineage of the
muscle-invasive bladder carcinomas that developed, they discovered that these cancers
arose exclusively from Shh-expressing stem cells in the basal layer of the urothelial lining.
Notably, identically exposed mice that had had only these particular stem cells ablated
from their bladders did not develop cancers at all.

Beachy et al. showed that Shh-expressing basal cells within this precursor lesion were
the de facto tumor-initiating cells, yet Shh expression itself was lost in their progeny, the
mature tumor cells of subsequent carcinomas. Thus, gene expression in the bulk of a
tumor’s cells may be significantly different from that in their ‘parent’ cancer-initiating cell.

An unsolvable puzzle that has forever baffled scientists: Why do so many cells with
supposed ‘cancer genes’ never become cancerous? Often enough, researchers find cancer-
associated gene mutations in perfectly normal, healthy cells that never become cancer cells.

Leonard Zon and colleagues (2016) may have untied the Gordian knot of cancer genes
by performing a consummate experiment in the zebrafish [19]. They traced the origin of
malignancy to stem-ness and indisputably proved that cancer is a stem-cell disease.

The zebrafish crestin gene is expressed in embryonic neural crest progenitor cells,
the stem cells that give rise to pigment-producing melanocytes, among other cell types.
Crestin becomes undetectable by the time the zebrafish larva hatches, but is re-expressed in
induced melanoma tumors of adult fish.

Zon et al. demonstrated that within a “cancer-ized field” of melanocytes, all car-
rying the BRAFV600Emutation and lacking p53 protection, it was a single neural crest
progenitor cell expressing crestin that was the melanoma-initiating cell. Forcing the overex-
pression of sox10, a key transcription factor regulating crestin in melanocytes, accelerated
melanoma formation.
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Incredibly, this elegant study essentially and practically proved a stem-cell origin
of cancer.

4. The Ultimate Experiment

There is no question or doubt that preeminent scientists like Wang, Beachy, Zon, and
others belong to the pantheon of cancer research. However, without a unified cancer theory,
the quintessential experiments designed to test any hypotheses related to a nondescript
theory lose meaning and lack impact. In contrast, when we formulate a stem cell theory of
cancer and postulate that cancer is a stem cell disease, we have an opportunity to prove
that the theory has relevance in real patients with real cancers in the real world, i.e., in the
clinics versus laboratories. Although people may disagree, proving the theory in human
cancers and in cancer patients may be the ultimate experiment.

Returning to TGCT, Umbreit et al. made a serendipitous but astounding discovery that
linked certain patients’ primary TGCT to a subsequent second (or third) malignancy [20–22]
on an average of about 18 years later. Using a genetic marker, namely isochromosome 12p
(i [12p]), Refs. [23,24] that is commonly detected in TGCT but not in any other cancers, they
connected two separate disparate cancers in nature, space, and time.

Given the inherent migratory prowess, multipotent potential, and inert predisposition
of normal progenitor stem-like cells, perhaps it is not surprising that progenitor stem-like
cancer cells can (but progeny differentiated cancer cells may not) similarly mobilize to
distant sites, change their identity (i.e., plasticity), and display late relapse (as demonstrated
by SMN) over time.

Umbreit et al. verified results from prior studies showing that different tumor phe-
notypes (e.g., teratoma and somatic transformation) in the same tumor have an almost
identical genetic signature due to their common clonal origin [25–28]. Although somatic
transformation (the ability to differentiate to a different cellular lineage) could account for
some SMN, it could not account for a majority of SMN derived from TGCT (i.e., seminomas)
that do not normally undergo somatic transformation.

Therefore, although genetic changes may be king, cellular context is key. An aberrant
progenitor stem-like cell will undergo somatic transformation and/or develop into a SMN,
whereas a defective progeny differentiated cell does not. In other words, whether the
same genetic changes occur in a progenitor stem-like cell or a progeny differentiated cell
determines whether the resultant malignant cell engages in somatic transformation and/or
emerges as a SMN.

Umbreit et al. also demonstrated for the first time that embedded within a bona fide,
fully differentiated, mature teratoma were progenitor stem-like cells, thereby reaffirming
a central biological tenet that multipotent progenitor cells (a.k.a., adult stem cells) differ-
entiate into diverse cellular lineages, as opposed to progeny cells dedifferentiating into
stem-like cells through genetic mutations within normal and malignant tissues. Incredibly,
these experiments recapitulate Virchow’s original prescient hypothesis that cancer arises
from a reservoir of undifferentiated cells in the connective tissue of various organs [10].

A quintessential experiment designed to test the hypothesis of a stem cell origin
of cancer would be confirmation of a hierarchical order rather than a stochastic nature
in the development of somatic transformation and SMN in TGCT. Hence, Umbreit et al.
have an opportunity to demonstrate that primary TGCT with a predisposition to undergo
somatic transformation or evolve into a SMN also tend to harbor progenitor stem-like cells
compared with those that do not (Figure 3). If mature teratomas “are not created equal”,
then we will have performed another ultimate experiment showing a hierarchical order
and proving that TGCT has a stem cell origin and is a stem cell disease.
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5. Maturation Arrest Revisited

In many respects, another fundamental biological process that makes or breaks the the-
ory of a stem cell origin or a genetic origin of cancer besides hierarchy versus stochasticity
is differentiation versus dedifferentiation, respectively.

Importantly, when it concerns maturation arrest, differentiation may be at fault and
dedifferentiation is moot.

Although the idea of differentiation versus dedifferentiation in cancer may seem subtle
and trivial, the distinction is actually pivotal to our thinking and understanding of cancer.

In 2006, Shinya Yamanaka and colleagues made history when they demonstrated
that four stem-ness genes (namely, Oct4, Sox2, Klf4, and c-myc) were sufficient to convert
certain mature cells into immature cells, thereby producing induced pluripotent stem cells
(iPSC) [29].

Unbeknownst to most people, i(PSC) has a dark side. People may not realize or choose
to forget that iPSC created in the laboratory have a propensity to form tumors [30–34]. This
certainly does not bode well for the use of iPSC for regenerative medicine in the clinic.
However, it is supposed to be a bonanza for those who may have wished to prove that
cancer has a stem cell origin in the laboratory.

In other words, when we mess with stem cells and disrupt stem-ness by inducing
improper differentiation in a progenitor stem cell during maturation arrest or inciting
improper dedifferentiation in a putative differentiated cell with stem-ness genes, we initiate
and promote cancer formation. A stem-cell theory of cancer gives culpable genetic defects
an appropriate cellular context (if not accomplice) during carcinogenesis. It is synonymous
with the concept that cancer has a stem cell origin and is a stem cell disease.

After all, iPSC is another ingenious experiment designed to test the genetic theory of
cancer and the plausibility of dedifferentiation. Indeed, those same experiments would
have been just as illuminating and even more enlightening had we designed them to test
the stem cell theory of cancer and the inevitability of differentiation. In fact, Yamanaka had
performed another supreme experiment that irrefutably proved a stem-cell theory of cancer.
In which case, he would have performed the right experiment to test the wrong hypothesis.

People tend to forget that an incredible experiment is still only an experiment, and an
important technical advancement is not equivalent to a conceptual breakthrough. After all,
showing stem cell properties when expressing stem cell genes is what experiment is all
about. It works better in certain cell types and under certain conditions. However, to think
that a laboratory wonder will be a therapeutic marvel contradicts the scientific method and
is contrary to our clinical practice [35].
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In nature, differentiation is a well-established and accepted phenomenon. However,
dedifferentiation is not a clear-cut natural observation. Certainly, most fully differentiated
cells have a limited life span and tend to vanish or perish rather than regenerate or
reincarnate. Perhaps someone will find a way to transmute a butterfly into a caterpillar or
a frog into a tadpole in the confines of a laboratory. However, no one has yet (and probably
never will) observed a butterfly transmuting into a caterpillar or a frog into a tadpole in
real life.

Perhaps we should remind ourselves that we design experiments to test, not to
generate, hypotheses. The observations in an experiment are the results we use to validate
a specific hypothesis. However, if the hypothesis in question is erroneous to start with,
because it is engendered from an improper or impertinent observation of nature and does
not adhere to the scientific method, then the whole idea, hypothesis, and experiments
could be misguided, and the subsequent results, misleading.

6. A Curable Cancer

Ultimately, the best proof of a unified theory of cancer is that it enhances the cure and
improves the care of patients with a variety of cancer.

TGCT is a prototype stem cell tumor that is surprisingly curable. It is a superb
tumor model for us to learn how to cure other intractable solid tumors. It is also a
requisite tumor model for us to learn how to identify and treat lethal cancers in general,
because of its relative simplicity (genetically), predictability (clinically), and accessibility
(surgically) [36,37]. Importantly, a history of TGCT is replete with lessons about cancer cure.

Umbreit et al. put the values of clinical and basic research in their rightful places,
according to the scientific method. Their clinical research using patient cases and samples
investigated the value of a stem cell versus genetic theory of cancer and its respective role
in personalized cancer care. Their basic research elucidated the mechanisms of action of
specific treatment modalities in a curable cancer.

Their results forewarn us that although a grand cancer theory may be popular, it can be
fallacious. A hypothesis may be conventional, but erroneous; the experiments flawless, but
misguided; and the results convincing, but misleading. Sometimes, even a bad treatment
may benefit some patients, but for the wrong reasons. Ideally, a correct cancer theory will
produce effective treatments, with overarching benefits, for the right reasons.

Undoubtedly, our thinking and understanding affect the diagnosis, prognosis, and
treatment of cancer. We formulate different hypotheses of cancer according to our observa-
tions and perform the necessary experiments to test the respective hypotheses. The ensuing
experimental results are bound to be self-serving, if not self-fulfilling. The final judgement
should be whether the treatments based on our respective hypotheses actually deliver real
tangible cancer cures or mere marginal clinical improvements.

Umbtreit et al. demonstrated that although genetic makeup is important, cellular
context is paramount. Their research results constitute a major paradigm shift because
they overthrow traditional thinking about a genetic versus cellular origin of cancer and
overturn conventional acceptance of the role of targeted therapy and precision medicine in
cancer care.

Hence, the same genetic defect has different effects in a progenitor versus progeny
cells. Targeted therapy (unlike multimodal therapy) provides limited and temporary
clinical benefits because we aim for certain genes but miss the whole cancer. Precision
medicine (in contrast to integrative medicine) is unlikely to be curative, because cancer
itself can be rather imprecise—dynamic not static, complex not simple, interactive instead
of isolated, and integrated rather than separated.

TGCT teaches us that to cure cancer, we need to acquire and apply proper biological
insights (e.g., genetic defects versus cellular contexts) and clinical acumen (e.g., drug
development versus therapy development). For example, we have learned that acquisition
and accumulation of genetic mutations may not be at play when SMN and late recurrent
tumors do not acquire nor accumulate more mutations over time. After all, mutation is
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less likely to occur in a dormant progenitor stem cell and more likely to disappear in a
short-lived aberrant differentiated cell. Furthermore, we have learned how to use the
same drugs in the right patients under the right situations. Hence, for patients with early
seminoma, we radiate it, and for those with residual teratoma, we remove it. In fact, to
improve the cure rate of patients with stage I TGCT, we paradoxically should use less
chemotherapy, i.e., fewer drugs.

7. Conclusions

When we aspire to cure cancer, we may need to search no further than a curable cancer,
such as TGCT. After all, a germ cell is a prototype stem cell. Importantly, TGCT provides a
classic stem cell model of cancer that teaches us some invaluable lessons about curing an
intractable cancer, in all its revelations and manifestations.

In a multicellular organism, normal tissues contain progenitor stem cells and progeny
differentiated cells to assure both continuity and specialty, diversity and community, plas-
ticity and stability. In a multicellular malignant tumor, a stem cell theory of cancer unites
genetics with epigenetics; a unified theory of cancer connects all the cancer hallmarks with
the various compartments, all the different components, and the ubiquitous microenviron-
ment of cancer.

We pay tribute to the legacy of Virchow, Stevens, Pierce, and other trailblazers who
elucidated and established the doctrine that TGCT has a stem cell origin. We acknowledge
the seminal work of Wang, Beachy, Zon, and other pioneers who resurrected and revitalized
the concept that cancer is a stem cell disease.

We demonstrated that this idea of TGCT having a stem cell origin, and of cancer being
a stem cell disease, is alive in both the clinics and in the laboratory in real patients and in
human tumors. Indeed, to prove a stem cell origin of cancer in patients with TGCT and
their SMN, in TGCT with somatic transformation, and in a variety of disparate mature
teratomas after chemotherapy is an incredible experiment of nature, if not of man.

We have learned from TGCT that to perform proper scientific research we need to
adopt and adhere to the proper scientific method. Ultimately, the best scientific proof
supporting a stem cell theory of cancer is that it has clinical relevance by enhancing the cure
and improving the care of not just patients with TGCT but also those with other currently
intractable solid tumors.

Finally, to cure and to take better care of those patients with heterogeneous rather
than homogeneous cancers, mixed rather than pure tumors, complex rather than simple
neoplasms, perhaps we should reconsider and revisit whether it is more beneficial to
practice the often-neglected multimodal therapy than the much-touted targeted therapy
and provide singular integrated medicine than popular precision medicine.

This is the essence of a stem cell origin of cancer. These are the lessons from a prototype
curable cancer.

Author Contributions: All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Litchfield, K.; Levy, M.; Huddart, R.A.; Shipley, J.; Turnbull, C. The genomic landscape of testicular germ cell tumours: From

susceptibility to treatment. Nat. Rev. Urol. 2016, 13, 409–419. [CrossRef] [PubMed]
2. Friedman, N.B.; Moore, R.A. Tumor of the testis. A report on 922 cases. Milit. Surg. 1946, 99, 573–593. [CrossRef]
3. Einhorn, L.H.; Donohue, J. Cis-diamminedichloroplatinum, vinblastine, and bleomycin combination chemotherapy in dissemi-

nated testicular cancer. Ann. Intern. Med. 1977, 87, 293–298. [CrossRef] [PubMed]
4. Tu, S.M.; Lin, S.H.; Logothetis, C.J. Stem-cell origin of metastasis and heterogeneity in solid tumours. Lancet Oncol. 2002, 3,

508–513. [CrossRef]
5. Tu, S.M. Origin of Cancers: Clinical Perspectives and Implications of a Stem-Cell Theory of Cancer; Rosen, S.T., Ed.; Cancer Treatment

and Research; Springer: New York, NY, USA, 2010; Volume 154.
6. Tu, S.M. Cancer: A “stem-cell” disease? Cancer Cell Int. 2013, 13, 40. [CrossRef] [PubMed]

http://doi.org/10.1038/nrurol.2016.107
http://www.ncbi.nlm.nih.gov/pubmed/27296647
http://doi.org/10.1016/S0022-5347(17)69758-1
http://doi.org/10.7326/0003-4819-87-3-293
http://www.ncbi.nlm.nih.gov/pubmed/71004
http://doi.org/10.1016/S1470-2045(02)00820-3
http://doi.org/10.1186/1475-2867-13-40
http://www.ncbi.nlm.nih.gov/pubmed/23647946


Cancers 2021, 13, 660 9 of 10

7. Tu, S.M. Story of Hydra: Portrait of Cancer as a Stem-Cell Disease; Nova: Hauppauge, NY, USA, 2019.
8. Umbreit, E.C.; Siddiqui, B.A.; Hwang, M.J.; Joon, A.Y.; Maity, T.; Westerman, M.E.; Merriman, K.W.; Alhasson, H.; Uthup, J.; Guo,

T.; et al. Origin of subsequent malignant neoplasms in patients with history of testicular germ cell tumor. Cancers 2020, 12, 3755.
[CrossRef] [PubMed]

9. Kuiper, K. The Britannica Guide to Theories and Ideas That Changed the Modern World; Britannica Educational Publishing: New York,
NY, USA, 2010; p. 12.

10. Virchow, R. Die Krankhaften Geschwulste; August Hirschwald: Berlin, Germany, 1863; Volume 1, p. 96.
11. Stevens, L.C. Experimental production of testicular teratomas in mice. Proc. Natl. Acad. Sci. USA 1964, 52, 654–661. [CrossRef]
12. Damjanov, I.; Solter, D. Embryo-derived teratocarcinomas elicit splenomegaly in syngeneic host. Nature 1974, 249, 569–571.

[CrossRef]
13. Illmensee, K. Reversion of malignancy and normalized differentiation of teratocarcinoma cells in mammals. In Genetic Mosaics

and Chimeras in Mammals; Russell, L.B., Ed.; Plenum: New York, NY, USA, 1978; Volume 12, pp. 3–25.
14. Stevens, L.C. The biology of teratomas including evidence indicating their origin from primordial germ cells. Ann. Biol. 1962, 1,

585–610.
15. Stevens, L.C. The biology of teratomas. Adv. Morphog. 1967, 6, 1–31. [PubMed]
16. Sell, S.; Pierce, G.B. Maturation arrest of stem cell differentiation is a common pathway for the cellular origin of teratocarcinomas

and epithelial cancers. Lab. Investig. 1994, 70, 6–22.
17. Houghton, J.; Stoicov, C.; Nomura, S.; Rogers, A.B.; Carlson, J.; Li, H.; Cai, X.; Fox, J.G.; Goldenring, J.R.; Wang, T.C. Gastric cancer

originating from bone marrow-derived cells. Science 2004, 306, 1568–1571. [CrossRef]
18. Shin, K.; Lim, A.; Odegaard, J.I.; Honeycutt, J.D.; Kawano, S.; Hsieh, M.H.; Beachy, P.A. Cellular origin of bladder neoplasia and

tissue dynamics of its progression to invasive carcinoma. Nat. Cell Biol. 2014, 16, 469–478. [CrossRef] [PubMed]
19. Kaufman, C.K.; Mosimann, C.; Fan, Z.P.; Yang, S.; Thomas, A.J.; Ablain, J.; Tan, J.L.; Fogley, R.D.; van Rooijen, E.; Hagedorn, E.J.;

et al. A zebrafish melanoma model reveals emergence of neural crest identity during melanoma initiation. Science 2016, 351,
aad2197. [CrossRef] [PubMed]

20. Travis, L.B.; Fosså, S.D.; Schonfeld, S.J.; McMaster, M.L.; Lynch, C.F.; Storm, H.; Hall, P.; Holowaty, E.; Andersen, A.; Pukkala,
E.; et al. Second cancers among 40,576 testicular cancer patients: Focus on long-term survivors. J. Natl. Inst. Cancer 2005, 97,
1354–1365. [CrossRef] [PubMed]

21. Fung, C.; Fosså, S.D.; Milano, M.T.; Oldenburg, J.; Travis, L.B. Solid tumors after chemotherapy or surgery for testicular
nonseminoma: A population-based study. J. Clin. Oncol. 2013, 31, 3807–3814. [CrossRef]

22. Groot, H.J.; Lubberts, S.; de Wit, R.; Witjes, J.A.; Kerst, J.M.; de Jong, I.J.; Groenewegen, G.; van den Eertwegh, A.J.M.; Poortmans,
P.M.; Klumpen, H.J.; et al. Risk of solid cancer after treatment of testicular germ cell cancer in the platinum era. J. Clin. Oncol.
2018, 36, 2504–2513. [CrossRef]

23. Looijenga, L.H.J.; Oosterhuis, J.W. Pathogenesis of testicular germ cell tumors. Rev. Reprod. 1999, 4, 90–100. [CrossRef]
24. Reuter, V.E. Origin and molecular biology of testicular germ cell tumors. Mod. Pathol. 2005, 18, S51–S60. [CrossRef]
25. Kernek, K.M.; Ulbright, T.M.; Zhang, S.; Billing, S.D.; Cummings, O.W.; Henley, J.D.; Michael, H.; Brunelli, M.; Martignoni, G.;

Foster, R.S.; et al. Identical allelic losses in mature teratoma and other histologic components of malignant mixed germ cell
tumors of the testis. Am. J. Pathol. 2003, 163, 2477–2484. [CrossRef]

26. Jones, T.D.; Wang, M.; Sung, M.T.; Zhang, S.; Ulbright, T.M.; Eble, J.N.; Beck, S.D.; Foster, R.S.; Anagnostou, J.J., Jr.; Conner, C.;
et al. Clonal origin of metastatic testicular teratomas. Clin. Cancer Res. 2006, 12, 5377–5383. [CrossRef] [PubMed]

27. Cheng, L.; Zhang, S.; Eble, J.N.; Beck, S.D.W.; Foster, R.S.; Wang, M.; Ulbright, T.M. Molecular genetic evidence supporting the
neoplastic nature of fibrous stroma in testicular teratoma. Mod. Pathol. 2012, 25, 1432–1438. [CrossRef] [PubMed]

28. Kum, J.B.; Ulbright, T.M.; Williamson, S.R.; Wang, M.; Zhang, S.; Foster, R.S.; Grignon, D.J.; Eble, J.N.; Beck, S.D.W.; Cheng, L.
Molecular genetic evidence supporting the origin of somatic-type malignancy and teratoma from the same progenitor cell. Am. J.
Surg. Pathol. 2012, 36, 1849–1856. [CrossRef] [PubMed]

29. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast cultures by defined
factors. Cell 2006, 126, 663–676. [CrossRef] [PubMed]

30. Knoepfler, P.S. Deconstructing stem cell tumorigenicity: A roadmap to safe regenerative medicine. Stem Cells 2009, 27, 1050–1056.
[CrossRef]

31. Riggs, J.W.; Barrilleaux, B.L.; Varlahhanova, N.; Bush, K.M.; Chan, V.; Knoepfler, P.S. Induced pluripotency and oncogenic
transformation are related processes. Stem Cells Dev. 2013, 22, 37–50. [CrossRef] [PubMed]

32. Abad, M.; Mosteiro, L.; Pantoja, C.; Canamero, M.; Rayon, T.; Ors, I.; Grana, O.; Megias, D.; Dominguez, O.; Martinez, D.;
et al. Reprogramming in vivo produces teratomas and iPS cells with totipotency features. Nature 2013, 502, 340–345. [CrossRef]
[PubMed]

33. Ohnishi, K.; Semi, K.; Yamamoto, T.; Shimizu, M.; Tanaka, A.; Mitsunaga, K.; Okita, K.; Osafune, K.; Arioka, Y.; Maeda, T.; et al.
Premature termination of reprogramming in vivo leads to cancer development through altered epigenetic regulation. Cell 2014,
156, 663–677. [CrossRef]

34. Nori, S.; Okada, Y.; Nishimura, S.; Sasaki, T.; Itakura, G.; Kobayashi, Y.; Renault-Mihara, F.; Shimizu, A.; Koya, I.; Yoshida,
R.; et al. Long-term safety issues of IPSC-based cell therapy in a spinal cord injury model: Oncogenic transformation with
epithelial-mesenchymal transition. Stem Cell Rep. 2015, 4, 360–373. [CrossRef] [PubMed]

http://doi.org/10.3390/cancers12123755
http://www.ncbi.nlm.nih.gov/pubmed/33327406
http://doi.org/10.1073/pnas.52.3.654
http://doi.org/10.1038/249569a0
http://www.ncbi.nlm.nih.gov/pubmed/4894128
http://doi.org/10.1126/science.1099513
http://doi.org/10.1038/ncb2956
http://www.ncbi.nlm.nih.gov/pubmed/24747439
http://doi.org/10.1126/science.aad2197
http://www.ncbi.nlm.nih.gov/pubmed/26823433
http://doi.org/10.1093/jnci/dji278
http://www.ncbi.nlm.nih.gov/pubmed/16174857
http://doi.org/10.1200/JCO.2013.50.3409
http://doi.org/10.1200/JCO.2017.77.4174
http://doi.org/10.1530/ror.0.0040090
http://doi.org/10.1038/modpathol.3800309
http://doi.org/10.1016/S0002-9440(10)63602-4
http://doi.org/10.1158/1078-0432.CCR-06-0444
http://www.ncbi.nlm.nih.gov/pubmed/16982812
http://doi.org/10.1038/modpathol.2012.99
http://www.ncbi.nlm.nih.gov/pubmed/22684226
http://doi.org/10.1097/PAS.0b013e31826df1ab
http://www.ncbi.nlm.nih.gov/pubmed/23154771
http://doi.org/10.1016/j.cell.2006.07.024
http://www.ncbi.nlm.nih.gov/pubmed/16904174
http://doi.org/10.1002/stem.37
http://doi.org/10.1089/scd.2012.0375
http://www.ncbi.nlm.nih.gov/pubmed/22998387
http://doi.org/10.1038/nature12586
http://www.ncbi.nlm.nih.gov/pubmed/24025773
http://doi.org/10.1016/j.cell.2014.01.005
http://doi.org/10.1016/j.stemcr.2015.01.006
http://www.ncbi.nlm.nih.gov/pubmed/25684226


Cancers 2021, 13, 660 10 of 10

35. Tu, S.M.; Bilen, M.A.; Tannir, N.M. The scientific method: Pillar and pitfall of cancer research. Cancer Med. 2014, 3, 1035–1037.
[CrossRef]

36. Tu, S.M.; Bilen, M.A.; Hess, K.R.; Broaddus, R.R.; Kopetz, S.; Wei, C.; Pagliaro, L.C.; Karam, J.A.; Ward, J.F.; Wood, C.G.; et al.
Intratumoral heterogeneity: Role of differentiation in a potentially lethal phenotype of testicular cancer. Cancer 2016, 122,
1836–1843. [CrossRef] [PubMed]

37. Bilen, M.A.; Hess, K.R.; Campbell, M.T.; Wang, J.; Broaddus, R.R.; Karam, J.A.; Ward, J.F.; Wood, C.G.; Choi, S.L.; Rao, P.; et al.
Intratumoral heterogeneity and chemoresistance in nonseminomatous germ cell tumor of the testis. Oncotarget 2016, 7, 86280.
[CrossRef] [PubMed]

http://doi.org/10.1002/cam4.248
http://doi.org/10.1002/cncr.29996
http://www.ncbi.nlm.nih.gov/pubmed/27018785
http://doi.org/10.18632/oncotarget.13380
http://www.ncbi.nlm.nih.gov/pubmed/27861143

	Introduction 
	Stem Cell Theory of Cancer 
	Unified Theory of Cancer 
	The Ultimate Experiment 
	Maturation Arrest Revisited 
	A Curable Cancer 
	Conclusions 
	References

