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THE QUESTIONS

Drug resistance represents an ultimate challenge for cancer treatment. The initial rationale behind
using chemo-treatment was the preferred elimination of fast-growing cancer cells, and the drugs’
killing power became the priority. Enormous efforts have been made to develop new types of
increasingly potent drugs, improve drug delivery, and test various combinations of therapeutic
methods (Heng et al., 2010; Heng, 2015). With the identification of many gene mutations and
their molecular pathways, encouraged by the success of using imatinib in treating chronic myeloid
leukemia (CML) (Horne et al., 2013), molecular targeting offered a curative solution. Currently,
immunotherapy further brings new hopes after the increased disappointment of specific targeting
therapy, as the success of imatinib for the chronic phase of CML remains a wonderful exception.

Regardless of the wide array of drug therapies available, drug resistance is a universal reality.
Even worse, treatment can promote metastasis and cancer lethality (D’Alterio et al., 2020; Pienta
et al., 2020a,b). There are many viewpoints/assumptions to explain the mechanisms of drug
resistance: multiple drug resistance, cancer stem cells, cellular adaptation and collaboration,
epigenetic regulation, cancer heterogenicity, persistent cancer cells, exosomal non-coding RNAs,
acquired immune-resistance, and tumor micro-environments including tumor-stromal cross-talk
(Heng et al., 2010; Holohan et al., 2013; Keating et al., 2013; Niero et al., 2014; Restifo et al., 2016;
Cho and Kim, 2020; Guo et al., 2020; Shen et al., 2020; Swayden et al., 2020; Bhattacharya et al,,
2021). Among them, new gene mutations and, in particular, selection of preexisting variants by drug
treatment are the most popular mechanisms of cancer drug resistance (Khong and Restifo, 2002;
Aktipis et al., 2011; Heng, 2015, 2019). This explanation fits well with neo-Darwinian evolutionary
understanding, where the initial killing power is most important. With fewer surviving cancer cells
after treatment comes a longer period for the residual cancer cells to grow back and less opportunity
for new gene mutations to emerge and then accumulate. However, this concept fails to explain
many puzzling issues: why does the treatment often make cancer more aggressive and ultimately
untreatable? why the initial benefit of treatment (reducing cancer size) can quickly be lost when the
disease becomes out of control and deadly? Can cancer treatment itself elevate the speed of cancer
evolution so that the same treatment can harm patients in the name of killing cancer? To effectively
address these questions, a new evolutionary framework is needed to discuss: (1) Can cancer cells
go through massive and rapid macroevolution immediately following drug treatment, rather than
a slow, gradual stepwise micro-evolution (if yes, what is the built-in genomic mechanism for rapid
evolution)? (2) Are cancer cells capable of actively selecting a strategy to fight back rather than
passively being selected by the treatment (if yes, can smart treatment strategies be developed to
eliminate cancer’s choice)? Answering these questions also can examine many predictions from
some non-neo-Darwinian theories (Shapiro and Noble, 2020).
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GENOME ARCHITECTURE THEORY
OFFERS EXPLANATIONS

The pattern of cancer evolution is rather different from the
neo-Darwinian prediction. This realization comes from watching
cancer evolution in action experiments (Heng et al., 2006,
2008). By tracing karyotype progression in an immortalization
model, the cellular phenotype (growth status, cellular crisis,
and population growth), genotype [both clonal chromosome
aberrations (CCAs), and non-clonal chromosome aberrations
(NCCAs)], were compared longitudinally. These experiments
covered main phase transitions of spontaneous immortalization
and drug resistance (before, during, and after). What resulted
were many surprising observations: 1. Cancer evolution is
a two-phased process: karyotype change-mediated punctuated
macroevolution and gene mutation-mediated microevolution;
2. The phase transition is triggered by the high level of stress
and system instability; and 3. Various NCCAs are important for
cancer evolution, and can be used as an index for measuring
internal and induced CIN.

As these initial observations were obtained from in vitro
models (it is challenging to watch evolution in action using an in
vivo model), extra cautions were taken to explain their biological
meanings. First, despite some differences comparing to in vivo
models, culture cells are truly biological systems, which follow
the laws of somatic evolution. Second, the above observations
have been confirmed by various in vitro and in vivo models
of different types of cancers and patient samples (Heng, 2019).
Third, the two-phased evolution model explains organismal
evolution, solving many confusions. Fourth, there is an increased
realization that cancer evolution does not fit with neo-Darwinian
predictions (Pisco et al., 2013; Ling et al, 2015; Pellestor
and Gatinois, 2020; Shapiro and Noble, 2020). Fifth, drastic
genomic changes (e.g., big bang, genome chaos) followed by gene
mutations have been observed in the majority of cancer types,
illustrated by current cancer genome projects (Navin et al., 2011;
Sottoriva et al., 2015) (Table 1). Sixth, metastasis is also being
linked to chromosome-mediated macroevolution, supporting
our prediction (Bloomfield and Duesberg, 2016; Gao et al., 2016;
Bakhoum et al., 2018). Finally, a new type of inheritance above
individual genes, called karyotype coded system inheritance,
has been introduced to illustrate why karyotype change is of
ultimate importance in somatic evolution. System inheritance,
which organizes the genetic interaction network, is coded by the
physical locations of genes and structural elements along and
between chromosomes of a given species (Heng, 2019; Ye et al,,
2019a).

Together, a mechanism of drug-induced rapid and massive
resistance can be explained by stress-induced macroevolution.
To validate this explanation, different chemo-drugs, representing
different killing strategies, and different cancer models
representing different cancer types and with different degrees of
CIN, were used to investigate the mechanism of drug resistance.
The following are some conclusions:

1. Different drugs (chemo-drug or target-specific drug),
regardless of their mechanisms (e.g., targeting DNA

replication or cell dividing machinery), can all eliminate
many cancer cells. At the same time, these can also
induce genome chaos, a rapid and massive process for
re-organizing the genomes, resulting in the emergence of
resistant clones with altered karyotypes following a few weeks
in culture.

2. The common feature for the survivor cells was the altered
karyotype and transcriptome profiles. Initially, the treatment-
induced chaotic genomes are highly dynamic, coupled with
massive cell death. Later on, many survivor cells are
relatively stable, reflected by clonal karyotypes. Comparing the
products of multiple runs of parallel experiments resulted in
survivor cells that shared similar phenotypes but displayed
different karyotypes.

3. The highly diverse types of chaotic genomes detected
immediately following drug treatment indicate that different
mechanisms can contribute to genome re-organization
including structural and numerical genome chaos (Heng et al.,
2013; Liu et al., 2014).

4. Despite that it took a much longer time to detect genome
chaos in the immortalization model than in the drug-resistant
model, the overall pattern was rather similar: high-level stress
triggers genome chaos; leading to genome re-organization
and macroevolution, followed by microevolution. Rapid
drug resistance is not mainly caused by preexisting gene
mutation, but drug treatment-induced new cellular species
(see Table 1 for more information regarding the two-phased
cancer evolution).

POLYPLOID GIANT CANCER CELLS: THE
NEW KID ON THE BLOCK

The clinical implication of treatment-induced resistance is highly
significant. However, the research community has paid little
attention to it as “these induced chaotic genomes are too
extraordinary to be true, they must be non-survivable thus not
important” (from an anonymous reviewer).

Despite that drug treatment-induced karyotype chaos
mediated rapid resistance was previously reported (Heng et al.,
2008), without the Genome Theory, and equally important,
without the lesson from the cancer genome project where the
genomic landscape of cancer is highly dynamic and hard to
target, the field was not ready to accept the new mechanism of
drug resistance.

Fortunately, increased sequencing data has forcefully
supported the importance of large-scale genome re-organization
in cancer evolution, albeit using different terms such as
chromothripsis,  chromoplexy,  chromoanagenesis  and
Chromohelkosis to describe different subtypes of genome
chaos (Stephens et al., 2011; Baca et al., 2013; Iourov et al., 2020;
Pellestor and Gatinois, 2020). Then, interest emerged in the field
of polyploid giant cancer cells (PGCCs).

PGCCs and micronuclei clusters have been classified as
numerical NCCAs reflecting the chromosome instability (Heng
et al, 2008; Stevens et al, 2011). They were linked to
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TABLE 1 | Explanations of key concepts, terminologies, and original observations.

Genome chaos

a. Definition: Genome chaos, a process of complex, rapid genome re-organization, leads to the formation of new genomes with altered karyotypes. It was originally
described by karyotype analyses in 2006 and later confirmed by sequencing data (Heng et al., 2008; Liu et al., 2014). Chaos, as a behavior of complex adaptive
systems, does not simply mean random disorder. Since different types of triggers can reliably initiate the same cellular emergence mechanism, the initiation of genome
chaos is likely a programmed and non-random process. However, the stressors and resulting chromosomal variation subtypes are stochastic: many different molecular
mechanisms can achieve a state of genome reorganization within a selective evolutionary context (Heng and Heng, 2020).

b. Mechanism: Various stress conditions can trigger genome chaos. Genome chaos acts as an evolutionary survival mechanism under crisis. When the reorganization of
the genome creates new karyotype coding, new genomic information, the system inheritance, is created, which provides the precondition for macroevolution (Horne
et al., 2014; Heng, 2015, 2019; Ye et al., 2019a).

c. Biological significance: Genome chaos represents an effective means for creating new genomic information essential for evolution (both cellular adaptation and
organismal speciation). Drug treatment-induced drug resistance represents a good example. PGCCs, which are a numerical chaotic genome subtype, can be effectively
induced by drugs, and the rapidly reorganized genomes become new systems that are no longer drug-sensitive.

d. Genome chaos vs. other types of genetic variations: It is increasingly appreciated that many solid tumors display a significant proportion of triploid or tetraploid
karyotypes, offering diverse evolutionary potential. Drug-induced PGCCs, which are not present in primary tumors, often display much higher chromosomal numbers
than tetraploid. The key to understanding the power of PGCCs is not just their number of chromosomes, but the capability of creating new karyotypes through the
chaotic genome reorganization mechanisms. By rapidly bursting into small cells with different karyotypes, they can quickly deliver macroevolutionary success by
providing survivable karyotypes. PGCCs also can produce tetraploid karyotypes.

Karyotype chaos has a rather complicated relationship with genetic changes at the SNV/indel level. While in general, karyotype chaos often occurs during the
macroevolutionary phase, and gene-level changes dominate the microevolutionary phase, genome chaos also can lead to changes at the gene level. For example,
massive chromosomal rearrangement can produce many new fusion genes. Sequencing data also show the burst of gene mutation or copy number variations during
evolution. Further studies are needed to co-map different types of genomic alterations within the two-phased cancer evolution.

Accordingly, the above understanding will shine new light on diverse mechanisms of cancer drug resistance. Even though drug resistance comes in many flavors,
the time is ripe to pay attention to treatment-induced drug resistance and to compare different mechanisms (some of which co-exist) via the lens of two-phased cancer
evolution.

It is perhaps more important for the cancer research community to consider the realization that many gene-based mechanisms, such as gene amplification,
multidrug resistance, and non-genetic resistant mechanisms (Bell and Gilan, 2020), are responsible for drug resistance mainly developed within the microevolutionary
phase. By avoiding triggering the transition to the macroevolutionary phase, a treatment window can be created to moderately regulate cellular cancer populations
(rather than maximal killing that leads to macroevolution via genome chaos). Such a new frontier will lead to a truly balanced approach to fight cancer drug resistance.

Two phased cancer evolution

a. In contrast to the traditional views of the cancer evolution where stepwise clonal expansion dominates, the two-phased cancer evolutionary model divides cancer
evolution into two-phase cycles, each of which is comprised of a karyotype alteration-mediated punctuated macroevolutionary phase, followed by a stepwise
gene mutation-mediated microevolutionary phase. Each phase transition is co-mapped with a cellular crisis. Different types of cellular phase transitions, including
immortalization, transformation, metastasis, and drug resistance, follow the same pattern of two-phased evolution, although the genotypes of their end products
are highly stochastic. From an informational point of view, macroevolution is about new genomic information creation; microevolution is about genomic information
maintenance during population growth and information modification (by modifying the gene landscape).

b. The two-phased evolutionary pattern can explain organismal evolution well. The punctuated macroevolutionary phase is responsible for creating new systems (e.g.,
speciation events), while the microevolutionary phase is responsible for the population growth of the novel species.

Adaptive therapy

Adaptive therapy is a treatment strategy that aims to control cancer growth by adjusting treatment options based on evolutionary information (Gatenby et al., 2009;
Strobl et al., 2020). The idea was conceptualized based on the ecological consideration that cancer drug resistance could be reduced by leveraging intra-tumoral
competition between drug-sensitive and resistant cells. Rather than focus on maximally killing cancer cells, the rationale is to maintain a controllable stable tumor burden
by allowing a sizable population of treatment-sensitive cells to survive, which can suppress the growth of the less-fit resistant populations. It should be noted that based
on two-phased cancer evolution, the mechanism of how adaptive therapy works could be explained by an alternative idea: moderate drug treatment reduces
drug-induced genome chaos, which is responsible for rapid and massive drug resistance. Therefore, moderate killing power can constrain cancer growth without
triggering genome chaos-mediated macroevolution. If this explanation is correct, new strategies should be examined using a well-controlled evolutionary strategy for
drug treatment, such as selecting specific phases of evolution for treatment, as well as considering the dosage of drugs.

References for initial hypotheses and original observations

a. Genome chaos: PMID: 16688757; PMID: 18936532; PMID: 21215367; PMID: 23571381; PMID: 23622249; PMID: 24299711

b. Genome architecture theory (or genome theory): PMID: 18936532; PMID: 19334004; PMID: 21640814

c. Two-phased cancer evolution: PMID: 16688757; PMID: 19115235; PMID: 21399628; PMID: 25665006

d. PGCCs: PMID: 16314119; PMID: 16948503; PMID: 18936532; PMID: 23524583; PMID: 23571381; PMID: 27991913; PMID: 28436947

cellular immortalization and drug resistance via treatment-
induced numerical genome or karyotype chaos (Heng et al,
2006, 2013; Liu et al, 2014). It was also observed that
some of the giant cells can generate viable cells (Erenpreisa
et al., 2005, 2020). The process can be linked to senescence,
polyploidy, and newly generated mitotic cells (Walen, 2005). The
exciting mechanisms of PGCCs in chemoresistance have become
clear. By reviewing the long-ignored history of the PGCCs
in laboratory observations, PGCCs have been purified and

cultured from cancer cells for characterizations, which illustrated
the dynamic relationship among stress, endoreduplication, cell
fusion, budded or burst cells, stemness, cancer evolutionary
potential, and chemoresistance (Zhang et al., 2014). Furthermore,
it was concluded that PGCCs may represent a fundamental
mechanism to initiate genome reorganization to generate new
cells in response to chemotherapy-induced stress and rapid
drug resistance (Niu et al., 2016), agreeing with the observation
that harsh treatment can induce genome chaos mediated
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drug-resistant phenotypes (Heng et al., 2008; Heng, 2015).
Finally, following the characterization of “the giant cell cycle,
and the comparison of PGCCs with blastomeres, the relationship
between PGCCs, different types of cancers, and developmental
stages/hierarchy were synthesized, which laid out the strong basis
for PGCC studies (Niu et al., 2017; Liu, 2018, 2020). Meanwhile,
an exciting frontier of using PGCCs to study drug resistance has
emerged, involving diverse molecular mechanisms (Mirzayans
et al,, 2018; Lin et al., 2019; Herbein and Nehme, 2020; Mannan
et al., 2020; Pienta et al., 2020b; Tagal and Roth, 2020; White-
Gilbertson and Voelkel-Johnson, 2020).

THE CRISIS CREATED NEW KARYOTYPE
INFORMATION: MECHANISM OF
TREATMENT-INDUCED
MACROEVOLUTION

Many individual molecular mechanisms are identified to
explain different ways of producing chaotic genomes including
chromothripsis, chromoplexy, and PGCCs, based on neo-
Darwinian’s ~ gene-centric, microevolutionary  principles.
According to the evolutionary mechanism of cancer, many
specific molecular pathways can be linked to stress-caused
genome dynamics. However, the evolutionary significance,
perhaps, is not about any given subtype(s) of the chaotic genome,
but rather the consequence of this stress-induced process
to create new genomes with new genomic information. For
example, these drug-induced giant cells are unstable, which
can generate drug-resistant cell populations with re-organized
genomes. The general model that integrates “high stress in
crisis;,” “chaotic genome like giant cell,” “new karyotypes,” and
“drug-resistance” can be described as a three-stage-process based
on two-phased cancer evolution: (1) Under high stresses with
cell-killing power, a conservative developmental-related process
is active leading to polyploidization. (2) The self-organization
process generates large numbers of smaller cells with new
genomes selected by genome chaos mediated macroevolution. (3)
The survivor cells can further grow into dominant populations
via microevolution, often with help of diverse cancer genes. In
other words, high stress is the trigger factor, giant cells are the
transitional phenotype, genome chaos is the process for rapid
and massive genome re-organization, and the newly formed
karyotypes of the survivor cell populations are the genotype of
drug resistance. Alternatively, some cells can directly re-organize
their genome without going through the polyploidization
process. All roads lead to new information creation. This
explanation fits well with Genome Architecture Theory where
karyotype codes system inheritance, and re-organization of the

REFERENCES

Aktipis, C. A, Kwan, V. S. Y, Johnson, K. A, Neuberg, S. L, and
Maley, C. C. (2011). Overlooking evolution: a systematic analysis of
cancer relapse and therapeutic resistance research. PLoS ONE 6:€26100.
doi: 10.1371/journal.pone.0026100

genome represents a powerful way to generate new genomic
information essential for cancer macroevolution. The formed
cancer systems could grow into dominant cell populations
with the help of gene mutation/epigenetic alteration-mediated
microevolution (Heng, 2009, 2019; Ye et al., 2019a,b; Heng and
Heng, 2020). A recent report that links genome chaos and then
gene amplification in drug resistance can be better explained by
the above two-phased model (Shoshani et al., 2021).

ACTIONS

The above understanding has diagnosed the conceptual
limitations of current treatment strategies, which are
mainly focused on killing cancer cells based on the stepwise
microevolution cancer model. Knowing that drug treatment
can paradoxically harm patients by promoting cancer
macroevolution through the creation of new karyotypes,
urgent actions are needed for the following priorities: First,
validation that drug-induced genome chaos-mediated drug
resistance is common in the clinical setting. It is important
to know to what extent can this phenomenon be avoided by
modifying treatment strategies. Second, we hypothesize that
reduced genome chaos might be the reason behind the success of
adaptive therapy (Gatenby et al., 2009; Heng and Heng, 2020).
We further anticipate that by using lower dosage specifically
within the microevolutionary phase, adaptive therapy will have
better results. Third, as a high level of chromosomal structural
abnormality can suppress the immune response to tumor cells,
it is important to investigate if treatment-induced genome
chaos represents a potential mechanism of escape from immune
therapy. Finally, accepting two-phased active cancer evolution
(not just passive selection) and applying different diagnostic
and treatment strategies accordingly holds the key for future
therapeutic success (Heng, 2015, 2019; Shapiro and Noble, 2020).

AUTHOR CONTRIBUTIONS

JY and HH drafted the manuscript. All authors participated in
the discussion, literature search, and editing of the manuscript.

ACKNOWLEDGMENTS

This manuscript is part of our series of publications on the subject
of the mechanisms of cancer and organismal evolution. L] was
a Summer Undergraduate Research Student at the Center for
Molecular Medicine and Genomics, Wayne State University. JZ is
a high school student who attended a summer research program
at Wayne State University.

Baca, S. C,, Prandi, D., Lawrence, M. S., Mosquera, J. M., Romanel, A., Drier,
Y., et al. (2013). Punctuated evolution of prostate cancer genomes. Cell 153,
666-677. doi: 10.1016/j.cell.2013.03.021

Bakhoum, S. F., Ngo, B., Laughney, A. M., Cavallo, J. A., Murphy, C.J., Ly, P., et al.
(2018). Chromosomal instability drives metastasis through a cytosolic DNA
response. Nature 553, 467-472. doi: 10.1038/nature25432

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 676344


https://doi.org/10.1371/journal.pone.0026100
https://doi.org/10.1016/j.cell.2013.03.021
https://doi.org/10.1038/nature25432
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Ye et al.

Genome Chaos and Drug Resistance

Bel, C. C, and Gilan, O.
non-genetic resistance in
doi: 10.1038/s41416-019-0648-6

Bhattacharya, S., Mohanty, A., Achuthan, S., Kotnala, S., Jolly, M. K., Kulkarni, P.,
et al. (2021). Group behavior and emergence of cancer drug resistance. Trends
Cancer. doi: 10.1016/j.trecan.2021.01.009

Bloomfield, M., and Duesberg, P. (2016). Inherent variability of cancer-
specific  aneuploidy  generates Cytogenet.  9:90.
doi: 10.1186/s13039-016-0297-x

Cho, Y., and Kim, Y. K. (2020). Cancer stem cells as a potential target to overcome
multidrug resistance. Front. Oncol. 10:764. doi: 10.3389/fonc.2020.00764

D’Alterio, C., Scala, S., Sozzi, G., Roz, L., and Bertolini, G. (2020). Paradoxical
effects of chemotherapy on tumor relapse and metastasis promotion. Semin.
Cancer Biol. 60, 351-361. doi: 10.1016/j.semcancer.2019.08.019

Erenpreisa, J., Kalejs, M., Ianzini, F., Kosmacek, E. A., Mackey, M.
A, Emzinsh, D., et al. (2005). Segregation of genomes in polyploid
tumour cells following mitotic catastrophe. Cell Biol Int. 29, 1005-1011.
doi: 10.1016/j.cellbi.2005.10.008

Erenpreisa, J., Salmina, K., Anatskaya, O., and Cragg, M. S. (2020).
Paradoxes of cancer: survival at the brink. Semin. Cancer Biol.
doi: 10.1016/j.semcancer.2020.12.009

Gao, C.,, Su, Y., Koeman, J., Haak, E., Dykema, K., Essenberg, C., et al. (2016).
Chromosome instability drives phenotypic switching to metastasis. Proc. Natl.
Acad. Sci. U. S. A. 113, 14793-14798. doi: 10.1073/pnas.1618215113

Gatenby, R. A,, Silva, A. S,, Gillies, R., and Frieden, B. R. (2009). Adaptive therapy.
Cancer Res. 69, 4894-4903. doi: 10.1158/0008-5472.CAN-08-3658

Guo, C,, Liu, J., Zhou, Q., Song, J., Zhang, Z., Li, Z., et al. (2020). Exosomal
noncoding RNAs and tumor drug resistance. Cancer Res. 80, 4307-4313.
doi: 10.1158/0008-5472.CAN-20-0032

Heng, H. H. (2009). The genome-centric concept: resynthesis of evolutionary
theory. Bioessays. 31, 512-525. doi: 10.1002/bies.200800182

Heng, H. H. (2015). Debating Cancer: The Paradox in Cancer Research. Singapore:
World Scientific Publishing Co.

Heng, H. H. (2019). Genome Chaos: Rethinking Genetics, Evolution, and Molecular
Medicine. Cambridge, MA: Academic Press Elsevier.

Heng, H. H,, Liu, G,, Stevens, J. B., Abdallah, B. Y., Horne, S. D., Ye, K. J., et al.
(2013). Karyotype heterogeneity and unclassified chromosomal abnormalities.
Cytogenet. Genome Res. 139, 144-157. doi: 10.1159/000348682

Heng, H. H., Liu, G. Stevens, J. B., Bremer, S. W, Ye, K. J, and
Ye, C. J. (2010). Genetic and epigenetic heterogeneity in cancer: the
ultimate challenge for drug therapy. Curr. Drug Targets 11.10, 1304-1316.
doi: 10.2174/1389450111007011304

Heng, H. H,, Stevens, J. B., Lawrenson, L., Liu, G., Ye, K. J., Bremer, S. W, et al.
(2008). Patterns of genome dynamics and cancer evolution. Cell. Oncol. 30,
513-514. doi: 10.1155/2008/267326

Heng, H. H., Stevens, J. B,, Liu, G., Bremer, S. W., Ye, K. J,, Reddy, P. V,,
et al. (2006). Stochastic cancer progression driven by non-clonal chromosome
aberrations. J. Cell. Physiol. 208, 461-472. doi: 10.1002/jcp.20685

Heng, J., and Heng, H. H. (2020). Genome chaos: creating new genomic
information essential for cancer macroevolution. Semin. Cancer Biol.
doi: 10.1016/j.semcancer.2020.11.003

Herbein, G., and Nehme, Z. (2020). Polyploid giant cancer cells, a hallmark
of oncoviruses and a new therapeutic challenge. Front. Oncol. 10:567116.
doi: 10.3389/fonc.2020.567116

Holohan, C., Van Schaeybroeck, S., Longley, D. B., and Johnston, P. G. (2013).
Cancer drug resistance: an evolving paradigm. Nat. Rev. Cancer 13, 714-726.
doi: 10.1038/nrc3599

Horne, S. D., Chowdhury, S. K., and Heng, H. H. (2014). Stress,
genomic adaptation, and the evolutionary trade-off. Front. Genet. 5:92.
doi: 10.3389/fgene.2014.00092

Horne, S. D., Stevens, J. B., Abdallah, B. Y., Liu, G., Bremer, S. W, Ye, C. J., et al.
(2013). Why imatinib remains an exception of cancer research. J. Cell. Physiol.
228, 665-670. doi: 10.1002/jcp.24233

Tourov, I. Y., Vorsanova, S. G., Yurov, Y. B., Zelenova, M. A., Kurinnaia,
O. S, Vasin, K. S., et al. (2020). The cytogenomic “theory of everything”:
chromohelkosis may underlie chromosomal instability and mosaicism
in disease and aging. Int. J. Mol. Sci. 21:8328. doi: 10.3390/ijms212
18328

(2020).
cancer. Br. J.

Principles and mechanisms of
Cancer 122, 465-472.

metastases.  Mol.

Keating, P., Cambrosio, A., Nelson, N. C., Mogoutov, A., and Cointet, J. P.
(2013). Therapy’s shadow: a short history of the study of resistance to cancer
chemotherapy. Front. Pharmacol. 4:58. doi: 10.3389/fphar.2013.00058

Khong, H. T., and Restifo, N. P. (2002). Natural selection of tumor variants in
the generation of “tumor escape” phenotypes. Nat. Immunol. 3, 999-1005.
doi: 10.1038/ni1102-999

Lin, K. C, Torga, G., Sun, Y., Axelrod, R, Pienta, K. J., Sturm, J. C,, et al
(2019). The role of heterogeneous environment and docetaxel gradient in the
emergence of polyploid, mesenchymal and resistant prostate cancer cells. Clin.
Exp. Metastasis. 36, 97-108. doi: 10.1007/s10585-019-09958-1

Ling, S., Hu, Z., Yang, Z., Yang, F., Li, Y., Lin, P, et al. (2015). Extremely
high genetic diversity in a single tumor points to prevalence of non-
Darwinian cell evolution. Proc. Natl. Acad. Sci. U. S. A. 112, E6496-E6505.
doi: 10.1073/pnas.1519556112

Liu, G., Stevens, J., Horne, S., Abdallah, B. Y., Ye, K. J., Bremer, S. W., et al.
(2014). Genome chaos: survival strategy during crisis. Cell Cycle 13, 528-537.
doi: 10.4161/cc.27378

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

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.
doi: 10.1016/j.semcancer.2019.09.005

Mannan, R., Wang, X., Bawa, P. S,, Spratt, D. E., Wilson, A., Jentzen, J., et al. (2020).
Polypoidal giant cancer cells in metastatic castration-resistant prostate cancer:
observations from the Michigan Legacy Tissue Program. Med. Oncol. 37:16.
doi: 10.1007/s12032-020-1341-6

Mirzayans, R, Andrais, B., and Murray, D. (2018). Roles of
polyploid/multinucleated giant cancer cells in metastasis and disease relapse
following anticancer treatment. Cancers 10:118. doi: 10.3390/cancers10040118

Navin, N., Kendall, J., Troge, J., Andrews, P., Rodgers, L., McIndoo, J., et al.
(2011). Tumour evolution inferred by single-cell sequencing. Nature 472,
90-94. doi: 10.1038/nature09807

Niero, E. L., Rocha-Sales, B., Lauand, C. Cortez, B. A, de Souza, M.
M., Rezende-Teixeira, P., et al. (2014). The multiple facets of drug
resistance: one history, different approaches. J. Exp. Clin. Cancer Res. 33:37.
doi: 10.1186/1756-9966-33-37

Niu, N., Mercado-Uribe, I., and Liu, J. (2017). Dedifferentiation into blastomere-
like cancer stem cells via formation of polyploid giant cancer cells. Oncogene
36, 4887-4900. doi: 10.1038/0nc.2017.72

Niu, N., Zhang, J., Zhang, N., Mercado-Uribe, I, Tao, F., Han, Z,, et al. (2016).
Linking genomic reorganization to tumor initiation via the giant cell cycle.
Oncogenesis 5:¢281. doi: 10.1038/oncsis.2016.75

Pellestor, F., and  Gatinois, V.  (2020).
piece of the macroevolution scenario. Mol
doi: 10.1186/s13039-020-0470-0

Pienta, K. J., Hammarlund, E. U., Austin, R. H., Axelrod, R., Brown, J.
S, and Amend, S. R. (2020b). Cancer cells employ an evolutionarily
conserved polyploidization program to resist therapy. Semin. Cancer Biol.
doi: 10.1016/j.semcancer.2020.11.016

Pienta, K. J.,, Hammarlund, E. U.,, Axelrod, R., Amend, S. R., and Brown, J.
S. (2020a). Convergent evolution, evolving evolvability, and the origins of
lethal cancer. Mol. Cancer Res. 18, 801-810. doi: 10.1158/1541-7786.MCR-
19-1158

Pisco, A. O., Brock, A., Zhou, J., Moor, A., Mojtahedi, M., Jackson, D., et al.
(2013). Non-Darwinian dynamics in therapy-induced cancer drug resistance.
Nat. Commun. 4:2467. doi: 10.1038/ncomms3467

Restifo, N. P., Smyth, M. J.,, and Snyder, A. (2016). Acquired resistance
to immunotherapy and future challenges. Nat. Rev. Cancer 16, 121-126.
doi: 10.1038/nrc.2016.2

Shapiro, J., and Noble, D. (2020). “The post-modern synthesis movements in
organismal evolution,” in Cancer and Evolution Symposium. Available online
at: https://cancerevolution.org (accessed May 23, 2021).

Chromoanagenesis:  a
Cytogenet.  13:3.

Shen, S., Vagner, S, and Robert, C. (2020). Persistent cancer cells:
the deadly survivors. Cell 183, 860-874. doi: 10.1016/j.cell.2020.
10.027

Shoshani, O., Brunner, S. F., Yaeger, R, Ly, P., Nechemia-Arbely, Y., Kim, D. H,,
et al. (2021). Publisher correction: chromothripsis drives the evolution of gene
amplification in cancer. Nature. doi: 10.1038/s41586-020-03064-z

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 676344


https://doi.org/10.1038/s41416-019-0648-6
https://doi.org/10.1016/j.trecan.2021.01.009
https://doi.org/10.1186/s13039-016-0297-x
https://doi.org/10.3389/fonc.2020.00764
https://doi.org/10.1016/j.semcancer.2019.08.019
https://doi.org/10.1016/j.cellbi.2005.10.008
https://doi.org/10.1016/j.semcancer.2020.12.009
https://doi.org/10.1073/pnas.1618215113
https://doi.org/10.1158/0008-5472.CAN-08-3658
https://doi.org/10.1158/0008-5472.CAN-20-0032
https://doi.org/10.1002/bies.200800182
https://doi.org/10.1159/000348682
https://doi.org/10.2174/1389450111007011304
https://doi.org/10.1155/2008/267326
https://doi.org/10.1002/jcp.20685
https://doi.org/10.1016/j.semcancer.2020.11.003
https://doi.org/10.3389/fonc.2020.567116
https://doi.org/10.1038/nrc3599
https://doi.org/10.3389/fgene.2014.00092
https://doi.org/10.1002/jcp.24233
https://doi.org/10.3390/ijms21218328
https://doi.org/10.3389/fphar.2013.00058
https://doi.org/10.1038/ni1102-999
https://doi.org/10.1007/s10585-019-09958-1
https://doi.org/10.1073/pnas.1519556112
https://doi.org/10.4161/cc.27378
https://doi.org/10.1016/j.semcancer.2018.07.004
https://doi.org/10.1016/j.semcancer.2019.09.005
https://doi.org/10.1007/s12032-020-1341-6
https://doi.org/10.3390/cancers10040118
https://doi.org/10.1038/nature09807
https://doi.org/10.1186/1756-9966-33-37
https://doi.org/10.1038/onc.2017.72
https://doi.org/10.1038/oncsis.2016.75
https://doi.org/10.1186/s13039-020-0470-0
https://doi.org/10.1016/j.semcancer.2020.11.016
https://doi.org/10.1158/1541-7786.MCR-19-1158
https://doi.org/10.1038/ncomms3467
https://doi.org/10.1038/nrc.2016.2
https://cancerevolution.org
https://doi.org/10.1016/j.cell.2020.10.027
https://doi.org/10.1038/s41586-020-03064-z
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

Ye et al.

Genome Chaos and Drug Resistance

Sottoriva, A., Kang, H., Ma, Z.,, Graham, T. A., Salomon, M. P., Zhao, J., et al.
(2015). A Big Bang model of human colorectal tumor growth. Nat Genet. 47,
209-16. doi: 10.1038/ng.3214

Stephens, P. J., Greenman, C. D., Fu, B,, Yang, F., Bignell, G. R., Mudie, L. J.,
et al. (2011). Massive genomic rearrangement acquired in a single catastrophic
event during cancer development. Cell 144, 27-40. doi: 10.1016/j.cell.2010.
11.055

Stevens, J. B., Abdallah, B. Y., Liu, G, Ye, C. ], Horne, S. D.,, Wang,
G., et al. (2011). Diverse system stresses: common mechanisms of
chromosome fragmentation. Cell Death Dis. 2:e178. doi: 10.1038/cddis.
2011.60

Strobl, M., West, J., Viossat, Y., Damaghi, M., Robertson-Tessi, M.,
Brown, J. S., et al. (2020). Turnover modulates the need for a cost of
resistance in adaptive therapy. Cancer Res. doi: 10.1158/0008-5472.CAN-
20-0806

Swayden, M., Chhouri, H. Anouar, Y., and Grumolato, L. (2020).
Tolerant/persister cancer cells and the path to resistance to targeted therapy.
Cells 9:2601. doi: 10.3390/cells9122601

Tagal, V., and Roth, M. G. (2020). Loss of Aurora kinase signaling allows lung
cancer cells to adopt endoreplication and form polyploid giant cancer cells that
resist antimitotic drugs. Cancer Res. doi: 10.1158/0008-5472.CAN-20-1693

Walen, K. H. (2005). Budded karyoplasts from multinucleated fibroblast cells
contain centrosomes and change their morphology to mitotic cells. Cell Biol.
Int. 29, 1057-1065. doi: 10.1016/j.cellbi.2005.10.016

White-Gilbertson, S., and Voelkel-Johnson, C. (2020). Giants and monsters:
unexpected characters in the story of cancer recurrence. Adv. Cancer Res. 148,
201-232. doi: 10.1016/bs.acr.2020.03.001

Ye, C.J., Sharpe, Z., Alemara, S., Mackenzie, S., Liu, G., Abdallah, B., et al. (2019b).
Micronuclei cluster and genome chaos: changing the system inheritance. Genes
10:366. doi: 10.3390/genes10050366

Ye, C. J., Stilgenbauer, L., Moy, A., Liu, G., and Heng, H. H. (2019a). What
is karyotype coding and why is genomic topology important for cancer and
evolution? Front. Genet. 10:1082. doi: 10.3389/fgene.2019.01082

Zhang, S., Mercado-Uribe, I., Xing, Z., Sun, B., Kuang, J., and Liu, J. (2014).
Generation of cancer stem-like cells through the formation of polyploid giant
cancer cells. Oncogene 33, 116-128. doi: 10.1038/0n¢.2013.96

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Ye, Horne, Zhang, Jackson and Heng. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org

June 2021 | Volume 9 | Article 676344


https://doi.org/10.1038/ng.3214
https://doi.org/10.1016/j.cell.2010.11.055
https://doi.org/10.1038/cddis.2011.60
https://doi.org/10.1158/0008-5472.CAN-20-0806
https://doi.org/10.3390/cells9122601
https://doi.org/10.1158/0008-5472.CAN-20-1693
https://doi.org/10.1016/j.cellbi.2005.10.016
https://doi.org/10.1016/bs.acr.2020.03.001
https://doi.org/10.3390/genes10050366
https://doi.org/10.3389/fgene.2019.01082
https://doi.org/10.1038/onc.2013.96
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

	Therapy Induced Genome Chaos: A Novel Mechanism of Rapid Cancer Drug Resistance
	The questions
	Genome Architecture Theory Offers Explanations
	Polyploid Giant Cancer Cells: the New Kid on the Block
	The Crisis Created New Karyotype Information: Mechanism of Treatment-Induced Macroevolution
	Actions
	Author Contributions
	Acknowledgments
	References


