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ABSTRACT

Reticulate evolution, which involves the transfer of genes and other inheritable
information between organismes, is of interest to a cancer researcher if only because
“pirating” a trait can help a cell and its progeny adapt, survive, or take over much
faster than by accumulating random mutations. However, despite being observed
repeatedly in experimental models of neoplasia, reticulate evolution is assumed to
be negligible in human cancer primarily because detecting gene transfer between the
cells of the same genetic background can be difficult or impossible. This commentary
suggests that gestational tumors, which are genetically distinct from the women who
carry them, provide an opportunity to test whether reticulate evolution affects the

development of human neoplasia.

The evolutionary model of cancer views neoplastic
cells as unicellular asexual organisms that evolve by
accumulating genetic and epigenetic alterations [1-5].
Accordingly, cancer development is represented as a
phylogenetic tree, akin to the tree of life that depicts the
evolution of species [2, 6, 7].

The tree of life, however, has been increasingly
resembling a net, as genome sequencing has revealed that
organisms of all kingdoms, and unicellular organisms in
particular, can transmit their genes not only vertically,
from parents to offspring, but also horizontally, from
one organism to another [8-12]. Such speciation, which
involves not only branching, as depicted by the tree of life,
but also gene transfer, hybridization, symbiosis, and other
mechanisms of information exchange, is fittingly called
reticulate evolution, from a Latin word for “having a net-
like pattern” [13].

Reticulate evolution is of interest to a cancer
researcher because “pirating” a trait by gene transfer or
having a trait emerge as a result of hybridization can help
an organism and its progeny adapt, survive, or take over
much faster than by accumulating random mutations.
For example, a gene transfer that happened between two
fungi eight decades ago - an instance on the evolutionary
timescale - resulted in a virulent wheat pathogen which
has since spread worldwide [14]. Even complex traits can

be acquired within a generation, which for unicellular
organisms and cells means days, if not hours.

The possibility of reticulate evolution in neoplasia
is especially intriguing because some of its mechanisms,
including horizontal gene transfer and hybridization
between neoplastic or normal cells, have been documented
to affect or even define carcinogenesis and tumor
progression in experimental models and proposed to do
so in human disease [15-21]. This proposal, however,
is rarely considered in designing cancer treatment or
prevention because the studies of reticulate evolution in
human neoplasia are scant and their results inconclusive.

The primary reason for this fact is that documenting
DNA transfer or hybridization is difficult or impossible
if the genomes of the donor and recipient cells cannot be
distinguished by sequencing, genotyping, or karyotyping.
A chromosome acquired from a neighboring cell becomes
indistinguishable from a chromosome inherited through
an error in mitosis, and a cell hybrid from a cell that
duplicated its genome by skipping cytokinesis.

In the laboratory, this problem is routinely and
unambiguously solved by using chimeric animals,
engineering reporter genes, or by grafting tumors derived
from one species into another.

In humans, reticulate evolution has been probed by
analyzing tumors arising in organ transplant recipients,
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who have cells of two genomically distinct individuals
in their bodies, their own and those of the donor [22-24].
However, these patients and their samples have proven to
be too rare to provide a critical mass of evidence required
to make definitive conclusions or encourage a deeper
inquiry.

A more accessible yet overlooked alternative,
which I would like to suggest, is to analyze gestational
neoplasia, which are tumors resulting from pregnancy.
The remarkable feature of these tumors is that they are
genomically foreign to the patient because they arise from
her fertilized eggs [25-27].

Normally, a fertilized egg develops into a fetus,
which has a copy of both the paternal and maternal
genomes. However, at the incidence that varies worldwide
between 20 and 1300 per 100,000 pregnancies [26], a
fertilized egg develops into a lesion, the hydatidiform
mole. Some of the moles, called partial, have both the
maternal and paternal genomes, while others, known
as complete, have only the paternal. About 15% of
moles, mostly complete, become invasive and about 5%
metastasize [28].

The most aggressive gestational tumor, however,
is choriocarcinoma, whose incidence varies between
2 and 200 cases per 100,000 pregnancies [26]. Half of
these cancers result from a normal pregnancy and have
both maternal and paternal genomes, while the other half
stem mostly from complete moles and thus carries only
the paternal genome [25], an ideal condition for studying
gene exchange or hybridization between the tumor and
host cells.

Gestational tumors have several advantages over
tumors arising in transplant patients.

First, gestational tumors are more accessible. While
finding cancer patients who had a prior organ transplant
requires some serious investigative work and results only
in one to a few cases reported in each of the few published
studies [24], a recent study reported a set of tissue samples
and circulating tumor cells obtained from 115 gestational
carcinoma patients [29].

Second, because gestational tumors are genomically
foreign to the patient, they can be used to detect gene
exchange with any cell type of the body. In transplant
patients, such exchange can be detected only with the cells
from the transplanted organ.

Third, gestational tumors develop in patients with
diverse histories and backgrounds, which might help to
correlate reticulate evolution, should it be found, with
epidemiological factors, including infections, and indicate
that the uncovered phenomena are not limited to the
unusual and rare group of transplant patients.

Finally, choriocarcinoma cells retain the ability of
the trophoblast, the cell of origin, to fuse [25], implying
that at least one mechanism of reticulate evolution,
hybridization, is at work in these cancers.

What puzzles could gestational tumors help to
explain?

One is that a fraction of circulating tumor cells
(CTC) in some cancer patients - and in melanoma patients
most of CTC - carry markers of hematopoietic cells [30,
31]. This observation is consistent with the hypothesis
that neoplastic cells become metastatic by hybridizing
with hematopoietic cells [32], a possibility supported by
studies in animal models [17] and consistent with recent
studies in transplant patients [24]. Analyzing individual
circulating tumor cells from choriocarcinoma patients [29]
would allow one to determine unambiguously whether
such hybrids exist. Although finding hybrids in gestational
tumors would not automatically mean that these hybrids
exist in other cancers, this finding might attract enough
interest and talent to learn how to detect reticulate
evolution involving syngeneic cells.

A related observation, made while analyzing tumors
in transplant patients, is that a fraction of phenotypically
neoplastic cells in some tumors are of bone marrow origin
[22, 33, 34]. How common these cells, which I suggest
calling “adopted cells”, are or whether they even exists is
uncertain. If they do exist, we would need to reconsider
our understanding of cancer development and to review
treatment strategies, as adopted cells have a different,
origin and evolutionary history from the bulk of the tumor
and thus different properties. Gestational tumors are a
suitable model to decide whether this review is needed.

The third observation that gestational tumors can
help to explore is the fact that neoplastic and adjacent
normal cells sometimes share genomic aberrations,
including those that are considered oncogenic [35, 36].
These aberrations may arise in normal cells independently,
but borrowing them from cancer cells through cell fusion
was also suggested as a possible mechanism [36] that has
been demonstrated in an animal model [20].

Finally, gestational tumors can help to test whether
cancer cells borrow DNA from normal cells. Such pirating
could explain the puzzling cases of mutation reversion
reported in carriers of mutated BRCAI or BRCA2 genes
[37-40]. Normal cells of these patients carry both the
mutant and the normal allele, but cancer cells usually
retain only the mutant. The lack of functional BRCA1 or
BRCA2 makes cancer cells particularly sensitive to DNA
damaging drugs because these proteins participate in DNA
repair. However, the majority of the cancers relapse and
some of them regain BRCA activity, thus becoming drug
resistant.

Remarkably, in 13 out of 20 reported cases the
activity was restored because BRCA proteins reverted
to their wild type sequence, while in the remaining cases
the restored activity was due to additional, compensatory,
mutations [37, 38]. Because the reversion to wild
type has been observed only in patients, but not in cell
lines [38-41], it is not impossible that the normal allele
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was borrowed from normal cells and then used either
directly, or as a template to repair the mutant allele by
gene conversion. Gestational tumors can help to test this
hypothesis.

Overall, gestational tumors provide an opportunity
to test several long-standing unorthodox hypotheses,
which, should they prove to be correct, could open
new venues for cancer understanding, treatment, and
prevention.

ACKNOWLEDGMENTS

I would like to thank Thomas Ried, George Parris,
Marta Gyselova, Daniel Steiner, and Egor Lazebnik for
discussions, comments and suggestions.

CONFLICTS OF INTEREST

Author declares no conflict of interest

REFERENCES

1. Cairns J. Mutation selection and the natural history of
cancer. Nature. 1975; 255:197-200.

https://doi.org/10.1038/255197a0

2. Nowell PC. The clonal evolution of tumor cell populations.
Science. 1976; 194:23-28.

https://doi.org/10.1126/science.959840

3. Sidow A, Spies N. Concepts in solid tumor evolution.
Trends Genet. 2015; 31:208-14.

https://doi.org/10.1016/5.tig.2015.02.001

4. Merlo LM, Pepper JW, Reid BJ, Maley CC. Cancer as an
evolutionary and ecological process. Nat Rev Cancer. 2006;
6:924-35. https://doi.org/10.1038/nrc2013

5. Gatenby RA. Is the Genetic Paradigm of Cancer Complete?
Radiology. 2017; 284:1-3.

https://doi.org/10.1148/radiol.2017171004

6. Davis A, Gao R, Navin N. Tumor evolution: Linear,
branching, neutral or punctuated? Biochim Biophys Acta
Rev Cancer. 2017; 1867:151-61.
https://doi.org/10.1016/j.bbcan.2017.01.003

7. Krzywinski M. Visualizing Clonal Evolution in Cancer.
Mol Cell. 2016; 62:652-56.
https://doi.org/10.1016/j.molcel.2016.05.025

8. Puigbo P, Wolf YI, Koonin EV. Search for a ‘Tree of Life’
in the thicket of the phylogenetic forest. J Biol. 2009; 8:59.
https://doi.org/10.1186/jbiol 159

9. Syvanen M. Evolutionary implications of horizontal gene
transfer. Annu Rev Genet. 2012; 46:341-58.
https://doi.org/10.1146/annurev-genet-110711-155529

10. Soucy SM, Huang J, Gogarten JP. Horizontal gene transfer:
building the web of life. Nat Rev Genet. 2015; 16:472-82.
https://doi.org/10.1038/nrg3962

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Crisp A, Boschetti C, Perry M, Tunnacliffe A, Micklem
G. Expression of multiple horizontally acquired genes is
a hallmark of both vertebrate and invertebrate genomes.
Genome Biol. 2015; 16:50.
https://doi.org/10.1186/s13059-015-0607-3

Shapiro JA. Biological action in Read-Write genome
evolution. Interface Focus. 2017; 7:20160115.
https://doi.org/10.1098/rsfs.2016.0115

Gontier N, ed. Reticulate Evolution: Symbiogenesis, Lateral
Gene Transfer, Hybridization and Infectious Heredity
(Springer International Publishing). 2015. Available from:
https://www.springer.com/us/book/9783319163444
Friesen TL, Stukenbrock EH, Liu Z, Meinhardt S, Ling
H, Faris JD, Rasmussen JB, Solomon PS, McDonald
BA, Oliver RP. Emergence of a new disease as a result
of interspecific virulence gene transfer. Nat Genet. 2006;
38:953-56. https://doi.org/10.1038/ng1839

Goldenberg DM, Bhan RD, Pavia RA. In vivo human-
hamster somatic cell indicated by glucose
6-phosphate dehydrogenase and lactate dehydrogenase
profiles. Cancer Res. 1971; 31:1148-52.

Munzarova M, Kovarik J. Is cancer a macrophage-mediated
autoaggressive disease? Lancet. 1987; 1:952-54.
https://doi.org/10.1016/S0140-6736(87)90295-9

Pawelek JM, Chakraborty AK. Fusion of tumour cells with
bone marrow-derived cells: a unifying explanation for
metastasis. Nat Rev Cancer. 2008; 8:377-86.
https://doi.org/10.1038/nrc2371

Duelli D, Lazebnik Y. Cell fusion: a hidden enemy? Cancer
Cell. 2003; 3:445-48.

https://doi.org/10.1016/S1535-6108(03)00114-4

Parris GE. Historical perspective of cell-cell fusion in

fusion

cancer initiation and progression. Crit Rev Oncog. 2013;
18:1-18. https://doi.org/10.1615/CritRevOncog.v18.i11-2.20

Ehnfors J, Kost-Alimova M, Persson NL, Bergsmedh A,
Castro J, Levchenko-Tegnebratt T, Yang L, Panaretakis
T, Holmgren L. Horizontal transfer of tumor DNA to
endothelial cells in vivo. Cell Death Differ. 2009; 16:749-
57. https://doi.org/10.1038/cdd.2009.7

Duelli D, Lazebnik Y. Cell-to-cell fusion as a link between
viruses and cancer. Nat Rev Cancer. 2007; 7:968-76.

https://doi.org/10.1038/nrc2272

Cogle CR, Theise ND, Fu D, Ucar D, Lee S, Guthrie SM,
Lonergan J, Rybka W, Krause DS, Scott EW. Bone marrow
contributes to epithelial cancers in mice and humans as
developmental mimicry. Stem Cells. 2007; 25:1881-87.
https://doi.org/10.1634/stemcells.2007-0163

Lazova R, Laberge GS, Duvall E, Spoelstra N, Klump V,
Sznol M, Cooper D, Spritz RA, Chang JT, Pawelek JM. A
Melanoma Brain Metastasis with a Donor-Patient Hybrid
Genome following Bone Marrow Transplantation: First
Evidence for Fusion in Human Cancer. PLoS One. 2013;
8:¢66731. https://doi.org/10.1371/journal.pone.0066731

www.oncotarget.com

261

Oncotarget


https://doi.org/10.1038/255197a0
https://www.ncbi.nlm.nih.gov/pubmed/1143315
https://doi.org/10.1126/science.959840
https://www.ncbi.nlm.nih.gov/pubmed/959840
https://doi.org/10.1016/j.tig.2015.02.001
https://doi.org/10.1038/nrc2013
https://doi.org/10.1038/nrc2013
https://www.ncbi.nlm.nih.gov/pubmed/17109012
https://doi.org/10.1148/radiol.2017171004
https://www.ncbi.nlm.nih.gov/pubmed/28628406
https://doi.org/10.1016/j.bbcan.2017.01.003
https://www.ncbi.nlm.nih.gov/pubmed/28110020
https://doi.org/10.1016/j.molcel.2016.05.025
https://www.ncbi.nlm.nih.gov/pubmed/27259197
https://doi.org/10.1186/jbiol159
https://doi.org/10.1186/jbiol159
https://www.ncbi.nlm.nih.gov/pubmed/19594957
https://doi.org/10.1146/annurev-genet-110711-155529
https://www.ncbi.nlm.nih.gov/pubmed/22934638
https://doi.org/10.1038/nrg3962
https://doi.org/10.1038/nrg3962
https://www.ncbi.nlm.nih.gov/pubmed/26184597
https://doi.org/10.1186/s13059-015-0607-3
https://www.ncbi.nlm.nih.gov/pubmed/25785303
https://doi.org/10.1098/rsfs.2016.0115
https://www.ncbi.nlm.nih.gov/pubmed/28839913
https://www.springer.com/us/book/9783319163444
https://doi.org/10.1038/ng1839
https://doi.org/10.1038/ng1839
https://www.ncbi.nlm.nih.gov/pubmed/16832356
https://www.ncbi.nlm.nih.gov/pubmed/5095979
https://doi.org/10.1016/S0140-6736(87)90295-9
https://www.ncbi.nlm.nih.gov/pubmed/2882343
https://doi.org/10.1038/nrc2371
https://www.ncbi.nlm.nih.gov/pubmed/18385683
https://doi.org/10.1016/S1535-6108(03)00114-4
https://www.ncbi.nlm.nih.gov/pubmed/12781362
https://doi.org/10.1615/CritRevOncog.v18.i1-2.20
https://doi.org/10.1615/CritRevOncog.v18.i1-2.20
https://www.ncbi.nlm.nih.gov/pubmed/23237550
https://doi.org/10.1038/cdd.2009.7
https://doi.org/10.1038/cdd.2009.7
https://www.ncbi.nlm.nih.gov/pubmed/19219067
https://doi.org/10.1038/nrc2272
https://www.ncbi.nlm.nih.gov/pubmed/18034186
https://doi.org/10.1634/stemcells.2007-0163
https://doi.org/10.1634/stemcells.2007-0163
https://www.ncbi.nlm.nih.gov/pubmed/17478582
https://doi.org/10.1371/journal.pone.0066731
https://doi.org/10.1371/journal.pone.0066731
https://www.ncbi.nlm.nih.gov/pubmed/23840523

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Gast CE, Silk AD, Zarour L, Riegler L, Burkhart JG,
Gustafson KT, Parappilly MS, Roh-Johnson M, Goodman
JR, Olson B, Schmidt M, Swain JR, Davies PS, et al.
Cell fusion potentiates tumor heterogeneity and reveals
circulating hybrid cells that correlate with stage and
survival. Sci Adv. 2018; 4:eaat7828.
https://doi.org/10.1126/sciadv.aat7828

Hoffner L, Surti U. The genetics of gestational trophoblastic
disease: a rare complication of pregnancy. Cancer Genet.
2012; 205:63-77.
https://doi.org/10.1016/j.cancergen.2012.01.004

Altieri A, Franceschi S, Ferlay J, Smith J, La Vecchia C.
Epidemiology and aetiology of gestational trophoblastic
diseases. Lancet Oncol. 2003; 4:670-78.
https://doi.org/10.1016/S1470-2045(03)01245-2

Shih IM, Kurman RJ. Molecular basis of gestational
trophoblastic diseases. Curr Mol Med. 2002; 2:1-12.

https://doi.org/10.2174/1566524023362960

Goldstein DP, Berkowitz RS. Current management of
gestational trophoblastic neoplasia. Hematol Oncol Clin
North Am. 2012; 26:111-31.

https://doi.org/10.1016/j.hoc.2011.10.007

He W, Hou M, Zhang H, Zeng C, He S, Chen X, Xu M,
Sun C, Jiang W, Wang H, Shen H, Zhang Y, Liu J, et al.
Clinical significance of circulating tumor cells in predicting
disease progression and chemotherapy resistance in patients
with gestational choriocarcinoma. Int J Cancer. 2018 Aug 2.
https://doi.org/10.1002/ijc.31742. [Epub ahead of print].
Powell AA, Talasaz AH, Zhang H, Coram MA, Reddy A,
Deng G, Telli ML, Advani RH, Carlson RW, Mollick JA,
Sheth S, Kurian AW, Ford JM, et al. Single cell profiling
of circulating tumor cells: transcriptional heterogeneity and
diversity from breast cancer cell lines. PLoS One. 2012;
7:33788. https://doi.org/10.1371/journal.pone.0033788
Clawson GA, Kimchi E, Patrick SD, Xin P, Harouaka R,
Zheng S, Berg A, Schell T, Staveley-O’Carroll KF, Neves
RI, Mosca PJ, Thiboutot D. Circulating tumor cells in
melanoma patients. PLoS One. 2012; 7:¢41052.
https://doi.org/10.1371/journal.pone.0041052

Clawson GA. Cancer. Fusion for moving. Science. 2013;
342:699-700. https://doi.org/10.1126/science.1244270
Aractingi S, Kanitakis J, Euvrard S, Le Danff C, Peguillet
I, Khosrotehrani K, Lantz O, Carosella ED. Skin carcinoma
arising from donor cells in a kidney transplant recipient.
Cancer Res. 2005; 65:1755-60.
https://doi.org/10.1158/0008-5472.CAN-04-2783

Soldini D, Moreno E, Martin V, Gratwohl A, Marone C,
Mazzucchelli L. BM-derived cells randomly contribute to
neoplastic and non-neoplastic epithelial tissues at low rates.
Bone Marrow Transplant. 2008; 42:749-55.
https://doi.org/10.1038/bmt.2008.243

35.

36.

37.

38.

39.

40.

41.

Jamshidi N, Margolis DJ, Raman S, Huang J, Reiter RE,
Kuo MD. Multiregional Radiogenomic Assessment of
Prostate Microenvironments with Multiparametric MR
Imaging and DNA Whole-Exome Sequencing of Prostate
Glands with Adenocarcinoma. Radiology. 2017; 284:109-
19. https://doi.org/10.1148/radiol.2017162827

Streubel B, Chott A, Huber D, Exner M, Jiager U, Wagner
O, Schwarzinger I. Lymphoma-specific genetic aberrations
in microvascular endothelial cells in B-cell lymphomas. N
Engl J Med. 2004; 351:250-59.
https://doi.org/10.1056/NEJMoa033153

Norquist B, Wurz KA, Pennil CC, Garcia R, Gross
J, Sakai W, Karlan BY, Taniguchi T, Swisher EM.
Secondary somatic mutations restoring BRCA1/2 predict

chemotherapy resistance in hereditary ovarian carcinomas.
J Clin Oncol. 2011; 29:3008-15.
https://doi.org/10.1200/JC0.2010.34.2980

Dhillon KK, Swisher EM, Taniguchi T. Secondary
mutations of BRCA1/2 and drug resistance. Cancer Sci.
2011; 102:663-69.
https://doi.org/10.1111/j.1349-7006.2010.01840.x

Sakai W, Swisher EM, Jacquemont C, Chandramohan KV,
Couch FJ, Langdon SP, Wurz K, Higgins J, Villegas E,
Taniguchi T. Functional restoration of BRCA2 protein by
secondary BRCA2 mutations in BRCA2-mutated ovarian
carcinoma. Cancer Res. 2009; 69:6381-86.
https://doi.org/10.1158/0008-5472.CAN-09-1178

Sakai W, Swisher EM, Karlan BY, Agarwal MK, Higgins
J, Friedman C, Villegas E, Jacquemont C, Farrugia DJ,
Couch FJ, Urban N, Taniguchi T. Secondary mutations as
a mechanism of cisplatin resistance in BRCA2-mutated
cancers. Nature. 2008; 451:1116-20.
https://doi.org/10.1038/nature06633

Edwards SL, Brough R, Lord CJ, Natrajan R, Vatcheva R,
Levine DA, Boyd J, Reis-Filho JS, Ashworth A. Resistance
to therapy caused by intragenic deletion in BRCA2. Nature.
2008; 451:1111-15. https://doi.org/10.1038/nature06548

www.oncotarget.com

262

Oncotarget


https://doi.org/10.1126/sciadv.aat7828
https://doi.org/10.1016/j.cancergen.2012.01.004
https://www.ncbi.nlm.nih.gov/pubmed/22469506
https://doi.org/10.1016/S1470-2045(03)01245-2
https://www.ncbi.nlm.nih.gov/pubmed/14602247
https://doi.org/10.2174/1566524023362960
https://www.ncbi.nlm.nih.gov/pubmed/11898845
https://doi.org/10.1016/j.hoc.2011.10.007
https://www.ncbi.nlm.nih.gov/pubmed/22244665
https://doi.org/10.1002/ijc.31742
https://www.ncbi.nlm.nih.gov/pubmed/30070688
https://doi.org/10.1371/journal.pone.0033788
https://doi.org/10.1371/journal.pone.0033788
https://www.ncbi.nlm.nih.gov/pubmed/22586443
https://doi.org/10.1371/journal.pone.0041052
https://www.ncbi.nlm.nih.gov/pubmed/22829910
https://doi.org/10.1126/science.1244270
https://doi.org/10.1126/science.1244270
https://www.ncbi.nlm.nih.gov/pubmed/24202164
https://doi.org/10.1158/0008-5472.CAN-04-2783
https://www.ncbi.nlm.nih.gov/pubmed/15753371
https://doi.org/10.1038/bmt.2008.243
https://www.ncbi.nlm.nih.gov/pubmed/18711347
https://doi.org/10.1148/radiol.2017162827
https://doi.org/10.1148/radiol.2017162827
https://www.ncbi.nlm.nih.gov/pubmed/28453432
https://doi.org/10.1056/NEJMoa033153
https://www.ncbi.nlm.nih.gov/pubmed/15254283
https://www.ncbi.nlm.nih.gov/pubmed/21709188
https://doi.org/10.1111/j.1349-7006.2010.01840.x
https://www.ncbi.nlm.nih.gov/pubmed/21205087
https://doi.org/10.1158/0008-5472.CAN-09-1178
https://www.ncbi.nlm.nih.gov/pubmed/19654294
https://doi.org/10.1038/nature06633
https://www.ncbi.nlm.nih.gov/pubmed/18264087
https://doi.org/10.1038/nature06548
https://doi.org/10.1038/nature06548

