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Evolutionary perspectives, heterogeneity 
and ovarian cancer: a complicated tale 
from past to present
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Abstract 

Ovarian cancer is composed of a complex system of cells best described by features such as clonal evolution, spatial 
and temporal genetic heterogeneity, and development of drug resistance, thus making it the most lethal gyneco‑
logic cancer. Seminal work on cancer as an evolutionary process has a long history; however, recent cost‑effective 
large‑scale molecular profiling has started to provide novel insights coupled with the development of mathematical 
algorithms. In the current review, we have systematically searched for articles that focused on the clonal evolution of 
ovarian cancer to offer the whole landscape of research that has been done and highlight future research avenues 
given its characteristic features and connections to evolutionary biology.

Keywords: Ovarian cancer, Clonal evolution, Spatial heterogeneity, Temporal heterogeneity, Survival

© The Author(s) 2022. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Introduction
Worldwide, each year more than 300.000  new cases of 
ovarian cancer are diagnosed and 185.000 patients suc-
cumb to their disease [1], without any major improve-
ment in the long-term overall survival over the past three 
decades, despite improved disease control rates meas-
ured as 5-year overall survival [2].

As Theodosius Dobzhansky said in a seminal paper in 
1973 that “Nothing in biology makes sense except in the 
light of evolution” [3], Darwinian principles applied in 
cancer science have brought much to our current under-
standing of this disease, and ovarian cancer makes no 
exception [4, 5]. The high incidence of ovarian cancer 
can also be attributed to an evolutionary mismatch to our 
rapid social evolution. The rising incidence in industri-
alized societies can be partly explained by reproductive 

patterns such as increased total number of ovulations, 
increased age at first birth, fewer pregnancies [6, 7], and a 
prolonged estrogen exposure [8] with partial attenuation 
through the introduction of oral contraceptives but pre-
dicted increases for the following years [9]. Interestingly, 
the high prevalence of founder BRCA1/2 mutation car-
riers can be explained by their increased lifetime repro-
ductive success in natural fertility conditions that also 
masked their detrimental oncogenic potential for cancers 
of the reproductive tract [10, 11].

Within its natural history, ovarian cancer is generally 
a disease that remains localized to the peritoneal cavity 
throughout its course, with occasional distant metasta-
ses. With vague and nonspecific signs and symptoms, 
the initial diagnosis is usually delayed until the occur-
rence of extensive intra-abdominal spread through the 
contiguous peritoneal surfaces, ascites fluid, and rich 
lymphatics. Death usually occurs through progressive 
inanition and gastrointestinal tract obstruction that can-
not be corrected through surgery due to extensive carci-
nomatosis [7].
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Ovarian cancer should be regarded as not one but 
many diseases. Several histological subtypes have been 
described, with high-grade serous carcinoma as the most 
commonly diagnosed. However, its exact point of origin 
is still a matter of ongoing debate [12], and in-depth tran-
scriptional analysis by The Cancer Genome Atlas pro-
ject has defined four different transcriptional subtypes 
[13]. Still, the established standard strategy for treating 
advanced ovarian cancer has been maximum cytoreduc-
tive surgery and platinum based chemotherapy followed 
by surveillance for potential recurrence [14]. Complete 
debulking to no residual (0 mm vs 1–10 mm) was asso-
ciated with improved overall survival and also impacted 
outcomes after the occurrence of relapsed disease, prob-
ably through the physical depleting of the reservoir of 
chemotherapy resistant clones. Neoadjuvant chemo-
therapy (NACT) followed by interval debulking surgery 
(IDS) is an option for treating patients with advanced 
bulky disease where upfront primary debulking surgery 
(PDS) is not technically feasible [15]. There is still doubt 
if the survival advantage of complete debulking is the 
same whether through PDS or IDS. Two randomized tri-
als have shown similar survival rates for PDS and IDS, 
but recent evidence suggests that IDS correlates with a 
higher risk of developing platinum resistance [16]. This 
is most likely explained through the exposure of a high 
tumor volume with multiple tumor subclones to the 
stringent selection pressure of chemotherapy with subse-
quent expansion of resistant clones [17, 18]. The incor-
poration of antiangiogenic agents to standard therapy has 
brought only minor increments in PFS, while the addi-
tion of PARP inhibitors (PARPi) as maintenance therapy 
in BRCA mutated patients has significantly prolonged 
PFS with OS results still not mature [19, 20].

Despite high initial response rates, all too often relapse 
occurs, and subsequent treatment strategies maximize 
quality and length of life but are less likely to be curative. 
Rechallenge with platinum-based chemotherapy depends 
on the platinum free interval while surgery is limited to a 
subset of patients where OS results are still pending [21]. 
If not present from the first relapse, after several lines of 
treatment platinum resistant disease develops and repre-
sents a daunting clinical entity with limited therapeutic 
options and an overall survival of under 12 months [22]. 
Interestingly, about 15% of patients survive more than 
ten years however survivors of advanced stage disease 
represent a heterogeneous group that we have not yet 
determined or understood what makes them long-term 
survivors with more research needed for an understand-
ing of this particular group [23].

Many of the clinical aspects previously presented 
depict evolutionary concepts such as spatial heterogene-
ity, temporal heterogeneity, and system induced selection 

pressure. Our current understanding of cancer has 
recently seen an exponential growth with the continu-
ous technological development that offered the necessary 
tools to more precisely infer tumor cell dynamics. Hence, 
in the current review, we have systematically searched for 
articles that focused on the clonal evolution of ovarian 
cancer in an effort to offer the full landscape of research 
that has been done and highlight future research avenues 
given its characteristic features and connections to evo-
lutionary biology. In the context that ‘Evolution has no 
eyes to the future’ [24] perfectly applies to the interaction 
between tumour and host microenvironment, we envi-
sion that using evolutionary principles we could be able 
to understand better the processes that drive tumor het-
erogeneity and select anticipative therapeutic strategies 
for improving patients’ outcomes.

Methods
The present systematic review was written in accordance 
with the Preferred Reporting Items for Systematic Review 
and Meta-Analysis Protocols statement. This review was 
also registered at PROSPERO under registration number 
CRD42018105413.

A comprehensive search of English written articles was 
performed on Web of Science – Science Citation Index 
Expanded, PubMed, EMBASE with no date restric-
tion until July 2018. Secondary references were identi-
fied through screening of the reference lists of relevant 
studies. The following headings were used in the search 
strategy, including closely related words: genetic het-
erogeneity, clonal evolution, biological evolution, ovar-
ian cancer. The detailed search strategy is presented 
in Table  1. After retrieving all articles generated by the 
search strategy and excluding duplicates, titles and 
abstracts were evaluated for eligibility. Included stud-
ies were restricted to human tissue, pathologically con-
firmed as epithelial ovarian cancer, and had a minimum 
of two paired samples per case. Subsequently, full text 
articles were retrieved and assessed for eligibility using 
the same search criteria, detailed in Tables 2 and 3. 

Results
Early inferences of tumor heterogeneity
More than six decades ago, clinicians were asking to 
some extent, the same clinical questions as we do today 
but to a greater depth regarding ovarian cancer: “Do the 
cells of the metastasis or the recurrence behave as did the 
primary? Does the apparent acceleration in the down-
hill course of the patient depend upon an increase in the 
intrinsic malignancy of the tumor?”. The authors analyzed 
a number 550 samples from different areas of 36 patients 
and 12 temporally paired cases were evaluated by the 
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authors in light microscopy, concluding that in most 
cases, the tumor structure remained unchanged [25].

Cytogenetic studies demonstrated that chromosomal 
abnormalities precede histologic changes. There was 
evidence for the same stem lines with identical chro-
mosomal changes in bilateral cystadenocarcinomas, but 
without the possibility of drawing a conclusion towards 
a common ancestor hypothesis or a parallel malignant 
process in both ovaries, although the authors favored 
the latter given the similar pattern seen in bilateral cys-
tadenomas [26]. Another cytogenetic study on 34 sam-
ples from 15 patients identified identical karyotypes in 
primary and metastatic samples from the same patient, 
without any evidence towards an increase in cytoge-
netic diversity during tumor progression [27]. Through 
the technique of inferred clonal cytogenetic evolution, a 
study conducted on three spatially separated samples of 
ovarian carcinoma from the same patient demonstrated 
the clonal evolution in ovarian cancer by mapping the 
frequency of occurrence of 18 different chromosomal 
breakpoints [28]. Performing repetitive karyotyping of 
malignant effusions during disease progression or after 
treatment administration in 9 patients evidenced ane-
uploidy, karyotyping diversity, and double minute chro-
mosomes but in paired samples reported there were 
identical chromosomal alterations [29].

The use of restriction fragment length polymor-
phism probing in 7 patients demonstrated the coex-
istence of malignant cell clones, and the deletion of 

chromosome sequence 11p13-11p15.5 was considered 
a late event in disease progression [30]. Similar results 
were subsequently obtained in a larger series and with 
the addition of high-resolution comparative genomic 
hybridization (CGH), showing that metastases to the 
contralateral ovary had occurred as a late event in the 
clonal evolution [31].

A proof of principle study using PCR-based loss of 
heterozygosity (LOH) detection on flow sorted tumor 
cells demonstrated the feasibility of this method to 
confirm the monoclonal origin of different tumor cell 
populations and may be helpful in reconstructing the 
clonal evolution in solid tumors [32]. The evaluation of 
10 microsatellites through PCR on 9 cases with primary 
tumors and paired metastases found an identical LOH 
spectrum in 4 cases, while in 5 cases the LOH patterns 
were different in the primary tumor and the metastatic 
nodes [33]. A study conducted on 8 cases with 21 sam-
ples showed that in 4 cases, the number of chromo-
somal aberrations in the metastatic site was lower than 
in the corresponding primary tumor site, in contradic-
tion with the expected evolutionary finding [34]. Fish-
man et  al. used comparative genomic hybridization 
to analyze the chromosomal profile of seven primary 
high grade serous ovarian cancer tumors and their 
paired metastases. A wide range of genetic alterations 
were present in the primary tumors however in 6 out 
of 7 metastatic lesions there were fewer genetic altera-
tions or normal genomes, suggestive in the author’s 

Table 1 Detailed search strategy

Database Search syntax

Web of Science Science Citation Index 
Expanded (SCI‑EXPANDED) –1975‑pre‑
sent

(((TS = biological evolution) OR (TS =  biologic*  evolut*)) OR ((TS = clonal evolution) OR (TS =  clonal*  evolut*)) 
OR ((TS = Genetic Heterogeneity) OR (TS =  Genetic*  Heterogen*))) AND (TS = ovarian cancer) AND LAN‑
GUAGE: (English) Indexes = SCI‑EXPANDED Timespan = All years

Pubmed (((((((((Genetic*  Heterogen*) OR  biologic*  evolut*) OR  clonal*  evolut*) OR genetic heterogeneity) OR biological 
evolution) OR clonal evolution)) AND ovarian cancer)) AND English[Language]

Embase [embase]/lim NOT [medline]/lim AND (‘ovarian cancer’/exp OR ‘ovarian cancer’) AND (‘genetic*  heterogen*’ 
OR ‘biologic*  evolut*’ OR ‘clonal*  evolut*’ OR ‘genetic heterogeneity’/exp OR ‘genetic heterogeneity’ OR ‘bio‑
logical evolution’/exp OR ‘biological evolution’ OR ‘clonal evolution’/exp OR ‘clonal evolution’) AND ([article]/
lim OR [article in press]/lim) AND [english]/lim

Table 2 PRISMA flowchart

1. Identification Records identified through database searching (n = 1663) WOS – SCIE: 735 
Pubmed: 605 Embase: 323

Additional records identified 
through other sources (n = 29)

Records after duplicates removed (n = 1523)

2. Screening Records screened (n = 1523) Records excluded (n = 1432)

3. Eligibility Full‑text articles assessed for eligibility (n = 91) Full‑text articles excluded (n = 62)

4. Inclusion Studies included in qualitative synthesis (n = 29)
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opinion that this might reflect not ordinary metastases 
migrated from the primary tumor but developed inde-
pendently as de novo carcinogenesis [35].

Molecular inferences of temporal heterogeneity
One of the first studies that analyzed in three cell line 
series the genetic changes associated with the transition 
from platinum sensitive to platinum resistant disease 
suggested they were not linearly related, and that plati-
num resistant disease emerges through the outgrowth 
of a pre-existing platinum resistant subclone under the 
selective pressure of treatment. Vast differences between 
sensitive and resistant clones were confirmed through 
multicolor fluorescence in  situ hybridization and array 
CGH, with a higher genomic complexity at presenta-
tion than at relapse. A similar analysis of 6 paired tissue 
samples taken before and after three cycles of neoadju-
vant chemotherapy revealed very few differences. The 
lack of differences after neoadjuvant chemotherapy could 
be attributed to a short exposure to treatment, survival 
of sensitive clones due to environmental reasons, or to 
the presence of a dominant clone at presentation [36]. 
Next generation sequencing of two of the above samples 
identified besides loss of homologous recombination 
(HR), that the tandem duplicator mutator phenotype is 
an ongoing mutator phenotype that arose early before 
lineage divergence. Its persistence may be responsi-
ble for the continuous evolution and might represent 
a novel, unknown deficit in DNA repair different from 
HR, with an estimated frequency of 12.8% [37]. Perform-
ing whole exome sequencing on ascites derived tumor 
cells at three time points found that besides TP53 muta-
tions that were present at all time points, 89% of muta-
tions found in recurrent tumors were also present at 
the beginning. This is concordant with previous reports 
that recurrent disease arises from the selective pressure 
of chemotherapy on pre-existent clones, even after two 
lines of chemotherapy [38]. A similar report underscored 
the situation in which the primary tumor is composed 
of mutationally heterogeneous clones, some of which 
give rise to the recurrences, with 41% shared somatic 
variants between 1 primary and 2 recurrent samples 
[39]. An extensive study that analyzed 31 paired primary 
and recurrent samples found extreme variability in het-
erogeneity within tumor pairs, likely caused by branched 
evolution in the primary tumor of a platinum resistant 
subclone that causes subsequent relapse. An average of 
47 non-synonymous confirmed somatic mutations per 
tumor pair (range 5–147) were observed, with TP53 as 
the most frequently observed in 78% of cases, but few 
other genes were recurrently mutated. Out of the 1074 
mutations, 58% were shared, whereas 15% (range 0–42%) 
and 27% (range 0–100%) were unique for the primary 

or recurrent samples. Similarly, 41% of the genome was 
affected in both primary and recurrent samples by copy 
number alterations. None of the clinical variables corre-
lated with tumor heterogeneity. Interestingly, platinum 
sensitive tumors maintained HR deficiency when con-
verting to a platinum resistant phenotype, suggesting that 
PARPi could be useful in this clinical situation, although 
they are currently approved only for platinum sensitive 
disease [40].

Molecular inferences of spatial heterogeneity
One of the first studies that conducted a comprehen-
sive evaluation of intra-tumor heterogeneity included 
110 samples from 16 patients with advanced high grade 
serous ovarian cancer. Screening for genetic alterations 
was done using microsatellite analysis and single nucleo-
tide polymorphism (SNP) analysis, with maximum parsi-
mony tree analysis used to infer the clonal relationships. 
Both approaches reached the same conclusions that there 
is extensive intratumor heterogeneity between all regions 
of the same patient despite their similar morphological 
appearance. By reconstructing their evolutionary his-
tory a monoclonal origin was suggested with no evidence 
of two or more ancestral lines. Common alterations 
included deletions on chromosomes 13 and 17, where 
BRCA1/2 and p53 genes are also located [41]. Employing 
similar methods, a subsequent study was conducted by 
the same group and focused on the relationship between 
primary and metastatic lesions. The authors found no 
cases in which the genetic profiles of all the metastases 
of a patient were the same, and there were no significant 
differences in the level of genetic heterogeneity between 
metastatic samples and primary tumors. The data pre-
sented support a model with a common clonal origin 
that becomes polyclonal from which clones with differ-
ent genetic backgrounds have the potential to metasta-
size during the early and late stages of genetic divergence 
[42].

An in-depth approach that evaluated the genomic 
diversity at nucleotide, copy number, and gene expres-
sion scales in 31 samples from 6 patients revealed indi-
vidualized extensive intratumor heterogeneity. A range 
of 31–137 unique mutations/case was present with 51.5% 
(range, 10.2–91.4%) mutations present in all samples of 
a case. Except case 1, all other harbored a p53 mutation 
present in all samples, making it the most stable genomic 
feature. In one case, the fallopian tube lesion was a meta-
static implant, whereas in another case, it harbored two 
dominant clones that gave rise to two histologically dis-
tinct populations that had a common ancestor, indicating 
the early occurrence of polyclonal subpopulations, thus 
complicating even more the evolutionary origin of ovar-
ian cancer in the fallopian tubes. Two paired temporal 
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samples with almost identical genomic mutations char-
acterized a case with extended survivorship. Analysis of 
plasma cell free circulating tumor DNA detected a range 
of 1–12 mutations from the ancestral clone, illustrat-
ing a rather narrow and heterogeneous phenomenon of 
tumor DNA shedding across cases [43]. A study that ana-
lyzed a higher number of 11 spatially separated samples 
from an advanced stage high grade serous ovarian cancer 
reported a lower rate of 6% for shared somatic mutations 
in all samples, and there was an early divergence of two 
primary clusters with one of them leading to the forma-
tion of a metastatic cluster with little accumulation of 
somatic mutations [44].

Serous tubal intraepithelial carcinomas (STIC) possess 
most of the genomic aberrations of other intraperitoneal 
metastases and only in 4 out of 8 cases they represent the 
evolutionary precursor lesions, while other STIC lesions 
might actually represent metastases of other anatomic 
sites with patients specific mutational signature charac-
terizing high grade serous ovarian cancer (HG-SOC) as 
a heterogeneous disease without a specific mutational 
signature except patient specific ubiquitous TP53 muta-
tions [45]. Phylogenetic analysis of bilateral ovarian can-
cer samples demonstrated a common ancestry, and early 
disemination, with marked intra- and inter-tumor heter-
ogeneity, as previously presented [46]. Another study that 
reconstructed the evolutionary history from the RNA 
of 4 patients from 9 spatially separated samples for each 
case reached similar conclusions with early branching of 
peritoneal metastases, and the presence of multiple sub-
clones at each tumor implant [47].

Tumor heterogeneity has been less frequently 
described in low grade SOC, however, on a study on 
11 cases, 1 in 5 (20%) patients with RAS/RAF pathway 
mutations exhibited spatial and temporal heterogene-
ity, despite not receiving targeted treatment against the 
mutation [48].

An in depth study using the MEDICC phylogenetic 
algorithm demonstrated that high intra-tumour hetero-
geneity measured through a clonal expansion index was 
associated with longer survival, supporting the hypoth-
eses that clonal expansion is a surrogate for genetic diver-
sity that favors the development of treatment resistant 
clones. Evolutionary clades in the patient specific trees 
often agreed with the anatomical sites where the sample 
was taken, supporting the physical shedding from the 
invasive lesions in the fallopian tube. In 8 out of 9 evalu-
able cases, cells retained their metastatic potential, and a 
model of metastasis to metastasis spread was supported 
with significant branching of tree topologies. Investigat-
ing whether evolutionary change occurs at a constant 
rate, the study found that 2 out of 14 patients had sig-
nificant non-clock-like evolutionary trajectories with 

potentially unknown mutator phenotypes. Neoadjuvant 
therapy induced only minor genomic changes compared 
to the overall changes, with an average of 46 new events. 
Phylogenetic reconstruction of relapsed samples in 2 
cases demonstrated their early divergence from the com-
mon ancestor. In one case NF1 deletion, while present 
in the dominant population at relapse, was already pre-
sent at diagnosis in a minor proportion with subsequent 
clonal expansion [49].

A study that performed clonal population profiling of 
spatially distinct intraperitoneal clones (68 tumor sam-
ples from 7 patients) through whole-genome and single-
nucleus sequencing identified evolutionary features such 
as mutation loss, convergent evolution and time depend-
ent mutational signatures. Interestingly, metastatic sites 
were composed of clonally pure or highly related clones 
with at least one tumor site in each patient containing 
multiple subclones. In 5 cases, intraperitoneal spread was 
monoclonal and unidirectional, while two cases exhibited 
polyclonal spread and reseeding underscoring two differ-
ent migratory patterns [50]. The same group of authors 
recently showed that among the reasons for non-random 
distribution of malignant clones into the peritoneal cavity 
are the immune related cells of the tissue microenviron-
ment that seem to have a role in shaping the evolutionary 
history of cancer cells. The authors defined three pat-
terns of tumor infiltrating lymphocytes (TILs), reflecting 
their density and distribution within the tumor micro-
environment, with ES-TIL being the most immunogenic 
population (substantial epithelial and stromal TILs) in 
comparison with S-TIL (stromal TILs) and N-TIL (sparse 
TILs). Within the same patients extensive spatial varia-
tion was observed, with 17 out of 31 patients harboring 
more than one pattern of TILs. Using four different meas-
ures for assessing sample clone complexity it was evident 
that samples with ES-TIL elicit immune editing of sub-
clonal populations through T Cell tumor clone tracking 
with subsequent expansion of tumor cell populations that 
harbor neoantigen loss and/or human leukocyte anti-
gen LOH. However, multi-site TIL diversity also implies 
that immune deficient sites might represent cradles of 
clonal diversity for subsequent disease relapse. Another 
important aspect is that specific classes of genomic aber-
rations such as fold-back inversions that are present in a 
significant proportion of cases lead to poor immunogenic 
responses whereas homologous recombination deficient 
tumors are associated with upregulated imune pathways. 
Overall, patient specific spatial diversity of the tumor 
microenvironment significantly influences the intraperi-
toneal dissemination, offering a new perspective on HG-
SOC clonal evolution [51].

The utility of using cell free DNA to monitor treatment 
induced genomic changes was assesed on 20 patients 
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with paired pre/post NACT tumor and plasma samples 
through targeted next generation sequencing (NGS) and 
found that it was minimal and larger studies are needed 
to determine the role of cell free DNA in the manage-
ment of HGSOC [52]. Given that multiregion sampling 
is not always feasible, a study on 4 patients evaluated if 
the genomic information extracted from ascitic cells 
can accurately reflect the tumor burden. The ascitic cells 
genomes included 84–100% of the common mutations 
and a considerable fraction (22.9–75.8%) of shared muta-
tions that were present in at least two distinct samples, 
thus offering a large view of the mutational lanscape of 
advanced ovarian cancer. Inferring the phylogenies of 
ascitic cells in relation with spatially separated tissue 
samples demonstrated an early evolutionary divergence 
and polyseeding [53].

Conclusions
Therapeutic strategies should be based on accurate 
knowledge of a tumor’s trajectory. It is obvious from the 
first published report that there were many questions 
regarding the heterogeneous clinical course of ovarian 
cancer however the lack of accurate tools to infer on its 
evolutionary history could not be surmounted even by a 
large number of evaluated samples, and no conclusions 
could be drawn except that in light microscopy in most 
cases there were no changes in tumor morphology [25].

In the following three decades, chromosomal banding 
techniques used in the study of spatially separated sam-
ples increased the analysis resolution. Similar complex 
chromosomal changes were observed in tumor samples, 
and there were no firm conclusions towards clonal het-
erogeneity [26]. It was suggested this was the result of a 
late metastatic process without any evolution after the 
emergence of the metastatic subclone, but the alternate 
hypotheses of an identical clonal evolution in both the 
primary and the metastatic lesions could not be excluded. 
Another proposed concept as a possible explanation for 
the identical chromosomal lesions seen in bilateral car-
cinomas was that of clonal dominance, the overgrowth 
of the primary tumor by cells that have a growth advan-
tage [27]. In a proof of principle study, a diagram of the 
inferred cytogenetic changes of three spatially separated 
samples created a branching pattern for the clonal evo-
lution of ovarian cancer [28]. This was in accordance 
with the general hypothetical model of clonal evolution 
presented by Nowel [54] and represented a new method 
that could be applied in the study of similar tumors from 
different patients or from sequential samples. Due to lack 
of genetic resolution, a study performing Giemsa band-
ing chromosomal analysis of treatment or progression 
induced chromosomal changes reported the same clonal 
chromosomal aberrations [29].

Further studies that used more accurate techniques 
such as restriction fragment length polymorphism prob-
ing or high-resolution CGH identified the coexistence 
of malignant cell clones however the development of 
metastasis was considered a late event in evolution [30, 
31]. After the introduction of PCR based LOH in ovar-
ian cancer [32], a study based on a larger number of cases 
discovered a different spectrum of genetic alterations in 
metastases and confirmed the dissemination of only cer-
tain subclones [33], thus offering more precise interpre-
tations of tumor evolution than previously studied based 
on chromosomal information [34, 35].

The advent of high throughput technologies dem-
onstrated the existence of a common ancestor and 
revealed the scale of intratumor heterogeneity [41]. 
Analyzing the relationships between different meta-
static samples of the same patient, there were no cases 
in which all metastatic samples of a patient were identi-
cal. It also became evident from the emerging data that 
it was in support of a model of clonal origin that soon 
after becomes polyclonal with different clones acquir-
ing metastatic potential during early and late stages of 
genetic divergence [42–45, 47].

Extensive analysis of paired samples from diagnosis 
and recurrent disease showed that platinum resistant 
disease emerges from a minor pre-existent population 
through the selection pressure of chemotherapy with 
huge variability between the primary and recurrent dis-
ease [36, 38–40, 43, 46, 47], but a short administration of 
neoadjuvant chemotherapy didn`t seem to inflict signifi-
cant genomic damage [36, 49]. Analysis of cell free DNA 
has been already tested in following the clonal dynamics 
of colorectal cancer patients [55]. Cells in the ascites fluid 
have been proven to reflect most the common somatic 
mutations of a patient as a potential future surrogate for 
monitoring the genomic burden of disease while circulat-
ing cell free tumor DNA has prooved non informative so 
far, owing to its small amount and presence of diluting 
nonneoplastic DNA [52, 53].

Subsequent analysis also showed that the presence of 
a tandem duplicator phenotype besides the well known 
homologous recombination deficiency as mechanisms 
that drive mutagenesis in a significant proportion of 
patients [37], suggesting that except TP53 other known 
actionable driver mutations are still elusive [38, 43, 44], 
contrary to the distinct entity of low grade serous ovar-
ian cancer where cases with somatic mutations generally 
show stability across samples and time [48].

Previous observations that a stable genomic structure 
is associated with a longer overall survival [43] were con-
firmed through the phylogenetic quantification of hetero-
geneity that significantly predicted overall survival based 
on a clonal expansion index, in support of the hypotheses 
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that high genetic diversity favors the development of 
treatment resistant disease [49].

Recent research has highlighted that most intraperito-
neal mixtures are comprised in general of an oligoclonal 
population and at least one polyclonal site exists in every 
patient. Also, two non-random trajectories have been 
described, the first monoclonal and unidirectional and 
the second polyclonal with reseeding [50]. Theese pat-
terns of spread seem to result from the spatial heteroge-
neity of the immune microenvironment that can actively 
shape the evolutionary history of cancer cells, with other 
clinical relevant interactions between mutator pheno-
types and immune responses [51].

Cancer heterogeneity and cancer evolution represent 
a major challenge in front of effective therapy. A model 
of clonal evolution in ovarian cancer based upon some 
of the most important issues presented in this article is 
depicted in Fig.  1. Many of the published research on 
heterogeneity in ovarian cancer has been reffering to 
the genetic component, however heterogeneity in can-
cer is a more broader phenomenom that can potentially 
impact any of the aproximately ten hallmarks of can-
cer[56]. In ovarian cancer, heterogeneity beyond the 

genetic component can impact tumor cell subpopula-
tions on cancer hallmarks such as sustained proliferative 
signaling, activation of the angiogenic switch, genomic 
instability, and evading immune destruction. In an effort 
to address this issues, several trials focused on specific 
tyrosine kinase inhibitors with some of them demon-
strating activity against VEGFR [57]. Antiangiogenic 
drugs have been studied extensively as an addition to 
the chemotherapy backbone [58], but a clear benefit was 
seen only in a high risk patient population [59], however 
novel combinations are under way in order to augment 
their therapeutic potential in combination with immuno-
therapy [60] or PARPi [61]. In addition, the combination 
of PARPi with immunotherapy could be synergistic and 
is under evaluations in recent clinical trials [62]. Hence, 
future prospects should incorporate all aspects of cancer 
heterogeneity together with host and tumor microenvi-
ronment related factors.

Evolutionary computational methods in addition to 
the biomedical, genetic and clinical evidence we had 
so far can generate evidence based treatment strategies 
that can be further validated. A framework of tumor 
dynamics in ovarian cancer predicted the superiority 

Fig. 1 Concept of clonal progression in cancer. Primary ancestral clone (P) has divergent evolution with early (M1) and late (M2, M4) acquisition 
of metastatic potential and re‑seeding of metastases (M3). A high immune infiltrated microenvironment shapes clonal evolution. Pre‑existent 
platinum resistant clones drive tumor relapse
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of primary debulking surgery in a low volume disease 
setting [63], while other analyses focused on optimizing 
the sequence of chemotherapy in relation to immuno-
therapy [64] or targeting VEGF-mediated angiogenesis 
[65], approaches that can help us better understand the 
development of treatment resistance and design more 
efficient clinical trials. Characterization of growth and 
dissemination kinetics could also influence treatment 
strategies [66], while individual patient quantifica-
tion of the clonal expansion index provides prognos-
tic information that could further influence treatment 
intensity [49].

Methods such as high throughput single cell sequenc-
ing have recently offered the chance to study intra-
tumor heterogeneity from the perspective of rare 
subclones [67], and together with novel evolutionary 
computational methods [68] they offer us the tools to 
have a real and acurate understanding of disease pro-
gression and optimal treatment strategies.
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