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Abstract: Gynecological cancers, such as endometrial cancer, ovarian cancer, and 
cervical cancers affect women’s health worldwide. Metastatic and recurrent 
 cancers are associated with poor survival, and effective treatment is lacking. 
A deeper understanding of the molecular mechanisms at the genomic level may 
help decipher the metastatic process, identify new targets, and develop personal-
ized treatment strategies. Recent tumor evolutionary studies have provided 
 phylogenetic interpretation of gynecological cancer metastasis. This has provided 
new models of metastatic development and pointed to potential targets for 
 treatment. Moreover, cancer genome analysis of simultaneously detected tumor 
lesions, initially diagnosed as independent synchronous primary cancers of 
the  endometrium and ovary, suggest that they rather represent a primary 
 tumor-metastasis-pair relationship. This chapter provides an overview of the 
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characterization of cancer genomes, from primary tumors to metastatic lesions of 
the major gynecological cancers, and how such data are interpreted in an 
 evolutionary context.

Keywords: metastatic gynecological cancers; synchronous cancers; tumor 
 evolution; tumor heterogeneity; tumor phylogeny

INTRODUCTION

Metastasis involves the spread of cancer cells from a primary tumor to a distant 
site in the body (1). Cells in the metastatic lesion share genomic events such as 
mutations and copy-number alterations with their primary tumor, but the  notable 
difference is that the metastatic cells have additional features that enable them to 
spread. Fortunately, metastasis is a relatively rare event as not all cancer cells 
acquire the capacity to metastasize as demonstrated by calculations on  clinical 
samples (2–4). Unfortunately, reduced survival rates are inevitable in patients 
with metastatic cancers (5). Gynecologic cancers are cancers that originate from 
the female reproductive organs (Figure 1A). These include the main gynecological 
cancers of the cervix, ovary, endometrium (uterine wall), and the lesser frequent 
vaginal- and vulva cancers (6). The primary treatment for most of these cancers is 
hysterectomy or localized surgery. Despite surgery, a substantial part of gyneco-
logical cancers recurs or metastasize, with rates differing depending on primary 
cancer type (Figure 1B). Current treatment of metastatic gynecological disease is 
 generally through inefficient systemic approaches, and new effective treatment is 
urgently needed, with the ultimate goal of improving survival rates (7).

Figure 1. The female reproductive system, cancer stages and 5-year survival for gynecological 
cancers. A, Schematics of the female reproductive system. B, Data from the Surveillance, 
Epidemiology, and End Results (SEER) Program at the National Cancer Institute (NIH) 
comparing stages of disease at diagnosis and 5-year survival in gynecological cancers 
observed in the U.S. population. Relative numbers in percent for cancer stages (green) and 
5-year survival (pink) for gynecological cancers. Grey box; missing data. 
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The era of advanced sequencing has provided opportunities to detail the can-
cer genome. This new technology is often referred to as next generation sequencing 
(NGS) or alternatively as massive parallel sequencing. These methods enable high 
throughput assays resulting in big datasets assessed by computational and bioin-
formatical analysis (8). Common types of such sequencing are targeted sequenc-
ing (TS), whole-exome sequencing (WES) and whole-genome sequencing (WGS), 
with covered regions ranging from a few hundred selected genes (sequencing 
panel) to all protein coding exons, or most of the genome (9). The application of 
advanced sequencing has proven extremely useful for cancer genomic studies. 
Until recently, most studies have focused on defining the genomic landscape of 
primary cancers, but there is an increased attention towards metastatic lesions. 
Genomic profiling of paired samples consisting of primary tumors and matching 
metastases allow for comparison of tumors for identifying unique metastatic traits 
and subclonal compositions (9). Such comparative genomic profiling also pro-
vides a picture of the metastatic spread with spatial and longitudinal resolution of 
the cancer evolution within patients. This chapter takes a closer look at the char-
acterization of cancer genomes, from primary tumors to metastatic lesions of the 
major gynecological cancers, and how such data are interpreted in an evolution-
ary context.

CANCERS OF THE FEMALE REPRODUCTIVE SYSTEM

The female reproductive organs have several commonalities; they originate from 
the same embryonic structure, their development and normal function is influ-
enced and regulated by female hormones (estrogens), and they act in concert to 
facilitate the function of female reproduction in reproductive age (10, 11). 
Endometrial cancer is the most common of the gynecological malignancies 
in  high- and middle-income countries, ranked by the human developmental 
index (6). Although the prognosis for endometrial cancer is good, about 20% of 
patients have recurrent- or metastatic disease with poor prognosis (12). Ovarian, 
fallopian tube, and peritoneal cancer are collectively considered as cancers of the 
same system by the International Federation of Gynecology and Obstetrics (FIGO) 
committee for gynecologic oncology and typically managed in the same way 
(13, 14). Ovarian carcinoma is the most common type of ovarian cancer com-
prising about 95% of cases, with the high-grade serous carcinoma (HGSC) as the 
most common subtype. Extrauterine serous tumors arising from the ovary, fal-
lopian tube, and the peritoneum have been collectively described as “Mullerian 
carcinomas” or “pelvic carcinomas”. The epithelial ovarian tumors may arise 
from endometriosis or cortical inclusions of Mullerian epithelium, forming slow-
growing type I tumors (14). Contrasting these, fallopian tube carcinomas are of 
high grade and considered type II tumors. The cervix is a cylindrical structure at 
the lowermost part of the uterus. The ectocervix projects into the vagina, lined 
by squamous epithelium, while the endocervical canal is lined by columnar epi-
thelium (15). The global cervical cancer rate is rapidly declining due to the 
Human Papilloma Virus (HPV)-vaccination program currently implemented in 
130 countries.
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THE GENOMIC LANDSCAPES OF GYNECOLOGICAL CANCERS

Comprehensive cancer programs led by large consortiums (The Cancer Genome 
Atlas, TCGA and the International Cancer Genome Consortium, ICGC), have 
tremendously helped in the characterization of many cancer types (16, 17). 
Genomic profiling of clinical samples across cancers has detailed the genomic 
underpinnings, suggested new cancer subtypes, and identified therapeutic targets 
that can be treated with available therapies or used to develop new drugs and 
therapies (17). Additionally, it has revealed high levels of intratumor and intertu-
mor heterogeneity. The TCGA cancer programs have detailed primary cancers of 
the ovary (18), the cervix (19) and endometrium (20), as well as uterine carcino-
sarcomas (21). 

Gynecological cancers have both shared and distinct features with other 
 cancer genomes. Differences are displayed as unique mutational signatures and 
structural rearrangements for each cancer type reflected by the cancer “cell-of-
origin” (22). Similarities include copy-number alterations shared among the 
serous types of ovarian- and endometrial cancers (5, 11, 20, 22). Early pan- 
cancer analysis found the tumor suppressor gene TP53 to be the most frequently 
mutated gene with a mutation rate of 43% across 12 cancers. The mutation rate 
of TP53 was highest in serous ovarian (95%) and serous endometrial carcinomas 
(89%) (23). The second most frequently mutated gene in this pan-cancer cohort 
was the phosphatidylinositol-4,5-bisphosphate 3-kinase signaling gene PIK3CA 
with an overall pan-cancer mutation rate of 17%; it was 52% in endometrial can-
cer and only 1% in serous ovarian cancer, highlighting differences in mutational 
profiles (23). PIK3CA mutations have been detected in 40% of vulvar cancer, 
potentially driving HPV-associated squamous cell carcinoma of the vulva (24). 
Other genomic features are also present in gynecological cancers. Berger and 
coworkers took a pan-gynecological cancer integrated approach to highlight 
genomic alterations that distinguished gynecological cancers from other cancer 
types. They discovered novel genes significantly mutated and enriched in gyne-
cological cancers with prognostic potential and subtype specificity (11).

New molecular classification of endometrial cancer

Comprehensive profiling and data integration from large cancer profiling pro-
grams have revealed novel disease subtypes in major gynecological cancers. These 
data have provided new insights into the etiology and pathogenesis of the dis-
eases, and importantly, provided results with the potential to change clinical 
practice (17). The use of cancer genome profiling to identify new relevant clinical 
subgroups of gynecological cancer patients is particularly profound in endome-
trial cancer. The TCGA study on endometrial cancer enabled a molecular classi-
fication, based on molecular and genomic profiling data, that has improved 
tumor classifications compared to the classical histopathological classification 
scheme into type I and type II endometrial cancer (20). The new molecular sub-
types of endometrial cancers are POLE/ultramutated cancers, microsatellite insta-
ble (MSI)/hypermutated cancers, copy-number (CN) low/endometrioid cancers, 
and copy-number high/serous-like cancers (Figure 2). The phenotypes of these 
molecular classes are striking. The ultramutated DNA polymerase epsilon 
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catalytic subunit (POLE) tumors have a very high mutational burden due to 
mutations in the exonuclease domains coupled to proofreading during replica-
tion. (hotspots at p.P286R and p.V411L). The hypermutated MSI tumors also 
have a high mutation burden, caused by defects in the DNA mismatch repair 
(MMR) system (MSH6, MSH2, PMS2 or MLH1) leading to uncorrected slippage 
mutations at mono- and dinucleotide repeats (microsatellites). The copy-number 
high tumors have a high level of chromosomal alterations that results in gain and 
loss of copies in focal or chromosomal regions of the DNA and are mostly of 
serous histologic type and TP53 mutated. Lastly, the copy-number low class are 
mostly endometrioid tumors with low levels of amplifications/deletions and with 
intermediate mutation burden. Targeted therapies directed at these molecular 
subtypes are in development, including targets of DNA repair systems, the 
immune system, and signaling pathways (7, 25). Interestingly, the POLE group of 
patients, which portend an excellent prognosis, might not require additional 
treatment beyond primary surgery. For selected patients with recurrent, meta-
static, or high-risk diseases in gynecological cancer, the US Food and Drug 
Administration (FDA) has approved Bevacizumab (VEGF inhibitor), Olaparib, 
Rucaparib, Niraparib (PARP inhibitors), and Pembrolizumab (anti PD-1), and 
these are currently being tested for clinical use (7).

METASTASES IN GYNECOLOGICAL CANCERS

Currently, treatment of gynecological cancer patients with primary tumors follows 
established guidelines but for metastatic disease this is generally more diffuse and 
limited to additional surgery, and systemic neoadjuvant or adjuvant therapies 
(7, 26). However, these approaches are only able to stagger the disease, that ulti-
mately, will progress after a short period of time. Metastatic progression in 

Figure 2. Molecular classes of endometrial cancer based on cancer genome characterization 
from TCGA. Extensive genomic characterization of cancer genomes from the TCGA 
endometrial cancer study (20) has suggested a new and improved stratification scheme for 
endometrial cancer. The four molecular subtypes (POLE/MSI/CN-low/CN-high) groups have 
distinct genomic and molecular characteristics, including differences in somatic mutations 
and copy-number burdens, and importantly, prognostic differences. 
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gynecological cancers, as with all cancers, is a complex process occurring in five 
sequential steps including: invasion, intravasation, circulation, extravasation, and 
colonization (27). Although the discrete steps in the metastatic cascade have been 
determined, the driving mechanisms and underlying genetic and molecular pro-
cesses are lesser understood. Profiling strategies aimed at characterizing tissues of 
metastases and the corresponding primary gynecological tumor within the same 
patient is therefore required for both understanding the processes of metastasis 
and improving patient care.

Patterns of spread 

The organotropism of the most frequent gynecological cancers is well known. 
Gynecological cancers are most likely to spread within the nearby organs, and 
tissues of the abdominal region and lymph nodes; however, spread to other 
distant organs such as brain and lung can also occur. Ovarian cancer tends to 
spread to the abdomen, colon, uterus, liver, and bone. Endometrial cancer also 
tends to spread locally to nearby organs, including the cervix, ovaries, vagina, 
and abdomen (5, 28–29). Cervical cancer spread occurs by either growing into 
nearby areas like vagina, bladder, rectum or tissues near the uterus and vagina. 
Local tumor growth and infiltration is not uniform but differs greatly among 
anatomical structures and compartments close to the uterine cervix (30). The 
spread of distant metastases in cervical cancer happens rarely and occurs in only 
2% of cases (15). Recent studies have systematically catalogued genomic altera-
tions as well as sites of metastatic spread of many cancers, including gynecologi-
cal cancers (5, 30–33). An artificial intelligence (AI) application for determining 
organotrophic patterns of metastasis spread has been developed (28). Such 
machine learning algorithms are important as they may predict the metastasis 
landing-sites based on information from the primary tumor prior to the devel-
opment of the actual metastasis. Being able to predict localization of metastatic 
disease may change the therapeutic landscape of both primary and metastatic 
cancers. 

Lymph node metastasis

Lymph node assessment in gynecologic malignancies is important for prognos-
tication and treatment decision. Factors like size and number of positive nodes 
are important in staging of gynecological cancers (34). Radiologic imaging is 
crucial for the preoperative detection of lymph node metastasis (35), and posi-
tive identification is a significant risk factor for prognosis. The most common 
pathway of dissemination in gynecologic malignancies are the superficial ingui-
nal, pelvic, and para-aortic pathways, and is dependent on the location of the 
primary tumor and may follow several pathways depending on the cancer type 
and location (34). The role of systematic lymph node dissection has become a 
topic of discussion in gynecological cancers, as severe side effects or reduced 
quality of life can follow the procedure, with sentinel node (first lymph node) 
biopsy being a promising alternative (36, 37). Models for predicting lymph 
node metastasis based on radiologic imaging or molecular data are available 
(38, 39). 
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Genomic profiling of metastases

Recently, as an extension to genomic profiling of primary tumors, there has been 
studies focusing on profiling pan-cancer metastases, including ovarian, endome-
trial, and cervical cancers (5, 31–33). Nguyen and colleagues recently provided 
the largest study to date with targeted panel sequencing of 25,000 patients across 
50 cancer types, highlighting considerable genomic differences between primary 
tumors and metastases, and specific metastatic sites (5). Although the cohort con-
sisted of unpaired samples, this study demonstrated that metastases have a higher 
tumor burden and chromosomal instability compared to primary tumors. 
Specifically for uterine endometrioid cancer metastases, higher frequency of 
mutations in TP53 (tumor suppressor protein p53) and ESR1 (encoding estrogen 
receptor alpha), and amplifications of ERBB2 (also known as HER2; human epi-
dermal growth factor receptor 2), were observed but less mutations in the tumor 
suppressor phosphatase and tensin homolog gene (PTEN) compared to the pri-
maries (5). It is disappointing that no real metastasis-specific driver gene has been 
identified, in any cancer type, despite considerable effort and apparent sufficient 
analytical detection power. Rather, it seems like the primary tumor and metastases 
share driver genes as exemplified by endometrial cancer (2, 29).

TUMOR EVOLUTION IN GYNECOLOGIC CANCERS

Tumors accumulate a range of somatic alterations, described as mutations, copy-
number alterations, and structural variants across the entire genome. In general, 
we may consider these genomic alterations as informative events of the tumor’s 
evolutionary trajectory informing us on how the tumors develop and how they 
spread (2, 40). Studying tumor evolution can help us to predict disease behavior, 
monitor disease progression and personalize treatment. However, the basis for the 
cancer evolution profiling is dependent on available patient biopsies, and quick 
turnaround of sequencing data if the patient is monitored, or in treatment. 

Phylogenies to evaluate tumor evolution

To evaluate tumor evolution in metastases, samples need to be paired. In most 
cases, when matching primaries and metastases are sequenced from the same 
patient, unique genomic alterations can be detected in the metastatic lesion, but 
this is also true for the primary tumor. These unique, or private mutations (or 
copy-number alterations) are in addition to the mutations that are shared between 
the lesions from the same patients. A popular way to visualize comprehensive 
information included in tumor evolution analysis is phylogenetic trees (9, 41). 
These tumor-trees enable a description of the diversity of somatic mutations and 
copy-number alterations detailing the metastatic process. The complexity of phy-
logenetic analysis has led to new models for tumor evolution and metastasis. 
These models concern tumor evolution, modes of metastatic dissemination and 
seeding patterns (1, 42–43). The rationale behind these models is explained by 
stochastic progression, mutator phenotype and clonal evolution (9, 44). On this 
basis, studies have described the effect of evolutionary context of the tumor in 
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different models including clonal progression, neutral evolution, and selection. 
However, debates and disagreements on how to interpret and apply computa-
tional methods for inferring phylogenies from sequencing data also exists (42, 45). 
Some of these disagreements should be attributed to tumor heterogeneity that 
might be missed by bulk biopsy sequencing, interfering with the downstream 
analyses. Diving deeper into the tumor composition with multi-region sequencing 
and single-cell sequencing approaches in clinical specimens might unravel this 
issue in future studies. 

Monophyly is the dominating evolutionary model in 
endometrial cancer

Only a few studies have investigated the evolution of gynecological cancers into 
metastases. Gibson et al. were the first to determine the phylogenetic relationships 
between endometrial tumor biopsies using whole exome sequencing (WES) data. 
(29). In their cohort of 26 cases, seven patients had multiple metastases available 
for sequencing as required for phylogenetic interpretations (visualized as phylo-
genetic trees). They observed that all the metastases were more closely related to 
each other, than to the primary tumor of same patient, suggesting that all metas-
tases had a common ancestor. This suggested a model that metastases from endo-
metrial cancer are the result of one branched subclone of the cancer. In relation to 
cancer evolution, this model was interpretated in a phylogenetic context as mono-
phyly (Figure 3A). However, in the seventh case, one of the metastases was more 
closely related to the primary tumor than to the other metastases, a case of poly-
phyly, because of the presence of multiple origins (Figure 3B). The high propor-
tion of monophyletic evolution in endometrial cancer has recently been confirmed 
though whole exome sequencing analysis of metastases with corresponding pri-
mary tumor in a similar cohort consisting of nine endometrial cancer patients, 
where the majority of cases fitted into to the evolutionary model of monophyly 
(46). These studies found no evidence of reseeding (29, 46).

Interestingly, a study on metastatic prostate cancer, with survival probabilities 
resembling endometrial cancer, was also determined to be mainly monophyletic, 
while that of the more aggressive pancreatic cancer was polyphyletic. Future stud-
ies may provide information if cancer types considered more aggressive are more 
likely to have multiple clones giving rise to metastases (47, 48). Indeed, in high-
grade serous ovarian carcinoma (HGSOC), considered more aggressive than 
endometrial cancer, Masoodi and team found 2/6 of cancer phylogenies as poly-
phyly, although more cases are needed to clarify this (49). In terms of treatment, 
the presence of only one subclone (monophyly) might be beneficial, if targetable, 
as multiple subclones (polyphyly architecture) may be more prone to escape treat-
ment and thereby develop drug-resistance.

SYNCHRONOUS ENDOMETRIAL AND OVARIAN LESIONS

The introduction of genomic sequencing in gynecological cancers has also pro-
vided a step forward in accessing the relationship of concurrent tumors involving 
multiple sites of the reproductive system, in particular tumors of the ovary and the 
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endometrium, due to their frequent occurrence. While these cancers often have 
been evaluated as independent primaries by pathologic examination and diag-
nosed as synchronous cancers, recent sequencing analysis has demonstrated a 
clonal relationship suggesting that these tumors rather represent a primary-tumor-
metastasis relationship (50). Multiple studies have addressed the relationship of 
synchronous cancers with endometrial and ovarian lesions through different 
sequencing approaches, including panel-sequencing and whole exome sequenc-
ing approaches (29, 51–55). It is noted that some cases diagnosed with synchro-
nous cancers do not have shared genomic alterations, suggesting either a true 

Figure 3. Phylogenetic models of endometrial cancer. Two alternative scenarios describe the 
origin of multiple metastases in endometrial cancer. A, The monophyly model suggest that 
the origin of metastases (Ms) are from the same ancestral origin, as a subclone or a single 
cell of the primary tumor (PT). B, Alternatively, multiple clones seed the different metastases 
in the polyphyly model. Current data has demonstrated that the monophyletic model is the 
dominating and most likely route of metastatic spread (29,46). Tumor evolutionary 
phylogenetic trees constructed from somatic mutations are displayed to the left, with 
accompanying models to the right.
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synchronous independency, or alternatively, a sequencing approach that are not 
sufficient to detect rarer shared alterations, such as panel-sequencing (Figure 4). 
For some of the synchronous cases, for example, Lynch syndrome (hereditary 
nonpolyposis colorectal cancer), MMR germline deficiency seems to be the under-
lying cause of multiple lesions, as this disease increases the risk of several cancers 
including colorectal, endometrial, ovarian, and other cancers (56). The scenario 
of synchronous versus a primary-metastasis relationship creates a clinical puzzle, 
as the overall survival for the primary as well as synchronous cancers are good, 
while that of metastatic cancers generally are not. These conflicting clinical out-
comes are important, and distinguishing the two diagnosis is essential to avoid 
both overtreatment and undertreatment. Advanced sequencing may improve 
diagnostic accuracy of synchronous cancers when comparing mutational profiles 
(29, 51–52). 

CONCLUSION

Understanding metastatic disease in order to develop targeted therapies and per-
sonalized treatment remains a challenging task in gynecological cancers. The 
complex nature of the metastatic processes, lack of available metastatic biopsies, 
and the large tasks associated with tackling tumor heterogeneity and tumor 

Figure 4. Independent primary synchronous cancers versus metastatic growth. Possible 
interpretations of simultaneous endometrial and ovarian lesions A, Independent growth of 
two primary tumors of the endometrium and the ovary, suggestive of synchronous cancers 
(no shared genomic features). B, Related growth by endometrial and ovarian tumors with 
shared mutational profiles, demonstrating relatedness and suggestive of a primary tumor-
metastasis relationship. Multiple studies of apparently synchronous cancers are supportive 
of the latter model (29, 51–55).
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diversity represent systematic hurdles to understanding sequencing data. Although 
no specific metastatic driver has been detected, good progress has been made in 
understanding metastatic disease and cancer evolution in gynecological cancers, 
supporting new models of metastasis. Retrospective spatial and nonspatial data 
from patients with gynecological cancers, both from primary tumors and meta-
static lesions, are becoming increasingly in focus, as clinicians and basic scientists 
are becoming aware for the need for such data to fully understand metastatic 
disease. Biobanking of patient material is required along with the application of 
the latest sequencing developments to accelerate the development of specific ther-
apeutics for metastasis and pinpoint diagnosis. Future prioritization to improve 
female cancer therapeutics should include not only the most frequent gynecologi-
cal cancers (endometrial, ovarian, and cervical cancers), but also vulvar- and vagi-
nal cancers. 
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