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Preface

With recent significant advances in gynecology and obstetrics, physicians now 
face a new era of clinical medicine and decision making in daily practice. 
Beginning in the 1980s, the idea of evidence-based medicine (EBM) was intro-
duced in clinical practice and medical education, the appropriate treatment modal-
ity for patients being based on clinical epidemiology. Various treatment guidelines 
have been published according to such epidemiological evidence along with the 
consensus of experts. Because the strongest evidence has been obtained from ran-
domized clinical trials (RCTs) and meta-analyses, many physicians and patients 
have enthusiastically been involved in those RCTs. Thus, we have been living in 
the era of “epidemiology evidence-based medicine”. Although the ideal treatment 
should be specialized for a patient after considering the specific nature of the dis-
ease and the desire of each patient, we first present to the patient the standard 
treatment in the guidelines, which may be appropriate for the patient but some-
times is not, due to the heterogeneity of the disease. For years, therefore, physi-
cians have been looking intently for a strategy to personalize the treatment for 
each patient. In the twenty- first century, we have gradually been approaching an 
era of new EBM, which is “genome evidence-based medicine”. The advance of 
comprehensive genomic analyses using next-generation sequencing (NGS) and 
gene expression profiling using DNA microarray along with bioinformatics has 
revealed the diversity of genome, epigenome, and expression profiles of disease. 
Development of novel drugs and technologies has made it possible to indicate the 
specific treatment according to the specific genomic nature of the disease in a 
patient. Thus, physicians are pleased to face this new era of “precision medicine” 
for clinical practice and decision making. This book presents the current perspec-
tive on precision medicine in the field of gynecology and obstetrics. The authors 
have made great efforts to update the scientific evidence in each field, and I would 
like to express my sincere thanks to all of them for the successful contribution of 
their chapters. I am also grateful to Ms. Yoko Arai at Springer Japan for her kind 
co-operation with me for the publication of this book.

Kyoto, Japan Ikuo Konishi, M.D., Ph.D. 
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1Toward Precision Medicine 
in Gynecology and Obstetrics

Ikuo Konishi

Abstract
This chapter is an introduction to the contents of this book on precision medicine 
in gynecology and obstetrics, describing “where are we now, and where should 
we go” with regard to evidence-based medicine (EBM). At the end of the twen-
tieth century, we faced a drastic change in clinical medicine, i.e., a big wave of 
EBM which was the application of epidemiology to clinical decision making. 
Standard treatment under the guidelines based on epidemiologic evidence is very 
useful in our daily clinical practice. Such treatment is appropriate for more than 
half of patients, but it may not benefit the remaining patients owing to the hetero-
geneity of disease. However, recent advances in medical technologies is clearly 
disclosing the diversity of disease with regard to the differences in genome, epig-
enome, and expression profiling. Medical treatment has been personalized 
according to the specific, genomic nature of the patient. Thus, the second big 
wave of EBM, which is genome-based personalized medicine, started at the 
beginning of the twenty-first century and is now expanding as “precision medi-
cine”. Here we see the current and future perspectives on precision medicine in 
gynecology and obstetrics, namely, genome evidence-based personalized medi-
cine, clinical practice, and decision making.

Keywords
Evidence-based medicine (EBM) • Clinical epidemiology • Personalized  
medicine • Genomics • Whole-genome sequencing • Gene-expression profiling  
Precision medicine
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1.1  Introduction

Physicians know a priori that there should be one best treatment for the patient who 
lies down in front of them, and have earnestly been seeking it among the various 
available modalities. Because physicians also are aware of the heterogeneity of dis-
ease among patients, even after the same clinical diagnosis is made, they try to shed 
light on the specific nature of the disease for a particular patient, using clinical his-
tory, physical examination, laboratory tests, histopathology, and imaging. To explore 
the right treatment strategy for the patient, it is also important to consider the patho-
physiology of the patient’s disease, study the principles and theories about the dis-
ease, and review the empirically employed treatment modalities and previous case 
reports. Advice from experienced professors and experts are very useful. Collecting 
all these data, we discuss the patient at a clinical conference, finally decide the most 
appropriate course for this specific patient, and then explain it to the patient and the 
family. Under such conditions, both physicians and patients reach a consensus. All 
of them seem to be happy under such an ideal doctor–patient relationship.

1.2  Evidence (Clinical Epidemiology)-Based  
Medicine Era Since the 1980s

Since the 1980s, however, the term “evidence-based” has been introduced in clini-
cal decision making, guidelines and policies, and medical education [1]. As early as 
1972, Archie Cochrane reported that many practices that had previously been 
assumed to be effective were not supported by controlled clinical trials [2]. In 1987, 
David Eddy first used the term "evidence-based" and expanded in his work on clini-
cal practice guidelines and policies [3]. Alvin Feinstein, David Sackett, and others 
also claimed the importance of clinical epidemiology in decision making by physi-
cians [4]. The term “evidence-based medicine (EBM)” has also been introduced in 
medical education. In 1990, Gordon Guyatt first used EBM at McMaster University 
for new medical students [1], and later published it as a new approach to teaching 
the practice of medicine. Such a big wave of EBM became popular in order to make 
individual clinical practice more objective by reflecting the evidence and required 
the application of population-based data to individual patient care. At that time, 
however, it was also emphasized that practitioners’clinical expertise should be 
reflected in efficient diagnosis and deep thought about the rights and preferences of 
individual patients [4]. Thus, during the 1990s, EBM gradually was established as a 
scientific approach for medical practice and decision making based on clinical 
epidemiology.

EBM further developed by classifying evidence levels by epidemiological 
strength, and now requires that only the strongest levels based on data obtained by 
randomized controlled trials (RCTs), meta-analyses, and systematic reviews can 
produce the strongest recommendations [5]. Opinions by experienced experts or 
case studies have been regarded as weaker levels [6]. Then EBM expanded to the 
design of clinical guidelines and policies that apply to patients and populations and 
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subsequently spread to decision making that is used at every level of health care. 
Thus, EBM advocates that decision making should not be based on a clinician’s 
opinion or expert belief that may be limited by gaps in knowledge or by biases, but 
on the scientific evidence supplemented by all available data. Therefore, publication 
of clinical guidelines describing the standard treatment along with evidence levels 
has been greatly needed for daily practice, and for years many physicians have 
enthusiastically been involved in RCTs to seek the necessary scientific evidence. 
For the most part, such great efforts have resulted in success for establishment of 
novel treatments as standard ones. For example, in development of the standard 
chemotherapy for epithelial ovarian cancer, so many RCTs have been conducted 
and currently the combination chemotherapy with triweekly paclitaxel and carbo-
platin (TC) has been standard for first-line treatment [7]. Numerous patients with 
postoperative or recurrent ovarian cancer participated voluntarily in those RCTs not 
for themselves but for future patients. Thus, we have to continue our efforts to seek 
the scientific evidence that will be adopted in clinical guidelines and used for daily 
decision making in clinical practice.

Nevertheless, there have been many critical opinions of EBM expressed to date 
[8]. Before the era of EBM, the understanding of basic pathophysiologic mecha-
nisms of disease coupled with clinical experience was of primary importance in 
medical teaching and clinical medicine. Because some of the original EBM propo-
nents mistakenly touted EBM as a revolutionary new paradigm disregarding the 
philosophic basis for medicine, EBM was thought to be unscientific [9]. Although 
the strongest recommendations have been made by use of RCTs and meta-analyses 
in EBM, studies have failed to show that they are consistently more than “good 
quality”. Similarly designed RCTs frequently disagree with one another, and cohort 
studies with better quality often disagree with those from RCTs. Actually, EBM 
may be able to answer clinical questions suited to the evidence but not in questions 
specific to small patient populations or subjective evaluations. Clinically important 
details may be hidden, because EBM does not integrate non-statistical forms of 
medical information such as professional experience and patient-specific factors. 
Also, EBM may reduce the autonomy of the doctor-patient relationship [10]. At the 
beginning of the era of EBM, it was clearly declared that EBM is not “cookbook 
medicine” and should not be applied to restrict options of the patient or doctor, 
which would be “misuse of EBM” [1]. However, EBM has been hijacked by accoun-
tants and managers to cut the cost of health care. Under the clinical guidelines, 
EBM has been used to prevent physicians from being held hostage and unable to 
treat a willing patient while waiting for statistical evidence.

Most importantly, it has been recognized that the usefulness of applying EBM 
to individual patients is limited [8, 11]. Patients are individuals, not groups. 
Because EBM is based on applying principles of clinical epidemiology to indi-
vidual patient care, it carries with it many of the assumptions of epidemiological 
strategy. Individual circumstances and values are varied, and there are a great 
many uncommon diseases and variants. There is often a lack of studies relevant to 
the specific patient and intervention under consideration. Although medical 
research has focused on common clinical situations, there are many rare diseases 
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and conditions where EBM does not work well. Furthermore, individual patients 
will respond in their own unique way to a therapy that was not predicted from data 
by RCTs. In epithelial ovarian cancer, for example, although triweekly TC che-
motherapy has been established as standard, i.e., proven to be most effective, the 
overall rate of obtaining a response is approximately 70% with the remaining 30% 
being resistant [7]. Among the four histological types, clear cell carcinoma and 
mucinous carcinoma will usually not respond to TC chemotherapy. Even in 
patients with serous carcinoma, approximately 20% are resistant even at the first-
line treatment. This is a limitation of clinical guidelines based on EBM. For indi-
vidual patients, therefore, our clinical medicine must resolve disagreements 
between general rules, empirical data, theories, principles, and patient values. In 
this setting, recent development of personalized medicine using genome analyses 
appears to overcome the limitations of an EBM approach for clinical decision 
making.

1.3  Toward a New Era of Evidence (Genomics)-Based 
Medicine for Patients

Recent advances in clinical oncology and novel drug discoveries have been playing 
the major leadership roles in personalized medicine. The final goal of modern medi-
cine is increasing patient specificity so that the right treatment is given to the right 
patient at the right time. While current cancer studies have largely focused on iden-
tification of genomic or epigenomic properties of tumor cells, emerging evidence 
has clearly demonstrated the heterogeneity between tumors among patients and 
even in the same patients. In the twenty-first century, the advance of comprehensive 
genomic analyses using next-generation sequencing (NGS) and gene expression 
profiling using DNA microarray along with bioinformatics is clearly revealing the 
diversity of genome, epigenome, and expression profiles of cancer. If the driver 
oncogene and the main signaling pathway for cancer growth and survival is identi-
fied, the specific, molecular-targeted drug is shown to be greatly effective due to the 
“oncogene addiction” of tumor cells. One representative example is EML4-ALK 
lung cancer. In 2007, Hiroyuki Mano and his colleagues identified the fusion onco-
gene EML4-ALK in a subset of non-small-cell lung cancer with poor prognosis, and 
then clearly showed that an ALK kinase inhibitor such as crizotinib was quite effec-
tive and dramatically improved the survival of patients with EML4-ALK lung can-
cer [12]. A RCT was not necessary for approval of the drug in a short period of time 
by the FDA in 2011. Thus, we are coming into an era where selection of anti-cancer 
drugs is determined by genomic analysis for the patient rather than by the standards 
in guidelines.

The natural history of the development of epithelial ovarian cancer was unclear 
because most patients visit us with advanced disease. Our clinicopathological 
approach using transvaginal ultrasound disclosed the diversity of natural history of 
ovarian cancer along with the respective genetic mutations [13]. Therefore, ovarian 
cancer is not a single disease entity but a heterogeneous group of diseases with 
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different clinical and molecular scenarios (Fig. 1.1). Regarding clear cell cancer that 
is resistant to standard chemotherapy, our comprehensive genomic analyses demon-
strated that there is a specific gene-expression signature (OCCC signature) [14], in 
which many anti-oxidative stress genes are upregulated for cell survival via an epigen-
etic mechanism against the stressful microenvironment of an endometriotic cyst filled 
with the free iron of menstrual blood [15]. Our analyses also revealed that clear cell 
cancer is resistant to cisplatin but sensitive to multikinase inhibitors such as sorafenib 
[16], and the subsequent clinical trial for patients with recurrent clear cell cancer dem-
onstrated its clinical efficacy. Another important step in clinical oncology is immuno-
therapy using antibodies against immune-checkpoint molecules. We have demonstrated 
that the immune-checkpoint PD-L1/PD-1 signaling plays an important role in the 
escape from the host immune system and in peritoneal dissemination in ovarian can-
cer cells. We then conducted a clinical trial on the safety and efficacy of the anti-PD-1 
antibody nivolumab in patients with platinum- resistant, recurrent ovarian cancer, and 
some patients including those with clear cell cancer showed a remarkable and durable 
response [17]. Thus, genomic analyses with novel drug development will be able to 
overcome the resistance to standard chemotherapy.

The Cancer Genome Atlas (TCGA) Network published data from the whole 
genome sequencing and molecular profiling using NGS and microarray in 2011. For 
high-grade serous ovarian cancer (HGSC), which comprises the most common his-
tological type in epithelial ovarian cancer and usually responds well to TC chemo-
therapy, it was shown that HGSC does not have the definitive driver oncogene. 
Interestingly, however, it was also revealed that there are four subtypes in the gene 
expression profile, i.e., differentiated, immunoreactive, mesenchymal, and prolif-
erative, and that patients with HGSC with the mesenchymal subtype showed the 
worst prognosis [18]. Such novel classification is relevant with the difference in the 
microenvironment of cancer cells. Recent bioinformatics and clinicopathology 

Ovarian
carcinoma 

Adenoma Borderline

via endometriotic cyst

de novo development

Mucinous/ low-grade
serous carcinoma

Serous carcinoma

Endometrioid/ Clear cell carcinoma

Normal
ovary/ Tube

KRAS/ BRAF

BRCA/ p53

PTEN/ ARID1A

(Netter)

Fig. 1.1 Ovarian cancer is a heterogeneous disease with diverse scenarios
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approaches have shown that the mesenchymal subtype accompanied by dense fibro-
blastic stroma is more sensitive to paclitaxel than to other drugs [19]. These findings 
suggest that the mesenchymal subtype may fit the weekly dose-dense TC regimen, 
in which a higher dose of paclitaxel than usual is given [20]. Anti-vascular endothe-
lial growth factor (VEGF) antibody, bevacizumab, may also improve the survival of 
HGSC patients with the mesenchymal subtype. Thus, selection of chemotherapeu-
tic and molecular-targeted drugs will be considered under genomic profiling analy-
ses indicating the cancer microenvironment.

The most important factor for poor prognosis of epithelial ovarian cancer is peri-
toneal dissemination. Therefore, molecular and genomic analyses for the mecha-
nisms in the special metastatic process are mandatory. Through our extensive 
analyses, we have demonstrated that the hypoxic microenvironment at the begin-
ning of metastasis plays an essential role in downregulation of E-cadherin, upregu-
lation of S100A4, followed by increased RhoA signaling, which is responsible for 
cancer cell metastasis, motility, and invasion [21]. RhoA inhibitors such as lovas-
tatin have been effective in an animal model for experimental peritoneal dissemina-
tion. In addition, we also have observed the epigenetic change of the S100A4 gene 
in ovarian cancer cells under a hypoxic environment, which suggests “evolution” of 
cancer cells during progression [22]. Upregulation of VEGF is also important in the 
disseminated lesions for angiogenesis and immunosuppression. Therefore, each 
anti-cancer drug will be directed to each microenvironment and signaling of cancer 
cells, which continuously evolve via changes in genomics and epigenomics and 
gene expressions. Accordingly, we must consider now the two-dimensional map 
model of the cancer genome, which shows both the diversity in carcinogenesis 
(X-axis) and the diversity of evolution in progression (Y-axis) (Fig. 1.2). The place 
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Fig. 1.2 Two-dimension model of cancer genome
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of each patient will be identified on the map via genomic analyses, and the right 
treatment will be given at the right time in the near future.

1.4  Acceleration of “Precision Medicine” for Patients

More recently, the direction of personalized medicine is expanding to “precision 
medicine”. The National Institutes of Health (NIH) in the United States defines 
precision medicine as an emerging approach for disease treatment and preven-
tion that takes into account individual variability in genes, environment, and 
lifestyle for each person. This approach will allow doctors and researchers to 
predict more accurately which treatment and prevention strategies for a particu-
lar disease will work in which groups of people. It is in contrast to a “one-size-
fits-all” approach, in which disease treatment and prevention strategies are 
developed for the average person, with less consideration for the differences 
between individuals. Thus, all of us are coming into an ideal world for health-
care and a better doctor-patient relationship. We now must accelerate such 
movement in clinical medicine for our patients.
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2Genomics in Gynecological Cancer: 
Future Perspective

Takeshi Motohara and Hidetaka Katabuchi

Abstract
All cancers arise as a result of dynamic changes in the cancer genome. Cancer 
cells show diverse biological capabilities that are conferred by numerous genetic 
and epigenetic changes. Over the past years, comprehensive genomic studies 
using next-generation sequencing technology have resulted in an increasing 
wealth of the understanding of molecular mechanisms with respect to the 
genomic features of gynecological malignancies, including ovarian, endome-
trial, and cervical cancers. These studies can be exploited to develop and improve 
cancer classification, new diagnostic methods, and novel therapeutic strategies.

In this chapter, we review the principles of our current understanding of can-
cer genomes in gynecological malignancies, particularly ovarian, endometrial, 
and cervical cancers. Furthermore, a vision for the future of genomics in gyneco-
logical cancer has been discussed. We hope that cancer genomic research will 
ultimately guide clinical decision-making in association with the development of 
novel therapeutic strategies and biomarker-based clinical trials, affecting the 
clinical outcome of cancer patients.
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2.1  Introduction

After a quarter of a century of rapid advances, comprehensive genomic studies have 
generated a complex body of knowledge, demonstrating cancer to be a disease 
involving dynamic changes in the “cancer genome” [1]. A cancer genome harbors 
numerous alterations at the level of the nucleotides, chromatin, and chromosomes 
[2, 3]. These alterations comprise irreversible aberrations in the DNA structure and 
in the number of particular sequences, genes, or chromosomes. Additionally, they 
include reversible changes, such as epigenetic modifications in the DNA and his-
tone proteins. These reversible and irreversible changes collectively induce the acti-
vation or inhibition of various biological molecular pathways, affecting cancer 
pathophysiology, including invasion, metastasis, immune evasion, angiogenesis, or 
cell death [4].

Integrated genome-wide sequencing has recently demonstrated the genomic 
landscapes of common forms of human cancer (Fig. 2.1) [5, 6]. The valuable 
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Fig. 2.1 The hallmarks of cancer. The hallmarks of cancer comprehend several capabilities 
acquired during the multistep development of cancers. These hallmarks constitute an organizing 
principle for rationalizing the complexities of cancer and also become major targets for cancer 
research and therapeutic strategies
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information from cancer genome studies can be exploited to develop methods 
for prevention and early detection of cancer, which will be essential to reduce 
cancer morbidity and mortality [2]. Furthermore, these studies can identify the 
underlying molecular mechanisms that can be targeted for cancer therapy and 
the prediction of response to cancer therapies, affecting the clinical outcome of 
cancer patients [7–9].

This chapter aims to demonstrate the impact of comprehensive genomic 
research on gynecological cancer, including ovarian, endometrial, and cervical 
cancers. We review their implications for better understanding of the cancer 
genome, leading to improved cancer classification and development of new 
diagnostic methods and therapeutic approaches in gynecological malignancies. 
Furthermore, a vision for the future of genomic research in gynecological can-
cer is discussed.

2.2  The Cancer Genome Atlas Project

The latest development in the technological advances of genome-wide sequenc-
ing and bioinformatics has shed new light on the cancer genome [3, 7]. In 2005, 
The Cancer Genome Atlas (TCGA) was launched as the main project accelerat-
ing the comprehensive understanding of cancer genomics using innovative 
genomic technologies [7]. TCGA has profiled and analyzed major molecular 
alterations at the DNA, RNA, protein, and epigenetic levels in large cohorts of 
over 30 human tumors through large-scale genome-wide sequencing and inte-
grated multidimensional analyses [8, 9]. The large amount of available data 
provides a crucial opportunity to develop an integrated picture of commonali-
ties, differences, and emergent themes across tumor lineages. Evaluation of the 
molecular aberrations and their functional roles across tumor types will guide us 
in how to extend effective cancer therapies in one cancer type to others with a 
similar genomic profile [8].

Phase I of TCGA project aimed to test the research infrastructure based on 
the characterization of chosen tumors having poor prognosis: brain, lung, and 
ovarian cancers. Since then, phase II analyses have expanded to more than 30 
different tumor types, including endometrial and cervical cancers [8]. By 
January 2015, TCGA announced that it had successfully collected the necessary 
quality and quantity of samples for all 33 selected tumor types. Table 2.1 shows 
a summary of the available TCGA genomic data as of May 2016. In the field of 
gynecological malignancies, these recent advances in innovative genome analy-
sis technologies have resulted in an increasing understanding of molecular 
mechanisms with respect to the genomic features of ovarian, endometrial, and 
cervical cancer [10].
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2.3  The Genomics of Ovarian Cancer

2.3.1  Molecular Pathogenesis of Ovarian Cancer

Epithelial ovarian cancer has the highest case fatality rate of any gynecological 
cancer, and it is the leading cause of death among female genital tract malignancies 
[11, 12]. Because most patients with ovarian cancer are diagnosed at an advanced 
stage, the clinical outcome for ovarian cancer is poor even after treatment with extir-
pative surgery and chemotherapy [13]. Despite a high response rate to initial che-
motherapy, most patients will suffer relapse and the development of drug- resistant 
disease [14, 15].

Currently, based on histopathology, ovarian cancers are divided into five main 
histological types: high-grade serous carcinoma, low-grade serous carcinoma, 
endometrioid carcinoma, clear cell carcinoma, and mucinous carcinoma [16]. These 
tumors account for 98% of all ovarian cancers and can be reproducibly diagnosed 
by light microscopy [17]. These histological types are essentially distinct diseases, 
as indicated by differences in precursor lesions, patterns of spread, response to che-
motherapy, and prognosis [16, 18].

Table 2.1 Summary of the Cancer Genome Atlas cases with data as of May 2016

Selected cancer

No. of 
cases 
with data Selected cancer

No. of 
cases 
with 
data

Breast invasive carcinoma 1097 Kidney renal papillary cell 
carcinoma

291

Ovarian serous cystadenocarcinoma 586 Sarcoma 261
Uterine corpus endometrial 
carcinoma

548 Acute myeloid leukemia 200

Kidney renal clear cell carcinoma 536 Esophageal carcinoma 185
Glioblastoma multiforme 528 Pancreatic adenocarcinoma 185
Head and neck squamous cell 
carcinoma

528 Pheochromocytoma and 
paraganglioma

179

Lung adenocarcinoma 521 Rectum adenocarcinoma 171
Brain lower grade glioma 516 Testicular germ cell tumors 150
Thyroid carcinoma 507 Thymoma 124
Lung squamous cell carcinoma 504 Mesothelioma 87
Prostate adenocarcinoma 498 Adrenocortical carcinoma 80
Skin cutaneous melanoma 470 Uveal melanoma 80
Colon adenocarcinoma 461 Kidney chromophobe 66
Stomach adenocarcinoma 443 Uterine carcinosarcoma 57
Bladder urothelial carcinoma 412 Lymphoid neoplasm diffuse large 

B-celll lymphoma
48

Liver hepatocellular carcinoma 377 Cholangiocarcinoma 36
Cervical squamous cell carcinoma 
and endocervical adenocarcinoma

307
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Recent research into molecular biology of ovarian cancers demonstrated that 
ovarian cancers comprise both clinically diverse and molecularly heterogeneous 
malignancies, encompassing subtypes with distinct gene expression patterns that are 
correlated with different clinical outcomes [11, 19]. In the early twenty-first century, 
morphologic, immunohistochemical, and molecular studies led to a new paradigm 
for the pathogenesis of ovarian cancer, which divided ovarian cancer into two groups 
designated as type I and type II (Table 2.2) [18, 20]. Type I tumors include low-grade 
serous carcinoma, endometrioid carcinoma, clear cell carcinoma, and mucinous car-
cinoma, which develop in a stepwise fashion from well- recognized precursor lesions, 
such as borderline tumors or endometriosis [20]. They present as large masses that 
are confined to the ovary; they are generally indolent and have a favorable prognosis. 
These tumors are genetically stable and are typically characterized by a variety of 
somatic sequence mutations, including KRAS, BRAF, ERBB2, CTNNB1, PTEN, 
PIK3CA, and ARID1A [16, 18, 19]. On the other hand, type II tumors comprise of 
high-grade serous carcinoma and undifferentiated carcinoma, which develop de 
novo, and are highly aggressive, and have a poor prognosis [19, 20]. These tumors 
are chromosomally highly unstable and harbor TP53 mutations, and BRCA inactiva-
tion occurs in up to 40%–50% of high-grade serous carcinoma [21].

Table 2.2 Dualistic model of ovarian carcinogenesis based on morphological and molecular 
genetic analysis

Histological type Precursors
Molecular genetic 
alterations

Type I 
tumors

Low-grade serous 
carcinoma

Serous cystadenoma/adenofibroma
Atypical proliferative serous tumor
Noninvasive micropapillary serous 
carcinoma

BRAF and KRAS 
mutations

Mucinous carcinoma Mucinous cystadenoma
Atypical proliferative mucinous 
tumor

KRAS mutations

Endometrioid 
carcinoma

Endometriosis
Endometrioid adenofibroma
Atypical proliferative endometrioid 
tumor

LOH or PTEN 
mutations
KRAS mutations
Microsatellite 
instability

Clear cell carcinoma Endometriosis
Clear cell adenofibroma
Atypical proliferative clear cell 
tumor

KRAS mutations
Microsatellite 
instability
TGF-β RII mutations

Type II 
tumors

High-grade serous 
carcinoma

Not yet identified p53 mutations
Amplification and 
overexpression of 
HER2/neu gene
Inactivation of p16 
gene

Undifferentiated 
carcinoma

Not yet identified Not yet identified
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Recognition of the dualistic model of ovarian carcinogenesis provided a new 
opportunity for better management of ovarian cancer patients, and knowledge of 
molecular mechanisms and the pathogenesis of various types of ovarian cancer 
could lead to more targeted therapeutic interventions [14, 22].

2.3.2  Comprehensive Genomic Characterization  
of High-Grade Serous Ovarian Carcinoma

In 2011, TCGA project reported the results of a wide-range analysis of the genomic 
and epigenetic changes that occur in 489 high-grade serous ovarian carcinomas and 
demonstrated several potential therapeutic molecular targets [23]. TCGA scientists 
determined the presence of TP53 mutation in almost all tumor specimens of high- 
grade serous carcinoma and a low prevalence but statistically significant frequency 
of somatic mutations in nine further genes, including BRCA1, BRCA2, NF1, RB1, 
and CDK12. Identification of these molecular pathways is likely to provide novel 
therapeutic approaches [23, 24]. Furthermore, the four molecular subtypes were vali-
dated in high-grade serous carcinoma cases using approximately 1500 intrinsically 
variable genes and were termed (a) immunoreactive, (b) differentiated, (c) prolifera-
tive, and (d) mesenchymal on the basis of gene expression in the clusters [23].

Understanding the molecular classification of ovarian cancer using comprehen-
sive genomic analysis could lead to the development of prediction of response to 
therapies and improved prognostic indicators [22, 25]. In fact, these four molecular 
subtypes have been independently validated and have been shown to be of indepen-
dent prognostic relevance [25, 26]. Moreover, TCGA data have helped to clarify the 
effect of BRCA1/2 mutations on survival outcomes in patients with ovarian cancer 
[27]. These evolving subgroups in ovarian cancer have distinct biologic characteris-
tics that can translate into different therapeutic implications, which will allow gyne-
cologists to identify women likely to benefit from a given cancer therapy [6].

Taken together, ovarian cancer is a spectrum of diseases and not a single disease 
entity. Nevertheless, current clinical management fails to incorporate these facts 
into treatment strategies for ovarian cancer patients because of the lack of insight 
into distinct molecular mechanisms for these cancers. Improvements in ovarian can-
cer survival should be achieved by translating recent biological insights at the 
molecular level into personalized individual treatment strategies [2, 7].

2.4  The Genomics of Endometrial Cancer

2.4.1  Pathological and Molecular Characteristics  
of Endometrial Cancer

Endometrial cancer is one of the most prevalent malignant tumors of the female 
genital tract, and its incidence rate is increasing rapidly in developed countries [28]. 
The majority of patients with endometrial cancer are diagnosed at an early stage, 
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resulting in overall favorable prognosis with high cancer-specific survival rates [29]. 
However, for patients with advanced-stage disease or for those with recurrent endo-
metrial cancer, the prognosis remains poor and the optimal adjuvant therapy is yet 
to be established [30].

Endometrial cancer is divided into several histologic categories based on cell 
type. Endometrioid carcinoma is the most common cell type, accounting for 
75–80% of cases, and subdivided into grade 1 to grade 3, according to degree of 
differentiation [31]. In addition, other aggressive pathologic variants include serous, 
clear cell, mixed, and undifferentiated types [32].

In 1983, Bokhman proposed that there are two different pathogenetic types 
of endometrial cancer that are primarily based on light microscopic appearance, 
clinical behavior, and epidemiology [33, 34]. Type I tumors are mostly com-
posed of endometrioid carcinomas and are generally correlated with endome-
trial hyperplasia, express estrogen, and progesterone receptors [35]. These 
tumors arise in a background of unopposed estrogen stimulation, occur in pre-
menopausal and perimenopausal women, and histologically show low-grade 
endometrioid differentiation. In contrast, type II tumors are more aggressive and 
mostly include high- grade endometrioid, serous, or clear cell histological types, 
and generally develop from atrophic endometrial tissues unrelated to estrogen 
stimulation in older women [35–37].

Previous molecular studies of endometrial cancer demonstrated that type I 
tumors are correlated with mutations in PTEN, KRAS, PIK3CA, and CTNNB1 and 
frequently show microsatellite instability (MSI) [38, 39] but do not usually have 
mutations in the TP53 tumor suppressor gene [35]. In contrast, a majority of type II 
tumors have TP53 mutations, and loss of heterozygosity (LOH) on several chromo-
somes, as well as molecular alterations affecting p16, STK15, E-cadherin, and 
c-erb-B2 [35, 36].

In the past decade, it has become more obvious that endometrial cancer com-
prises a clinically, histologically, and genetically heterogeneous group of tumors. 
However, Bokhman’s dualistic classification model does not entirely take into 
account this heterogeneity. As a consequence, traditional classifications are insuf-
ficient overall for successful treatment and are limited in predicting response to 
specific therapies [36].

2.4.2  New Genomic Classification of Endometrial Cancer

In 2013, TCGA Research Network reported a comprehensive genomic and tran-
scriptomic analysis of endometrial cancers, using next-generation sequencing 
technologies in combination with analysis of DNA methylation, reverse phase 
protein array, and MSI [40]. This study focused on common histological types, 
including endometrioid (n = 307), serous (n = 53), and mixed endometrioid and 
serous (n = 13) carcinomas. On the basis of integrated analysis, endometrial 
cancers were classified into four distinct molecular subgroups: (a) POLE ultra-
mutated, (b) MSI hypermutated, (c) copy-number low, and (d) copy-number 
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high (Table 2.3). The POLE ultramutated group was characterized by extraordi-
narily high mutation rates and hotspot mutations in the exonuclease domain of 
POLE, which is a catalytic subunit of DNA polymerase epsilon and is involved 
in nuclear DNA replication and repair. The MSI hypermutated group had tumors 
showing increased MSI because of MLH1 promoter methylation. The copy-
number low group was microsatellite stable and had a lower mutation frequency. 
In this group, most of the tumors were grade 1 and 2 endometrioid carcinomas 
characterized by frequent CTNNB1 mutations. The copy-number high group 
had a low mutation frequency but a high rate of somatic copy number altera-
tions, and this group contained most of the serous and mixed histology tumors 
with frequent TP53 mutations [40].

Comprehension of the genomic classification of endometrial cancer has an 
important role in developing improved prognostic indicators. When the progression- 
free survival (PFS) was analyzed in TCGA study, it was demonstrated that the 
POLE ultramutated group had a significantly favorable PFS, whereas the copy- 
number high group had the poorest survival outcome [40].

Overall, the TCGA genomic characterization of endometrial cancers has con-
firmed and expanded knowledge of molecular signaling pathways and permitted 
reclassification of endometrial cancers, which could directly affect prognostic 
assessment, prediction of response to therapies, and treatment decisions [34, 36, 
40]. In order to achieve the ultimate goal of developing clinical measures that will 
improve the outcomes of patients with endometrial cancer, further studies of 
genomic abnormalities in endometrial cancer are needed to identify new therapeutic 
molecular targets, leading to personalized individual treatment strategies.

Table 2.3 Genomic classification of endometrial cancer

POLE 
ultramutated MSI hypermutated

Copy-number  
low

Copy-number 
high

Copy-number 
aberrations

Low Low Low High

Mutation rate Very high High Low Low
MSI/MLH1 
methylation

Mixed MSI high, 
low, stable

MSI high MSI stable MSI stable

Genes mutated 
(%)

POLE (100%)
PTEN (94%)
PIK3CA (71%)
PIK3R1 (65%)
FBXW7 (82%)
ARID1A (76%)
KRAS (53%)

PTEN (88%)
RPL22 (37%)
KRAS (35%)
PIK3CA (54%)
PIK3R1 (40%)
ARID1A (37%)

PTEN (77%)
CTNNB1 (52%)
PIK3CA (53%)
PIK3R1 (33%)
ARID1A (42%)

TP53 (92%)
PPP2R1A (22%)
PIK3CA (47%)

Histological 
type

Endometrioid Endometrioid Endometrioid Serous, 
endometrioid, and 
mixed serous and 
endometrioid

Tumor 
histological 
grade

Mixed (grade 1-3) Mixed (grade 1-3) Grade 1 and 2 Grade 3
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2.5  The Genomics of Cervical Cancer

2.5.1  Molecular Mechanisms of HPV-Induced  
Cervical Carcinogenesis

Cervical cancer is the second most common malignancy in women worldwide after 
breast cancer and the leading cause of cancer-related deaths in developing countries 
[41]. Unlike many other solid cancers, cervical cancer is currently more prevalent in 
younger women. Even though early-stage and locally advanced cervical cancers 
may be cured with radical surgery and chemoradiotherapy, patients with metastatic 
cancers or recurrent disease have limited therapy options.

The major histopathologic types of cervical cancer are squamous cell carcinoma 
and adenocarcinoma, which constitute approximately 80% and 20% of all cases of 
cervical cancer, respectively [42]. Cervical squamous cell carcinoma arises in the 
squamocolumnar junction and is preceded by a long phase of cervical intraepithelial 
neoplasia [43]. Cervical adenocarcinoma originates from glandular precursor 
lesions of the endocervical mucosa and comprises several histological subtypes, 
including mucinous, endometrioid, clear cell, and serous adenocarcinomas [44].

Human papillomavirus (HPV) infection is recognized as the main cause of cervi-
cal cancer [41]. Oncogenic HPVs, mainly HPV16 and 18 genotypes, have been 
closely associated with the risk of developing intraepithelial lesions, squamous cell 
carcinoma, and adenocarcinoma of the cervix [45]. The viral oncoproteins E6 and 
E7 of high-risk HPVs contribute to the transformation of infected epithelial cells 
mainly through the inactivation of the TP53 and RB tumor suppressor genes and 
related pathway [42]. However, recent studies have shown that alterations of addi-
tional pathways are equally important for transformation of HPV-infected cells, and 
these additional factors are crucial regulators of cell cycle progression, apoptosis, 
and chromosomal stability [42]. As a consequence, the accumulation of genetic and 
epigenetic alterations over time may ultimately lead to cervical cancer.

The Nobel Prize-winning identification of a causative correlation between the 
viral infection HPV and cervical carcinogenesis served as a driving force behind the 
development of HPV vaccines in an effort to prevent HPV infection. Even though, 
in the past, cervical cancer was the most common cause of cancer-related mortality 
for women, major advancements in screening and prevention during the past half- 
century have significantly impacted this picture.

2.5.2  Genomic Alterations in Cervical Cancer

In an effort to develop more effective cancer therapies, the focus has shifted toward 
improving our understanding of the genetic foundations of cervical cancer. Thus far, 
relatively few reports on genomic alterations in oncogenes and tumor suppressor 
genes have been demonstrated for cervical cancer [46, 47]. In 2014, a comprehensive 
genomic analysis of cervical cancers was performed by whole-exome sequencing 
analysis in 79 squamous cell carcinomas and 24 adenocarcinomas [48]. PIK3CA is 
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one of the most commonly mutated genes associated with cervical cancer in both 
squamous cell carcinoma and adenocarcinoma, indicating that the PIK3CA pathway 
could represent a promising therapeutic strategy. Because the gene products of TP53 
and RB1 are inactivated by E6 and E7, they are rarely mutated in cervical cancer 
[46]. Intriguingly, a previous study also reported that EGFR mutations were identi-
fied in squamous cell carcinoma only, whereas KRAS mutations were detected in 
adenocarcinoma only, demonstrating that the genetic mutation pictures differed 
depending on tumor histology (Table 2.4) [49]. These data suggested that molecular 
targeted therapies should make a promising therapeutic avenue for cervical cancer.

2.6  Evolving Genomic Comprehension of HPV  
in Cervical Carcinogenesis

Following the initial discovery of HPV DNA in the human genome, various studies 
have evaluated its genomic role in cervical cancer development [46, 48]. A crucial 
mechanism in cervical carcinogenesis is represented by the integration of the HPV 
genome into human chromosomes [50]. Adding to the complex molecular back-
ground, whole-genome sequencing and high-throughput viral integration detection 
have newly begun to shed light on the central role of HPV in cervical carcinogenesis 
[51, 52]. A recent study has reported a genome-wide analysis of HPV integration in 
cervical intraepithelial neoplasias and cervical cancers, and the authors of this study 
identified HPV integration hotspots in the human genome [51]. The most frequently 
affected genes are POU5F1B, FHIT, KLF12, KLF5, LRP1B, HMGA2, and 
SEMA3D, supporting their oncogenic role in cervical cancer [51]. The relationship 
between HPV integration and increased expression of adjacent genes may be a 
widespread phenomenon in cervical carcinogenesis [48].

Table 2.4 Significantly mutated genes in cervical cancer

Gene Description Relative frequency (%)
Squamous cell carcinoma
PIK3CA Phosphatidylinositol-4,5-bisphosphate

3-kinase, catalytic subunit alpha
14

FBXW7 F-box and WD repeat domain containing 7 15
MAPK1 Mitogen-activated protein kinase 1 8
HLA-B Major histocompatibility complex class 1, B 9
Ep300 E1A binding protein p300 16
STK11 Serine/threonine kinase 11 4
ERBB2 Erb-b2 receptor tyrosine kinase 2 5
EGFR Epidermal growth factor receptor 8
PTEN Phosphatase and tensin homolog 6
Adenocarcinoma
PIK3CA Phosphatidylinositol-4,5-bisphosphate

3-kinase, catalytic subunit alpha
16

KRAS KRAS proto-oncogene 8
ELF3 E74-like factor 3 13
CBFB Core-binding factor, beta subunit 8

T. Motohara and H. Katabuchi



19

Therefore, elucidating the mechanisms of HPV integration will yield insight into 
HPV-induced cervical carcinogenesis [51]. A better comprehension of the molecu-
lar pathogenesis of cervical cancer is of critical importance to identify new thera-
peutic targets and should lead to the development of personalized individual 
treatment strategies for patients with cervical cancer [41].

2.7  Future Perspectives for Integrating Genomics 
in Gynecological Cancer

The overarching goal of TCGA is to improve our understanding of the molecular 
basis of cancer and advance our ability to diagnose, treat, and prevent cancer through 
the discoveries and insights enabled by comprehensive mapping of various types of 
cancer [8, 9]. Furthermore, it is expected that translation of cancer genomics into 
therapeutics and diagnostics will provide a great potential to develop personalized 
cancer medicine [53, 54].

To date, TCGA project has provided a strong foundation for genomic studies and 
has stimulated a diversity of gynecological cancer research [23, 24, 40, 48, 51]. 
Furthermore, the development of genomic research in gynecological malignancies 
has led to increased enthusiasm in relation to the promises of targeted therapies and 
has stimulated rapid advances in genomic technologies to identify the disease bio-
markers for gynecological cancer [6]. Even though there has been tremendous suc-
cess in the rapid accumulation of cancer genomic studies, most of these enormous 
data sets have not yet been translated into meaningful clinical end points.

We hope that cancer genomic research will ultimately guide clinical decision- 
making in association with the discovery of novel therapeutic agents and biomarker- 
based clinical trials that cross boundaries between tumor types. This process will 
require the amalgamation of expertise and insights from cancer biology, cancer 
genetics, as well as clinical experiences. It is clear that there is still a long way ahead 
of us, but the journey to find answers to eradicate gynecological cancer is sure to be 
an exciting one.
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3Signal Transduction and Targeted 
Therapy for Gynecologic Cancer

Hiroaki Itamochi and Toru Sugiyama

Abstract
Numerous agents that target specific gynecologic cancer-related molecules have 
been developed and are now entering clinical trials. These agents target aberrant 
molecules/processes in tumor tissues, including angiogenesis, poly(ADP-ribose) 
polymerase (PARP), human epidermal growth factor receptor family, 
phosphatidylinositol- 4,5-bisphosphate 3-kinase (PI3K)/Akt/mammalian target 
of rapamycin (mTOR) signaling pathway, and a-folate receptor (a-FR). The anti- 
angiogenic compound bevacizumab is reportedly the most effective targeted 
agent for ovarian cancer. Bevacizumab plus chemotherapy prolonged progression- 
free survival (PFS) both for first-line treatment and recurrent ovarian cancer and 
may increase overall survival (OS) among high-risk patients. Bevacizumab with 
nonplatinum chemotherapy also prolonged OS in recurrent cervical cancer. 
Maintenance treatment with a PARP inhibitor, olaparib, improved PFS in 
platinum- sensitive relapsed ovarian cancer. Furthermore, mTOR inhibitor ther-
apy, alone or with chemotherapy, is an attractive treatment strategy for endome-
trial cancer. An understanding of tumor molecular biology and identification of 
predictive biomarkers are essential steps in optimal treatment selection. This 
article reviews available clinical data of the most promising targeted agents for 
gynecologic cancer.

Keywords
Targeted therapy • Ovarian cancer • Endometrial cancer • Cervical cancer  
Clinical trials

mailto:sugiyama@iwate-med.ac.jp


24

3.1  Introduction

Recent advances in our understanding of cancer molecular biology and carcinogen-
esis have led to the development of various targeted agents, mainly monoclonal 
antibodies and small-molecule protein-kinase inhibitors, which have been explored 
in the management of gynecologic cancers (e.g., ovarian, endometrial, and cervical 
cancer). Unlike most traditional cytotoxic anticancer drugs, which interfere indis-
criminately with DNA synthesis, DNA repair systems, and mitosis, these novel tar-
geted agents affect tumor cells, stroma, and vasculature and aberrant cellular 
signaling mechanisms in tumor tissues, thus effectively selecting tumor cells for 
growth inhibition and apoptosis induction with minimal toxicity to normal cells. 
However, the potential remains for serious toxicity, such as bleeding, thrombosis, 
and impaired hepatic or renal function. An understanding of tumor molecular biol-
ogy and identification of predictive biomarkers are essential steps for optimal treat-
ment selection. This chapter reviews the molecular mechanisms of the most 
promising targeted agents under clinical evaluation for gynecologic cancers.

3.2  Ovarian Cancer

An estimated 238,700 new cases of ovarian cancer and 151,900 deaths were 
expected worldwide in 2012, representing 4.3% of all cancer deaths in women [1]. 
Currently, standard primary therapy for advanced ovarian cancer combines maxi-
mum cytoreductive surgery and paclitaxel–carboplatin chemotherapy. Although 
this treatment initially yields a high response rate (>80%), platinum- and taxane- 
resistant recurrent disease is inevitable. Various targeted therapy agents for the man-
agement of ovarian cancer have recently been developed and tested.

3.2.1  Targeting Angiogenesis

Angiogenesis, the formation of new blood and lymphatic vessels from existing vas-
culature, is a crucial process involved in solid tumor growth, invasion, and metasta-
sis [2]. This process is governed by a number of growth factor receptor pathways 
and cytokines, including vascular endothelial growth factors (VEGFs), fibroblast 
growth factors, angiopoietin, platelet-derived growth factors, tumor necrosis 
factor-α, and interleukin-6 and interleukin-8 (Fig. 3.1) [2]. The VEGF family and 
receptors (VEGFRs) comprise a major tumor angiogenic pathway. The mammalian 
VEGF family comprises five structurally related glycoproteins: VEGF-A, VEGF-B, 
VEGF-C, VEGF-D, and placental growth factor (PlGF) [3]. Of these ligands, 
VEGF-A primarily mediates tumor angiogenesis and is expressed as various mature 
isoforms comprising 121, 145, 165, 183, 189, or 206 amino acids via alternative 
splicing of the VEGF-A gene. VEGF165 is the predominant isoform and is com-
monly overexpressed in various human tumors.
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These VEGF ligands and PlGF uniquely bind to three structurally similar recep-
tors: VEGFR1 [or fms-related tyrosine kinase 1 (FLT1)], VEGRF2 (or kinase insert 
domain receptor), and VEGFR3 (or FLT4). VEGF-A binds both VEGFR1 and 
VEGFR2, which are expressed mainly on vascular endothelial cells; VEFGR2 is 
predominant and mediates the angiogenic and vascular permeability effects of 
VEGF [4]. VEGF3 has been reported to play an important role in lymphangiogen-
esis through preferential binding to VEGF-C and VEGF-D. Neuropilin (NP)1 and 
NP2 (NRP1 and NRP2, respectively) act as VEGFR co-receptors, thus increasing 
the binding affinities of VEGFs to their receptors. Ligand binding activates multiple 

VEGF-A
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(FLT1)

VEGFR-2
(KDR)

VEGFR-3
(FLT4)

PDGFR

Ras/MAPK

Vascular
Permeability ProliferationMobilization Migration Survival
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Fig. 3.1 Targeting the angiogenic cascades in gynecologic cancer. Angiogenesis is regulated by a 
number of growth factor receptor pathways. The specific ligands bind to their receptors, and each 
tyrosine kinase activates the intracellular signaling cascade, including mitogen-activated protein 
kinase (MAPK) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt pathways. 
Subsequently, the pro-angiogenic signaling pathways are activated. VEGF vascular endothelium 
growth factor, VEGFR VEGF receptor, PlGF placental growth factor, FLT fms-related tyrosine 
kinase, KDR kinase insert domain receptor, FGF fibroblast growth factors, FGFR FGF receptor, 
PDGF platelet-derived growth factor, PDGFR PDGF receptor, Ang angiopoietin, Tie Tyrosine 
kinase with immunoglobulin-like and EGF-like domains
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intracellular signaling cascades downstream of VEGFRs, including mitogen- 
activated protein kinase (MAPK), phosphatidylinositol-4,5-bisphosphate 3-kinase 
(PI3K)/Akt, phospholipase Cγ, and small GTPase pathways [5] and induces proan-
giogenic effects such as endothelial cell proliferation, migration, survival, and dif-
ferentiation. VEGF also increases vascular permeability and vasodilation, causing 
interstitial hypertension and leaky neovasculature.

VEGF and VEGFR overexpression is observed in many solid tumors, including 
ovarian cancer, and has been associated with an increased risk of metastatic disease 
and poor prognosis, [6–8]. In ovarian cancer, higher levels of VEGF-A expression 
were observed in tumors from patients with platinum-resistant disease vs. those with 
platinum-sensitive disease [9]. VEGF-A and VEGFR2 coexpression has been detected 
in both ovarian cancer cells and ovarian tumor tissues, suggesting excision of the 
autocrine VEGF-A–VEFGR2 loop in ovarian cancer [10, 11]. A recent study found 
that increased Zeste homolog 2 (EZH2) expression in ovarian tumor cells or tumor 
vasculature was predictive of a poor clinical outcome [12], and VEGF-A stimulation, 
which promotes angiogenesis by methylating and silencing vasohibin1, directly led to 
an increase in endothelial EZH2 expression. These observations indicate that VEGF 
signaling pathways are promising therapeutic targets in ovarian cancer.

3.2.1.1  Bevacizumab
Bevacizumab is an intravenously (i.v.) administered recombinant humanized mono-
clonal IgG1 antibody that targets VEGF-A, with clinical benefits in patients with 
metastatic colorectal cancer, non-small cell lung cancer, and breast cancer [13]. 
This drug binds and neutralizes all biologically active forms of VEGF-A (e.g., 
VEGF-A165), thus suppressing tumor growth and inhibiting metastatic disease pro-
gression by inhibiting neovascularization and inducing existing microvessel regres-
sion [14, 15]. Bevacizumab also normalizes tumor vessels that are structurally and 
functionally abnormal. These morphological changes lead to functional changes 
(e.g., decreased interstitial fluid pressure, increased tumor oxygenation, improved 
drug penetration in tumors) that may enhance the effects of chemotherapy [16].

The phase II trials Gynecologic Oncology Group (GOG)-0170D and AVF2949 eval-
uated bevacizumab as a monotherapy for recurrent ovarian cancer and yielded favorable 
results, with response rates of 16–21% [17, 18] and hypertension and proteinuria as the 
most common grade 3/4 adverse events. Although no gastrointestinal (GI) perforation 
was observed in patients of the GOG-0170D study who had received one or two previ-
ous regimens, the AVF2949 trial observed GI perforation in five patients (11.4%) previ-
ously subjected to heavy treatment (three or more prior regimens).

Two landmark phase III trials of bevacizumab for ovarian cancer, GOG-0218 and 
International Collaborative Ovarian Neoplasm (ICON) 7, were conducted in a first- 
line/adjuvant chemotherapy setting (Table 3.1) [19, 20]. In the GOG-0218 trial, 
patients who received combination chemotherapy (paclitaxel/carboplatin) plus bev-
acizumab (15 mg/kg) for six cycles and maintenance bevacizumab for 16 cycles had 
a significantly longer progression-free survival (PFS) than those who received first- 
line chemotherapy alone (median PFS: 10.3 vs. 14.1 months) [19]. However, no 
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Table 3.1 Phase III trials of targeted therapy in ovarian cancer

Trial Patients Treatment
Median 
PFS (M)

Median 
OS (M)

Selected Adverse 
Events a

Anti-angiogenic agents
First-line treatment
GOG-0218 
[19]

1873

Arm 1 625 CP + placebo → 
placebo

10.3 39.3 1.2% GI events 
(G ≥ 2), 7.2% HT 
(G ≥ 2), 5.8% VTE 
(any grade), 0.8% 
bleeding (G ≥ 3)

Arm 2 625 CP + Bevacizumab → 
placebo

11.2 38.7 2.8% GI events 
(G ≥ 2), 16.5% HT 
(G ≥ 2), 5.3% VTE 
(any grade), 1.3% 
bleeding (G ≥ 3)

Arm 3 623 CP + Bevacizumab → 
Bevacizumab

14.1 *** 39.7 2.6% GI events 
(G ≥ 2), 22.9% HT 
(G ≥ 2), 6.7% VTE 
(any grade), 2.1% 
bleeding (G ≥ 3)

ICON7 [20] 1528
All patients
Arm 1 764 CP 17.5 58.6 1.3% GI events, 

0.3% HT, 1.7% 
VTE, 0.3% bleeding

Arm 2 764 CP + Bevacizumab → 
Bevacizumab

19.9 58.0 2.1% GI events, 
6.2% HT, 4.3% 
VTE, 1.2% bleeding

High-risk patients
Arm 1 254 CP 10.5 30.2
Arm 2 248 CP + Bevacizumab → 

Bevacizumab
16.0 * 39.7 *

GOG-0262 
[22]

692

All Patients
Arm 1 346 CP ± Bevacizumab → 

Bevacizumab
14.0 39.0 15.7% anemia, 

83.4% neutropenia
Arm 2 346 Weekly 

CP ± Bevacizumab → 
Bevacizumab

14.7 40.2 36.5% anemia, 
72.4% neutropenia

Bevacizumab (+)
Arm 1 289 CP + Bevacizumab → 

Bevacizumab
14.7 −

Arm 2 291 Weekly 
CP + Bevacizumab → 
Bevacizumab

14.9 −

(continued)
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Trial Patients Treatment
Median 
PFS (M)

Median 
OS (M)

Selected Adverse 
Events a

Bevacizumab (−)
Arm 1 57 CP 10.3 −
Arm 2 55 Weekly CP 14.2 * −
AGO-
OVAR12 [40]

1366

Arm 1 455 CP + placebo → 
placebo

16.6 − 2.0% diarrhea, 0.4% 
HT, 6.9% anemia, 
6.4% 
thrombocytopenia, 
36.0% neutropenia

Arm 2 911 CP + Nintedanib → 
Nintedanib

17.2 * − 21.5% diarrhea, 
4.7% HT, 13.5% 
anemia, 17.7% 
thrombocytopenia, 
42.1% neutropenia

Maintenance
AGO-
OVAR16 [37]

940 2nd 
interim OS 
analysis

Arm 1 468 Pt CT → placebo 12.3 HR = 1.08 
(0.87–
1.33)

5.6% HT, 1.5% 
neutropenia, 0.7% 
liver-related toxicity, 
1.1% diarrhea, 0.2% 
fatigue, 0.7% 
thrombocytopenia, 
0.2% palmar-plantar 
erythrodysesthesia

Arm 2 472 Pt CT → Pazopanib 17.9 * 30.8% HT, 9.9% 
neutropenia, 9.4% 
liver-related toxicity, 
8.2% diarrhea, 2.7% 
fatigue, 2.5% 
thrombocytopenia, 
1.9% palmar-plantar 
erythrodysesthesia

Recurrent disease
OCEANS 
[23, 25]

484

Arm 1 242 CG + placebo 8.4 35.2 0.4% HT, 0.9% 
Proteinuria, 2.6% 
VTE

Arm 2 242 CG + Bevacizumab 12.4 *** 33.3 17.4% HT, 8.5% 
Proteinuria, 4.0 VTE

AURELIA 
[24]

361

Arm 1 182 chemotherapy alone b 3.4 13.3 1.1% HT, 4.4% TEE

Table 3.1 (continued)
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Table 3.1 (continued)

Trial Patients Treatment
Median 
PFS (M)

Median 
OS (M)

Selected Adverse 
Events a

Arm 2 179 chemotherapy + 
Bevacizumab

6.7 ** 16.6 7.3% HT, 5.0% 
TEE, 1.7% 
proteinuria, 1.7% GI 
perforation

ICON6 [34] 456 OS data 
immature

Arm 1 118 Pt CT + placebo → 
placebo

8.7 21.0 [n = 115] 7.8% 
fatigue, 3.5% HT, 
1.7% diarrhea, 6.1% 
nausea/vomiting, 
3.5% febrile 
neutropenia, 23.5% 
neutropenia, 2.6% 
thrombocytopenia

Arm 2 174 Pt CT + Cediranib → 
placebo

9.9 − [n = 329] 16.4% 
fatigue, 11.6% HT, 
10.3% diarrhea, 
7.0% nausea/
vomiting, 6.7% 
febrile neutropenia, 
25.6% neutropenia, 
7.6% 
thrombocytopenia 
(during 
chemotherapy phase: 
Arm 2/3)

Arm 3 164 Pt CT + Cediranib → 
Cediranib

11.0 * 26.3

TRINOVA-1 
[51]

919

Arm 1 458 Weekly PTX + placebo 5.4 17.3 Any grade: 25.7% 
edema, 0.2% GI 
perforation, 3.5% 
HT, 3.8% VTE, 
16.6% bleeding

Arm 2 461 Weekly 
PTX + Trebananib

7.2 *** 19.0 Any grade: 57.3% 
edema, 1.5% GI 
perforation, 6.1% 
HT, 6.3% VTE, 
10.0% bleeding

EGFR inhibitors
Maintenance
EORTC 
55041 [69]

835

Arm 1 415 Pt CT → observation 12.4 59.1
Arm 2 420 Pt CT → Erlotinib 12.8 50.8 12.8% rash, 4.8% 

diarrhea
(continued)
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Table 3.1 (continued)

Trial Patients Treatment
Median 
PFS (M)

Median 
OS (M)

Selected Adverse 
Events a

FRα inhibitors
Recurrent disease
Farletuzumab 
[89]

1091

Arm 1 352 PtTx CT + placebo → 
placebo

9.0 29.1 41.2% neutropenia, 
8.0% 
thrombocytopenia, 
13.6% leukopenia, 
9.9% anemia

Arm 2 376 PtTx 
CT + Farletuzumab 
(1.25 mg/
kg) → Farletuzumab

9.5 28.7 44.4% neutropenia, 
13.0% 
thrombocytopenia, 
11.7% leukopenia, 
10.1% anemia

Arm 3 363 PtTx 
CT + Farletuzumab 
(2.5 mg/
kg) → Farletuzumab

9.7 32.1 38.3% neutropenia, 
11.6% 
thrombocytopenia, 
9.9% leukopenia, 
10.2% anemia

CA125 < 3 × ULN c

Arm 1 118 PtTx CT + placebo → 
placebo

8.8 29.1

Arm 2 174 PtTx 
CT + Farletuzumab 
(1.25 mg/
kg) → Farletuzumab

9.5 NE

Arm 3 164 PtTx 
CT + Farletuzumab 
(2.5 mg/
kg) → Farletuzumab

13.6 * NE *

PFS progression-free survival, M months, OS overall survival, GOG Gynecologic Oncology 
Group, ICON International Co-operative Group for Ovarian Neoplasia, AGO Arbeitsgemeinschaft 
Gynäkologische Onkologie, EORTC European Organization for Research, EGFR epidermal 
growth factor receptor, FR folate receptor, CP carboplatin plus paclitaxel, Weekly CP weekly pacli-
taxel plus every 3-weeks carboplatin, CG carboplatin plus gemcitabine, PTX paclitaxel, Pt CT 
platinum-based chemotherapy, PtTx CT platinum- and taxane-based chemotherapy, HR hazard 
ratio, NE not estimated, GI gastrointestinal, G grade, HT hypertension, VTE venous thrombosis, 
TEE thromboembolic events
aSelected adverse events (grade ≥ 3), except for indicated
bInvestigator selected chemotherapy (pegylated liposomal doxorubicin, topotecan, or weekly 
paclitaxel)
cSubgroup with CA125 levels not more than three times the upper limit of normal (ULN)
*P < 0.05, ** P < 0.001, *** P < 0.0001 vs. control arm
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statistically significant difference was observed in overall survival (OS). Similarly, 
patients in the ICON 7 trial were randomized to chemotherapy alone (carboplatin/
paclitaxel) or plus bevacizumab (7.5 mg/kg) for six cycles, with 12 cycles of main-
tenance bevacizumab [20]. The latest report observed a significantly prolonged 
restricted mean survival time among poor-prognosis patients in the bevacizumab 
group vs. the chemotherapy group (39.3 vs. 34.5 months), although no OS benefit 
of bevacizumab was recorded [21].

A randomized trial, GOG-0262, evaluated the optimal combination of bevaci-
zumab with dose-dense therapy (weekly paclitaxel plus carboplatin every 3 weeks) 
and conventional dose therapy (paclitaxel/carboplatin every 3 weeks; Table 3.1) 
[22]. Both groups of patients who opted to receive bevacizumab had a similar PFS, 
although among patients who did not receive bevacizumab, the medium PFS was 
3.9 months longer with dose-dense therapy vs. conventional dose therapy (14.2 vs. 
10.3 months).

Two phase III trials, OCEANS (Ovarian Cancer Study Comparing Efficacy and 
Safety of Chemotherapy and Anti- Angiogenic Therapy in Platinum-Sensitive 
Recurrent Disease) and AURELIA (Avastin Use in Platinum-Resistant Epithelial 
Ovarian Cancer), were conducted to evaluate recurrent disease (Table 3.1). Both 
trials evaluated the effect of bevacizumab in combination with chemotherapy and 
observed improvements in PFS [23, 24]. In the OCEANS study, platinum-sensitive 
recurrent ovarian cancer patients received six cycles of carboplatin/gemcitabine in 
combination with bevacizumab, followed by maintenance bevacizumab, and 
patients receiving bevacizumab had a significantly longer PFS vs. the control arm 
(median PFS: 12.4 vs. 8.4 months) [23]. However, the final OS analysis revealed no 
significant difference between the treatment arms [25]. In the AURELIA study, 
platinum-resistant recurrent ovarian cancer patients received single-agent chemo-
therapy [pegylated liposomal doxorubicin (PLD), weekly paclitaxel, or topotecan] 
alone or with bevacizumab. PFS was significantly improved in the chemotherapy 
plus bevacizumab arm vs. the chemotherapy arm (median PFS: 6.7 vs. 3.4 months). 
However, the trend toward improved OS (median: 16.6 vs. 13.3 months) was not 
statistically significant. GI perforation was observed only in the bevacizumab arm 
(2.2%), although the risk was lower than expected.

Several other ongoing phase III trials are investigating the optimal use of bevaci-
zumab. The GOG-0252 study is evaluating the efficacy of bevacizumab in combina-
tion with intraperitoneal (i.p.) chemotherapy (i.v. paclitaxel and i.p. cisplatin or 
carboplatin) vs. i.v. chemotherapy (paclitaxel/carboplatin). The AGO-OVAR 17 
(BOOST) trial is investigating the optimal bevacizumab treatment duration (15 vs. 
30 months) with first-line chemotherapy (paclitaxel/carboplatin). GOG-0213, a 
study on platinum-sensitive recurrent disease, is comparing chemotherapy (pacli-
taxel/carboplatin) alone vs. with bevacizumab; surgical candidates in this cohort 
will undergo secondary randomization to surgery or no surgery.
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3.2.1.2  Aflibercept
Aflibercept (VEGF Trap) is a fusion protein of the Fc region of immunoglobulin G1 
with domain two of VEGFR1 and domain three of VEGFR2 (VEGFRδ1R2). This 
decoy receptor binds with high affinity to VEGF-A, thus preventing VEGFR1 and 
VEGFR2 binding and subsequent stimulation [26]. Aflibercept also exhibits a 
strong binding affinity for VEGF-B and PlGF.

Two phase II studies of platinum-resistant disease and symptomatic malignant 
ascites have been conducted (Table 3.2) [27, 28], and both demonstrated effective 
control of malignant ascites with aflibercept, evidenced by a reduction in the inter-
val between repeat paracenteses (e.g., 55.1 vs. 23.3 days) [28]. However, one study 
observed a higher frequency of fatal GI events in the aflibercept arm (3/29 patients) 
vs. the placebo arm (1/26 patients) [28]. In the other study, platinum-resistant ovar-
ian cancer patients were randomized to receive aflibercept at different doses (2 or 
4 mg/kg) (Table 3.2) [29]. Although aflibercept was generally well tolerated at both 
doses, the response rate was low.

Table 3.2 Randomized phase II trials of targeted therapy in ovarian cancer

Agents
Patients 
(n) a Treatment

Response 
Rate (%)

Median 
PFS (M)

Median 
OS (M)

Selected 
Grade ≥ 3 
Adverse Events

Anti-angiogenic agents
Maintenance
Nintedanib 
[39]

83 36-week 
PFS

Arm 1 40 Chemotherapy → 
placebo

− 16.3% − 8% hepatotoxicity

Arm 2 43 Chemotherapy → 
Nintedanib

− 5.0% − 51% 
hepatotoxicity

Sorafenib 
[47]

246

Arm 1 123 PtTx CT → placebo − 15.7 − 0.8% hand–foot 
skin reaction

Arm 2 123 PtTx 
CT → Sorafenib

− 12.7 − 39.0% hand–foot 
skin reaction, 
14.6% rash

Recurrent 
disease
Aflibercept 
[27]

55 Time to 
repeat 
paracentesis

Arm 1 26 placebo 23.3 days − − 8% dyspnea, 44% 
fatigue/asthenia, 
4% GI fistula

Arm 2 29 Aflibercept: 4 mg/kg 
every 2 weeks

55.1 days * − − 20% dyspnea, 
13% fatigue/
asthenia, 10% GI 
perforation, 8% 
proteinuria, 7% 
HT, 7% VTE
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Agents
Patients 
(n) a Treatment

Response 
Rate (%)

Median 
PFS (M)

Median 
OS (M)

Selected 
Grade ≥ 3 
Adverse Events

Aflibercept 
[28]

215

Arm 1 106 Aflibercept: 2 mg/kg 
every 2 weeks

0.9 13.0 weeks 59.0 weeks 25.5% HT, 9.4% 
proteinuria, 5.7% 
fatigue

Arm 2 109 Aflibercept: 4 mg/kg 
every 2 weeks

4.6 13.3 weeks 49.3 weeks 27.5% HT, 7.3% 
proteinuria, 3.7% 
fatigue

Pazopanib 
[38]

73

Arm 1 36 Weekly PTX 25 3.5 13.7 3% neutropenia, 
6% fatigue, 3% 
leucopenia, 14% 
anemia

Arm 2 37 Weekly 
PTX + Pazopanib

56 * 6.5 ** 19.1 30% neutropenia, 
11% fatigue, 11% 
leucopenia, 8% 
hypertension, 8% 
raised aspartate 
aminotransferase 
or alanine 
aminotransferase, 
5% anemia, 3% 
ileal perforation.

Sunitinib 
[43]

73

Arm 1 36 Sunitinib: 50 mg 
daily for 4 weeks in 
a 6-week cycle

17 4.8 13.6 4.5% increased 
γ-glutamyl 
transferase (% of 
all reported 
adverse events)

Arm 2 37 Sunitinib: 37.5 mg 
daily continuously

5 2.9 13.7 6.1% increased 
γ-glutamyl 
transferase (% of 
all reported 
adverse events)

Trebananib 
[50]

161

Arm 1 53 PTX + Trebananib 
10 mg days 1, 8, 15

37 7.2 22.5 [n = 52] 12% 
hypokalemia, 10% 
peripheral 
neuropathy, 6% 
VTE.

Arm 2 53 PTX + Trebananib 
3 mg days 1, 8, 15

19 5.7 20.4 11% hypokalemia, 
9% dyspnea, 4% 
VTE

Arm 3 55 PTX + placebo days 
1, 8, 15

27 4.6 20.9 4% hypokalemia, 
9% VTE

Table 3.2 (continued)

(continued)
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Agents
Patients 
(n) a Treatment

Response 
Rate (%)

Median 
PFS (M)

Median 
OS (M)

Selected 
Grade ≥ 3 
Adverse Events

PARP inhibitors
Maintenance
Olaparib 
[58, 59]

265

Arm 1 129 Pt 
CT → observation

− 4.8 27.8 3.1% fatigue, 
0.8% anemia

Arm 2 136 Pt CT → Olaparib − 8.4 ** 29.8 7.7% fatigue, 
5.1% anemia

BRCA (+)
Arm 1 62 Pt 

CT → observation
4.3 31.9

Arm 2 74 Pt CT → Olaparib 11.2 *** 34.9
BRCA (−)
Arm 1 61 Pt 

CT → observation
5.5 26.2

Arm 2 57 Pt CT → Olaparib 7.4 * 24.5
Recurrent disease
Olaparib 
[57]

97

Arm 1 32 Olaparib: 200 mg 
twice per day

25 6.5 13.1 6% abdominal 
pain, 6% 
constipation, 6% 
anemia

Arm 2 32 Olaparib: 400 mg 
twice per day

31 8.8 13.0 13% anemia, 9% 
fatigue, 6% 
nausea

Arm 3 33 PLD 18 7.1 13.0 38% Palmar-
plantar 
erythrodysesthesia 
syndrome, 9% 
fatigue, 9% rash

Olaparib 
[60]

90

Arm 1 81 CP 58 9.6 37.6 4% fatigue 35% 
neutropenia, 7% 
anemia, 8% 
thrombocytopenia

Arm 2 81 CP + Olaparib 64 * 12.2 * 33.8 [n = 75] 7% 
fatigue 43% 
neutropenia, 9% 
anemia, 8% 
thrombocytopenia

Olaparib 
[61]

90

Arm 1 46 Olaparib 48 9.0 − 11% fatigue
Arm 2 44 Olaparib + 

Cediranib
80 * 11.7 * − 41% HT, 27% 

fatigue, 23% 
diarrhea

Table 3.2 (continued)
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Agents
Patients 
(n) a Treatment

Response 
Rate (%)

Median 
PFS (M)

Median 
OS (M)

Selected 
Grade ≥ 3 
Adverse Events

Veliparib 
[63]

70

Arm 1 36 Cyclophosphamide 19.4 2.3 − 8% lymphopenia
Arm 2 34 Cyclophosphamide 

+ Veliparib
11.8 2.1 − 35% lymphopenia

HER2 inhibitors
Recurrent disease
Pertuzumab 
[76]

130

Arm 1 65 GEM + placebo 5 2.6 13.1 22% neutropenia, 
8% 
thrombocytopenia, 
2% diarrhea, 2% 
back pain

Arm 2 65 GEM + Pertuzumab 14 2.9 13.0 35% neutropenia, 
14% 
thrombocytopenia, 
11% diarrhea, 9% 
back pain

Low HER3
Arm 1 35 GEM + placebo 1.4 8.4
Arm 2 26 GEM + Pertuzumab 5.3 ** 12.5
Recurrent disease
Pertuzumab 
[77]

149

Arm 1 75 CP or CG 59 40.0 weeks NR Adverse events 
during the first six 
cycles of 
treatment were 
similar in both 
arms

Arm 2 74 CP or 
CG + Pertuzumab

61 34.1 weeks 28.2

Folate receptor
Recurrent disease
Vintafolide 
[91]

149

Arm 1 49 PLD 12 2.7 − [n = 50] 2% 
Palmar-plantar 
erythrodysesthesia 
syndrome, 6% 
fatigue, 2% 
abdominal pain, 
4% stomatitis, 
10% neutropenia, 
8% anemia, 9% 
leukopenia

Table 3.2 (continued)

(continued)
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Agents
Patients 
(n) a Treatment

Response 
Rate (%)

Median 
PFS (M)

Median 
OS (M)

Selected 
Grade ≥ 3 
Adverse Events

Arm 2 100 PLD + Vintafolide 
→ Vintafolide

18 5.0 * − [n = 107] 11% 
Palmar- plantar 
erythrodysesthesia 
syndrome, 9% 
fatigue, 8% 
abdominal pain, 
8% stomatitis, 
23% neutropenia, 
9% anemia

FT inhibitor
First-line treatment
Lonafarnib 
[92]

105

Arm 1 52 CP − 17.8 47.3 4% diarrhea
Arm 2 53 CP + Lonafernib → 

Lonafernib
− 14.2 33.4 23% diarrhea

IV, >1.0  
cm b

Arm 1 14 CP 16.4 43.4
Arm 2 18 CP + Lonafernib → 

Lonafernib
11.5 * 20.6 *

ETA-receptor antagonist
Recurrent disease
Zibotentan 
[93]

120

Arm 1 61 (58) CP + placebo → 
placebo

59 10.0 − [n = 58] 31% 
neutropenia, 9% 
anemia, 16% 
leukopenia, 9% 
thrombocytopenia

Arm 2 59 (55) CP + Zibotentan → 
Zibotentan

38 * 7.6 − [n = 58] 41% 
neutropenia, 12% 
anemia, 10% 
leukopenia, 5% 
thrombocytopenia

PKCβ inhibitor
First-line treatment
Enzastaurin 
[94]

142

Arm 1 73 (18) CP + placebo → 
placebo

39 15.2 47.3 [n = 72] 1% 
hypersensitivity, 
3% constipation, 
3% fatigue

Arm 2 69 (14) CP + Enzastaurin → 
Enzastaurin

43 18.9 33.4 [n = 67] 1% 
constipation, 1% 
diarrhea, 3% 
dyspnea, 3% 
edema

Table 3.2 (continued)
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Agents
Patients 
(n) a Treatment

Response 
Rate (%)

Median 
PFS (M)

Median 
OS (M)

Selected 
Grade ≥ 3 
Adverse Events

Methyltransferase inhibitor
Recurrent disease
Decitabine 
[95]

29

Arm 1 14 Carboplatin 64 6.9 − 15% neutropenia
Arm 2 4 Carboplatin + 

Decitabine:  
90 mg/m2

20 d * 1.9 − 60% neutropenia d

Arm 3 11 Carboplatin + 
Decitabine:  
45 mg/m2

6.0 −

Plk inhibitor
Recurrent disease
Volasertib 
[96]

109

Arm 1 55 Non-Pt CT c 13 8.4 weeks − 5% neutropenia, 
2% anemia, 4% 
thrombocytopenia

Arm 2 54 Volasertib 15 13.1 weeks − 44% neutropenia, 
15% anemia, 17% 
thrombocytopenia, 
17% leukopenia

PFS progression-free survival, M months, OS overall survival, PARP poly (ADP-ribose) poly-
merase, HER2 human epidermal growth factor receptor, BRCA (+) mutated BRCA, BRCA (−) 
wild-type BRCA, FT farnesyltransferase, ET endothelin, PKC protein kinase C, Plk Polo-like 
kinase, PtTx CT platinum- and taxane- based chemotherapy, PTX paclitaxel, Pt CT platinum-based 
chemotherapy, PLD pegylated liposomal doxorubicin, CP carboplatin plus paclitaxel, GEM gem-
citabine, CG carboplatin plus gemcitabine, NR not yet reached, GI gastrointestinal, HT hyperten-
sion, VTE venous thrombosis
aNumber of patients eligible (Number of patients evaluable for response)
bStage IV and residual disease >1.0 cm
cInvestigator selected single-agent, non-platinum chemotherapy (pegylated liposomal  doxorubicin, 
gemcitabine, weekly paclitaxel, or topotecan)
dCombination of arm 2 and 3
*P < 0.05, ** P < 0.001, *** P < 0.0001 vs. control arm

A phase I–II study of aflibercept in combination with docetaxel was conducted 
in patients with recurrent ovarian cancer [30]. The objective response rate was 
54%, and grade 1–2 hypertension (11%) and grade 2 hypotension (2%) were 
adverse events specifically associated with aflibercept. Therefore, the combination 
of aflibercept and docetaxel seems safe and active for patients with recurrent ovar-
ian cancer.

Table 3.2 (continued)
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3.2.1.3  Cediranib
Cediranib is a highly potent, small-molecule, oral tyrosine kinase inhibitor of all 
three VEGF receptors (VEGFR1–3) and c-Kit, which competes for the ATP-binding 
site within the receptor kinase domain [31, 32]. A phase II trial of cediranib in 
patients with recurrent ovarian cancer reported a partial response (PR) rate of 17% 
and median PFS of 5.4 months [33]. These promising results led to a phase III study 
(ICON6) of patients with platinum-sensitive recurrent disease (Table 3.1) in which 
the median PFS was significantly prolonged in the platinum-based chemotherapy 
plus concurrent and maintenance cediranib arm (arm 3) vs. the chemotherapy and 
placebo (arm 1) (11.0 vs. 8.7 months) [34]. Although the OS analysis is ongoing, 
early median OS durations for arms 1 and 3 were 21.0 months and 26.3 months, 
respectively (P = 0.11).

3.2.1.4  Pazopanib
Pazopanib is a potent, selective oral multi-targeted receptor tyrosine kinase inhibi-
tor of VEGFR1–3, platelet-derived growth factor receptor (PDGFR)-α and 
PDGFR-β, and fibroblast growth factor receptor (FGFR) 1–3 [35]. A phase II study 
(VEG104450) of pazopanib in patients with recurrent ovarian cancer reported a PR 
rate of 18% [36]. In a phase III trial (AGO-OVAR16), patients with International 
Federation Gynecology Obstetrics (FIGO) stage II–IV ovarian cancer received 
maintenance pazopanib or placebo for up to 24 months (Table 3.1) [37]. PFS was 
significantly prolonged for patients in the maintenance pazopanib arm vs. those in 
the placebo arm (median PFS: 17.9 vs. 12.3 months), although OS did not differ 
significantly between the arms at the interim analysis. In a randomized phase II trial 
(MITO 11), patients with platinum-resistant ovarian cancer received weekly pacli-
taxel with or without pazopanib; PFS was significantly longer in the paclitaxel/
pazopanib group vs. the paclitaxel-only group (median PFS: 6.35 vs. 3.49 months) 
(Table 3.2) [38]. Two randomized phase II trials to evaluate chemotherapy (pacli-
taxel or gemcitabine) and combined effects with pazopanib are ongoing in patients 
with platinum-resistant ovarian cancer.

3.2.1.5  Nintedanib
Nintedanib (BIBF 1120) is a potent, oral tyrosine kinase inhibitor of VEGFR1–3, 
PDGFR-α and -β, and FGFR1–3. In a placebo-controlled randomized phase II trial 
of post-chemotherapy maintenance therapy in patients with relapsed ovarian cancer, 
nintedanib was well tolerated and associated with a potential improvement in PFS 
(Table 3.2) [39]. A phase III trial (AGO-OVAR12) investigated the combination of 
standard chemotherapy (paclitaxel/carboplatin) with nintedanib or placebo in 
patients with newly diagnosed FIGO stage IIB–IV ovarian cancer (Table 3.1) [40] 
and observed a significantly longer median PFS in the nintedanib group vs. the pla-
cebo group (17.2 vs. 16.6 months). The efficacy of nintedanib was particularly 
notable in patients with a low postsurgical disease burden (FIGO stage IIB–III, 
≤1 cm residual postoperative tumor). Although the OS results are pending, further 
studies are needed to assess the clinical value of nintedanib, particularly in cohorts 
with lower tumor burdens.
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3.2.1.6  Sunitinib
Sunitinib is a potent, oral multi-tyrosine kinase inhibitor that targets VEGFR1–3, 
PDGFR-α and -β, Flt-3, and c-Kit [41]. Three phase II trials were conducted to 
evaluate the efficacy and safety of this inhibitor in patients with recurrent ovarian 
cancer (Table 3.2) [42–44]. However, efficacy seemed to be limited, with response 
rates of 3–17%, and the common adverse events included hypertension, gastrointes-
tinal events, fatigue, and hand–foot syndrome.

3.2.1.7  Sorafenib
Sorafenib is an oral bis-aryl urea that inhibits c-Raf and b-Raf kinases and VEGFR-2 
and -3, PDGFR-β, Flt-3, and c-Kit [45]. In a phase II trial (GOG-0170F) of sorafenib 
for patients with recurrent ovarian cancer, PR rate of 3% and median PFS and OS of 
2.1 months and 16.3 months, respectively, were achieved [46]. However, a random-
ized phase II study of sorafenib maintenance therapy observed no significant differ-
ence in PFS between the sorafenib and placebo arms (Table 3.2) [47].

3.2.1.8  Trebananib
In tumor angiogenesis, angiopoietin-1 and angiopoietin-2 interact with the tyro-
sine kinase with immunoglobulin-like and EGF-like domains (Tie) 2 receptor, 
which is expressed on endothelial cells, to mediate blood vessel maturation and 
stabilization in a VEGF axis-independent pathway [48]. Trebananib (AMG 386), a 
neutralizing peptibody (i.e., peptide-Fc fusion protein), blocks the binding of both 
angiopoietin- 1 and angiopoietin-2 to the Tie2 receptor, thereby inhibiting angio-
genesis [49].

In a randomized phase II trial, trebananib combined with weekly paclitaxel pro-
longed PFS in patients with recurrent ovarian cancer (Table 3.2) [50]. A phase III 
trial, Trebananib in Ovarian Cancer-1 (TRINOVA-1), investigated trebananib in 
addition to single-agent weekly paclitaxel for patients with recurrent ovarian cancer 
(Table 3.1) [51]. Median PFS was significantly longer in the paclitaxel/trebananib 
group vs. the paclitaxel/placebo group (7.2 vs. 5.4 months), although the median OS 
did not statistically differ. Two subsequent phase III trials are ongoing: TRINOVA-2, 
which evaluates trebananib plus PLD for recurrent, partially platinum-sensitive 
ovarian cancer, and TRINOVA-3, which investigates trebananib plus first-line che-
motherapy (carboplatin/paclitaxel) for FIGO stage III–IV ovarian cancer.

3.2.2  Targeting DNA Repair Mechanisms:  
Poly(ADP-Ribose) Polymerase (PARP)

PARPs have multiple functions, including DNA repair, cell dysfunction and 
necrosis, and inflammation (Fig. 3.2) [52]. PARP-1, the most abundant nuclear 
isoform, plays a vital role in DNA single-strand break (SSB) repair through the 
base excision repair pathway, whereas residual PARP activity (approximately 
10%) is attributed to PARP-2. PARP inhibition causes an accumulation of DNA 
SSBs and consequent DNA double-strand breaks (DSBs) at replication forks. In 
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normal cells, such DSBs are generally repaired by the BRCA1- and BRCA2-
dependent homologous recombination (HR) DNA repair pathway. However, these 
lesions are not repaired in BRCA1- or BRCA2-deficient tumor cells, leading to 
genomic instability and cell death despite the existence of an alternate non-
homologous end-joining pathway for DSB repair.

Female carriers of germline mutations in BRCA1 on chromosome 17q21 or 
BRCA2 on chromosome 13q31 have a higher risk of breast and ovarian cancer 
development. The lifetime risks of ovarian cancer are 54% for BRCA1 and 23% for 
BRCA2 mutation carriers [53]. Although germline mutations in those genes are seen 
in 5–10% of all ovarian cancer patients, a loss of HR function (BRCAness), either 
via genetic or epigenetic events in BRCA1 or BRCA2 or alterations in other genes 
(e.g., EMSY, PTEN, RAD51C, ATM, ATR, Fanconi anemia genes), are observed in 
approximately half of high-grade serous ovarian carcinomas [54]. In ovarian cancer, 
a BRCAness profile may correlate with responses to platinum-based chemotherapy 
and PARP inhibitors.

Double-strand breaks

Single-strand breaks

DNA

BRCA mutations

(+)(–)

Death

Homologous recombination

Survival

Normal cells Tumor cells

PARP

Survival

Base-excision repair

Rucaparib

Niraparib

Olaparib

Veliparib

Fig. 3.2 Effect of DNA repair systems on poly(ADP-ribose) polymerase activity. Single-strand 
breaks lead to the activation of poly(ADP-ribose) polymerases (PARPs). PARP plays a key role in 
the repair of single-strand breaks. Treatment with a PARP inhibitor induces double-strand breaks 
and selectively kills homologous recombination-deficient tumor cells. BRCA breast cancer suscep-
tibility gene
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3.2.2.1  Olaparib
Olaparib is an oral small-molecule PARP inhibitor that induces synthetic lethality in 
cells with defective BRCA function [55]. Pooled data from phase I/II trials of olapa-
rib (400 mg twice daily) monotherapy demonstrated an objective response of 36% 
in germline BRCA1/2 mutation carriers with recurrent ovarian cancer [56, 57]. An 
ongoing phase III trial of BRCA mutation carriers with platinum-sensitive recurrent 
ovarian cancer, SOLO3, compares olaparib monotherapy vs. the physician’s selected 
chemotherapy (weekly paclitaxel, topotecan, PLD, or gemcitabine).

The efficacy of olaparib maintenance therapy was evaluated in a randomized 
phase II study of patients with platinum-sensitive, relapsed, high-grade serous ovar-
ian cancer (Table 3.2) [58, 59]. Among BRCA mutation carriers, the median PFS 
was significantly longer in the olaparib group vs. the placebo group (11.2 vs. 
4.3 months), and similar results were observed for wild-type BRCA carriers (7.4 vs. 
5.5 months). However, OS did not significantly differ between the groups. Phase III 
confirmatory trials of maintenance olaparib monotherapy are ongoing in BRCA 
mutation carriers with ovarian cancer after first-line platinum-based chemotherapy 
(SOLO1) and those who have achieved a complete response (CR) or PR with plati-
num chemotherapy (SOLO2).

A combination therapy of olaparib with chemotherapy (carboplatin/paclitaxel) 
was tested in patients with platinum-sensitive recurrent, high-grade serous ovarian 
cancer in a randomized phase II trial (Table 3.2) [60]. PFS was significantly longer 
in patients treated with olaparib plus chemotherapy followed by maintenance 
olaparib monotherapy vs. those treated with chemotherapy alone (median PFS, 
12.2 vs. 9.6 months), although OS did not differ significantly between the treat-
ment groups. The combined effect of olaparib with targeted agents on patient out-
come is also under investigation. In a randomized phase II trial, recurrent 
platinum-sensitive ovarian cancer patients received olaparib alone or cediranib 
plus olaparib (Table 3.2) [61]. The median PFS was significantly improved in the 
combination group vs. the olaparib alone group (17.7 vs. 9.0 months). However, 
grade 3/4 adverse events were more common with combination therapy. These 
promising results initiated a randomized phase III trial (NRG-GY004) of plati-
num-sensitive recurrent ovarian cancer with three treatment arms: (1) carboplatin 
and paclitaxel (regimen I), gemcitabine (regimen II), or PLD (regimen III), (2) 
olaparib, and (3) olaparib and cediranib.

3.2.2.2  Other PARP Inhibitors
Besides olaparib, several PARP inhibitors, including veliparib, rucaparib, and 
niraparib, are being evaluated in clinical trials. Veliparib was tested as a monother-
apy for BRCA-mutated recurrent ovarian cancer in a phase II trial (GOG-0280), 
yielding an overall response rate of 26% [62]. A randomized phase II trial of veli-
parib with low-dose cyclophosphamide did not improve the response rate or median 
PFS in patients with high-grade serous ovarian cancer (Table 3.2) [63]. A phase III 
trial of veliparib with first-line chemotherapy (carboplatin/paclitaxel) followed by 
maintenance veliparib (GOG-3005) is currently recruiting patients with high-grade 
serous ovarian cancer. Rucaparib (ARIEL3 trial) and niraparib (NOVA trial) are 
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also currently under evaluation in phase III trials of maintenance treatment after 
platinum-sensitive recurrent ovarian cancer. These trials are recruiting both spo-
radic and BRCA-mutated ovarian cancer patients.

3.2.3  Targeting the Human Epidermal Growth 
 Factor Receptor Family

The epidermal growth factor receptor (EGFR; HER in humans) family comprises four 
distinct transmembrane tyrosine kinase receptors: HER-1 (EGFR/erbB1), HER-2/neu 
(erbB2), HER-3 (erbB3), and HER-4 (erbB4) [64]. These receptors are activated via 
C-terminal autophosphorylation by ligand binding (although HER2 has no known 
ligand) and multiple receptor homo- or hetero-dimerization combinations, thus trig-
gering downstream signaling pathways such as the MAPK and PI3K/Akt pathways 
and thus inducing cancer-cell proliferation, blocking apoptosis, activating invasion 
and metastasis, and stimulating tumor-induced neovascularization. Accordingly, 
HERs are attractive targets for anticancer therapies (Fig. 3.3) [64].
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Fig. 3.3 Targeting the human epidermal growth factor receptor family members and their down-
stream signaling pathways in gynecologic cancer. The human epidermal growth factor receptor 
(HER) family consists of four distinct transmembrane tyrosine kinase receptors, and receptor- 
specific ligands selectively bind to each of them. The receptor undergoes homo- or hetero- 
dimerization that leads to receptor autophosphorylation that activates a series of downstream 
signaling pathways, such as mitogen-activated protein kinase kinase (MEK)/extracellular signal- 
regulated kinase (ERK) and phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/Akt pathways 
that control cell growth and apoptotic signaling. EGFR epidermal growth factor receptor, HER 
human EGFR, PTEN phosphatase and tensin homolog, mTOR mammalian target of rapamycin, 
S6K1 ribosomal protein S6 kinase 1, 4E-BP1 eukaryotic translation initiation factor 4E binding 
protein 1, P phosphate
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HER family members are expressed in many human malignancies, including 
ovarian cancers, in which a wide range of HER family expression has been reported 
[EFGR, 4–100% (average, 48%); HER-2, 0–100% (average, 40%); HER-3, 3–90% 
(average, 48%); and HER-4, 45–92% (average, 71%)] [65]. Overexpression of 
HER, particularly EGFR and HER-2, may correlate with poor prognosis and 
decreased therapeutic response, although clinical data are contradictory. Several 
EGFR and HER-2 inhibitors have been tested in patients with ovarian cancer.

3.2.3.1  EGFR Inhibitors
The EGFR tyrosine kinase inhibitors erlotinib and gefitinib have been tested in 
phase II trials, which observed limited activities of these agents as monotherapies 
for recurrent ovarian cancer (response rates, 6% and 0–4%, respectively) [66–68]. 
The European Organization for Research and Treatment of Cancer-Gynecological 
Cancer Group (EORTC-GCG) conducted a phase III study of erlotinib (EORTC 
55041) in patients with ovarian cancer after first-line, platinum-based chemotherapy 
(Table 3.1) [69]. Unfortunately, maintenance erlotinib for 2 years after first-line 
treatment did not improve PFS or OS in these patients.

The monoclonal EGFR-specific antibodies cetuximab and matuzumab block the 
binding of EGF to its receptor, thus inhibiting ligand-induced receptor autophos-
phorylation. Both cetuximab and matuzumab were tested in patients with recurrent 
ovarian cancer in phase II settings, with overall response rates of 4% and 0%, 
respectively [70, 71]. A phase II trial (GOG-0146P) assessed cetuximab activity in 
combination with carboplatin for EGFR-positive, recurrent platinum-sensitive ovar-
ian cancer but reported only modest activity, with a PR rate of 35% [72]. Similarly, 
a phase II trial of cetuximab with carboplatin/paclitaxel as a first-line treatment for 
FIGO stage III/IV ovarian cancer did not demonstrate PFS prolongation when com-
pared with historical data [73].

3.2.3.2  HER2 Inhibitors
Humanized monoclonal HER2 antibodies, trastuzumab and pertuzumab, were evalu-
ated in phase II trials, which reported limited activity of these agents as monothera-
pies for recurrent ovarian cancer [74, 75]. A combination of pertuzumab with 
gemcitabine was tested in a phase II trial of platinum-resistant ovarian cancer patients 
(Table 3.2) [76] who were randomly allocated to gemcitabine plus placebo or pertu-
zumab, with objective response rates of 5% and 14%, respectively. Among patients 
whose tumors exhibited low HER3 mRNA expression, the median PFS was signifi-
cantly longer with pertuzumab vs. placebo (5.3 vs. 1.4 months), although increased 
grade ≥ 3 neutropenia, diarrhea, and back pain were observed in the former. 
Pertuzumab was also evaluated together with carboplatin-based chemotherapy in a 
randomized phase II study of patients with platinum-sensitive, recurrent ovarian can-
cer (Table 3.2) [77]. No significant differences in PFS or OS were observed between 
chemotherapy (carboplatin and either paclitaxel or gemcitabine) alone and chemo-
therapy with pertuzumab. Unfortunately, no differences were observed between the 
arms in a biomarker analysis of HER3 mRNA expression. These studies suggest that 
pertuzumab, in combination with chemotherapy, is mainly effective in patients with 
platinum-resistant ovarian cancer and low HER3 mRNA expression.
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3.2.3.3  Other HER Family Inhibitors
Phase II trials of single-agent targeted therapies, including the HER family tyrosine 
kinase inhibitors lapatinib and canertinib, have shown only modest efficacy [78, 
79]. Lapatinib, a dual tyrosine kinase inhibitor of EGFR and HER2, was evaluated 
in recurrent ovarian cancer patients, although no objective responses were observed 
[78]. The combination therapy of lapatinib plus topotecan was also tested in a phase 
II trial in patients with platinum-resistant ovarian cancer, but lacked sufficient activ-
ity (no CR, one PR) [80]. Another phase II trial evaluated a pan-HER family tyro-
sine kinase inhibitor, canertinib, in patients with platinum-resistant recurrent ovarian 
cancer [79]; although two oral doses of canertinib (50 mg and 200 mg) were evalu-
ated, no responses were observed.

3.2.4  Targeting Mammalian Target of Rapamycin (mTOR)

The PI3K/Akt pathway and the downstream pathway associated with mTOR, an 
evolutionarily conserved serine/threonine kinase, stimulate cell growth and sur-
vival; activation of these pathways suggests drug resistance and poor prognosis 
in many cancers [81, 82]. In ovarian cancer, PI3K amplification and Akt activa-
tion are observed in 12–68% of tumors and are closely associated with upregu-
lated mTOR signaling [54, 82]. Thus, the mTOR pathway might be an attractive 
therapeutic target.

3.2.4.1  Temsirolimus
Temsirolimus is a specific small-molecule inhibitor of mTOR that acts by binding 
to FK506-binding protein 12 (FKBP12); the resulting complex inhibits mTOR 
kinase activity by directly binding the mTOR complex 1 (mTORC1) and interferes 
with the synthesis of proteins that regulate tumor cell proliferation, growth, and 
survival [83]. In a phase II clinical trial (GOG-0170I), although temsirolimus exhib-
ited modest activity (PR rate of 9%) in patients with recurrent ovarian cancer, the 
6-month PFS was insufficient to warrant inclusion in phase III studies of unselected 
patients. [84]. A phase II study of temsirolimus in combination with carboplatin/
paclitaxel followed by temsirolimus consolidation as a first-line therapy was con-
ducted in patients with stage III or IV ovarian clear cell carcinoma (the subtype with 
the highest PI3K pathway activation rate), and the results are forthcoming.

3.2.5  Targeting Folate Receptors (FRs)

FRα belongs to a family of single-chain glycosylphosphatidylinositol anchored 
membrane proteins with high affinities for the binding and unidirectional transport 
of folate, which is required for DNA replication and cell division, into cells [85]. 
FRα expression is restricted in normal cells but elevated strongly in various epithe-
lial cancer tissues, including ovarian carcinoma [86]. FRα overexpression is 
observed in nearly 90% of non-mucinous ovarian cancers and correlates with stage, 
grade, chemotherapeutic response, and patient outcomes [87]. Therefore, FRα is 
considered a promising therapeutic target in ovarian cancer.
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3.2.5.1  Farletuzumab
Farletuzumab (MORAb-003) is a humanized monoclonal FRα antibody that inhib-
its folate-dependent cell growth in a dose-dependent manner and induces tumor cell 
cytotoxicity via antibody-dependent cellular cytotoxicity and complement- 
dependent cytotoxicity [88]. Farletuzumab also inhibits interactions between cyto-
plasmic tyrosine kinase Lyn and membrane-signaling complexes, leading to growth 
reduction in these cells.

In a phase III trial (MORAb-003-004), weekly farletuzumab (1.25 mg/kg or 
2.5 mg/kg) was investigated in combination with six cycles of chemotherapy (car-
boplatin plus paclitaxel or docetaxel) in patients with initial platinum-sensitive 
relapsed ovarian cancer (Table 3.1) [89]. However, the addition of farletuzumab did 
not significantly prolong PFS or OS. In a prespecified subgroup of patients with 
baseline CA125 levels not more than three times the upper limit of normal, farletu-
zumab 2.5 mg/kg correlated with a longer PFS (median: 13.6 vs. 8.8 months) and 
OS (median: not estimated vs. 29.1 months) vs. placebo. Therefore, farletuzumab 
might improve clinical outcomes in some patient subsets.

3.2.5.2  Vintafolide
Vintafolide (EC145) is a water-soluble folate–desacetylvinblastine monohydrazide 
conjugate that directly targets FR-expressing cells and minimizes exposure of other 
cells to cytotoxicity [90]. A randomized phase II trial (PRECEDENT) evaluated 
vintafolide combined with PLD versus PLD alone in patients with platinum- 
resistant recurrent ovarian cancer (Table 3.2) [91]. The median PFS was signifi-
cantly prolonged in the vintafolide/PLD arm vs. the PLD-alone arm (5.0 vs. 
2.7 months), particularly among patients with an FR-positive lesion rate of 100% 
(5.5 vs. 1.5 months). These results provide strong rationale for a phase III random-
ized trial (PROCEED) of vintafolide in combination with PLD vs. PLD plus pla-
cebo in patients with platinum-resistant ovarian cancer. However, this trial was 
suspended based on an interim analysis that demonstrated that vintafolide did not 
meet the prespecified PFS outcomes.

3.2.6  Other Promising Targets for Ovarian Cancer

The farnesyltransferase inhibitor, lonafarnib; endothelin A receptor antagonist, zibo-
tentan; protein kinase C-β inhibitor, enzastaurin; methyltransferase inhibitor, 
decitabine; and polo-like kinase inhibitor, volasertib have been evaluated in ran-
domized phase II trials; however, the effects when combined with chemotherapy 
were limited in ovarian cancer (Table 3.2) [92–96].

A new classification proposed two main types of epithelial ovarian cancer, type I 
and type II [97]. Type I tumors include low-grade serous, mucinous, clear cell, and 
endometrioid carcinomas and malignant Brenner tumors, which typically display 
mutations in KRAS, BRAF, ARID1A, PTEN, PIK3CA, CTNNB1, and PPP2R1A. 
Type II tumors include high-grade serous carcinoma, malignant mixed mesodermal 
tumors (carcinosarcoma), and undifferentiated carcinoma, which typically exhibit 
mutations in TP53 and BRCA1/2. Therefore, type-specific genetic alterations might 
require consideration with regard to targeted therapies.
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Although such mutations are rare in high-grade serous carcinomas, low-grade 
serous carcinomas frequently (61%) harbor KRAS (35%) and BRAF (30%) muta-
tions [97], which constitutively activate the mitogen-activated protein kinase kinase 
(MEK)/extracellular signal-regulated kinase (ERK) signaling cascade. Therefore, 
GOG conducted a phase II trial (GOG-0239) of the MEK1/2 inhibitor selumetinib 
in patients with recurrent low-grade serous carcinoma [98], which observed a 
response rate of 15.4% and median PFS of 11.0 months. This study was followed by 
a phase III trial of a novel MEK inhibitor, MEK162, versus physician’s choice of 
chemotherapy in patients with recurrent or persistent low-grade serous ovarian 
cancer.

An activating mutation of the PIK3CA gene, which encodes the PI3K catalytic 
subunit p110α, was detected in 12%–20% of endometrioid carcinomas and 
33–40% of clear cell carcinomas [99, 100]. Furthermore, a loss of PTEN activa-
tion was observed in 21–31% of endometrioid carcinomas and 40% of clear cell 
carcinomas [100, 101]. The PI3K/Akt/mTOR cascade has therefore been pro-
posed as a promising therapeutic target in patients with these tumors. A phase II 
study (GOG-0268) of the mTOR inhibitor temsirolimus in combination with car-
boplatin and paclitaxel following temsirolimus consolidation as a first-line ther-
apy in patients with clear cell carcinoma of the ovary has been completed; the 
results are forthcoming.

Mutations in the ARID1A gene, also known as BAF250, were identified in 
approximately half of clear cell carcinoma and approximately 30% of endometrial 
carcinomas [102, 103]. Inhibiting EZH2 methyltransferase activity upregulates 
PIK3IP1 expression, which negatively regulates PI3K/Akt signals, thus contribut-
ing to synthetic lethality in ARID1A-mutated cells [104]. Accordingly, EZH2 inhi-
bition might represent a novel therapeutic strategy for ARID1A-mutated ovarian 
clear cell and endometrioid carcinomas.

3.3  Endometrial Cancer

Endometrial cancer has been classified into two pathogenetic types, type I (estrogen- 
dependent) and type II (non-estrogen-dependent) [105]. The more common type I 
tumors comprise low-grade, endometrioid, diploid, hormone-receptor-positive 
endometrial cancers, which are associated with a good prognosis. In contrast, type 
II tumors are non-endometrioid, high grade, aneuploid, TP53-mutated, hormone- 
receptor- negative cancers associated with a poor prognosis. A recent genomic char-
acterization of endometrial cancer has revealed that in type I tumors, the PI3K/Akt/
mTOR pathway is most frequently dysregulated (e.g., loss of PTEN; >90%), 
although KRAS (~20%) and FGFR2 mutations (10–16%) are also commonly 
observed [106–109]. In type II cancers, serous disease exhibits a high frequency of 
TP53 mutation (>90%), PI3K/Akt/mTOR pathway activation (~40%), and HER2 
amplification (25–30%), whereas ARID1A mutation is frequently observed in clear 
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cell disease (25%) [108]. These genetic alterations and activated signaling pathways 
appear to be important to the pathogenesis of endometrial cancer and have therefore 
been tested as therapeutic targets in several clinical studies.

3.3.1  Targeting the PI3K/Akt/mTOR Pathway

Inhibition of the PI3K/Akt/mTOR pathway, the most commonly upregulated path-
way in endometrial cancers, is considered a viable therapeutic target. Accordingly, 
several specific PI3K/Akt/mTOR pathway inhibitors have been examined in phase 
II settings (Tables 3.3 and 3.4).

Table 3.3 Randomized Phase II trials of targeted therapy in endometrial cancer

Agents Patients Treatment
Response 
Rate (%)

Median 
PFS (M)

Median 
OS (M)

Selected Grade ≥ 3 
Adverse Events a

mTOR inhibitors
Recurrent disease
Temsirolimus 
[111]

71

Arm 1 50 Temsirolimus 22 5.6 13.3 6% VTE(any G), 
6% fatigue, 4% 
edema, 8% nausea, 
8% vomiting, 6% 
anorexia, 8% 
infection, 16% 
anemia

Arm 2 21 Temsirolimus 
+ Megestrol 
acetate → 
Tamoxifen

14 4.2 9.6 24% VTE (any G), 
10% pulmonary 
emboli (any G), 
10% fatigue, 10% 
edema, 5% nausea, 
5% vomiting, 5% 
infection

Ridaforolimus 
[115]

130

Arm 1 66 Progestin or 
Chemotherapy

4 1.9 10.0 [n = 63] 2% 
diarrhea, 5% 
anemia

Arm 2 64 Ridaforolimus 
+ Megestrol 
acetate → 
Tamoxifen

0 3.6 * 9.6 [n = 63] 11% 
diarrhea, 8% 
asthenia, 19% 
hyperglycemia, 6% 
stomatitis, 13% 
anemia

PFS progression-free survival, M months, OS overall survival, mTOR mammalian target of 
rapamycin, VTE venous thrombosis, G grade
aSelected adverse events (grade ≥ 3), except for indicated
*P < 0.05 vs. control arm
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Table 3.4 Phase II trials of targeted therapy in endometrial cancer

Agent
Patients 
(n) a

Response 
Rate (%)

Stable 
Disease 
(%)

Median 
PFS 
(M)

Median 
OS (M)

Selected Grade ≥ 3 
Adverse Events

mTOR
Temsirolimus 
[110]

60

chemotherapy-
naïve

33 (29) 14 69 7.33 − 12% fatigue, 6% 
diarrhea, 6% 
pneumonitis

chemotherapy-
treated

27 (25) 4 48 3.25 − 11% fatigue, 11% 
diarrhea, 11% 
pneumonitis, 6% 
dyspnea, 6% 
hypokalemia

Ridaforolimus 
[113]

45 11 18 − − 27% anemia, 11% 
hyperglycemia

Ridaforolimus 
[114]

34 (31) 9 53 − − 15% fatigue, 15% 
weight loss, 15% 
hyperglycemia, 12% 
increased ALT, 9% 
increased AST, 9% 
anemia,

Everolims [116] 28 0 43 − − 29% lymphopenia,  
23% fatigue, 11%  
pain, 11% nausea,  
9% anemia

Everolims +  
Letrozole [118]

38 (35) 31 9 3.0 14 5% thrombocytopenia, 
5% increased serum 
triglyceride

PI3K
Pilaralisib [119] 67 6 37 − − 9% rash, 4% diarrhea, 

4% increased ALT
EGRF and/or HER2
Trastuzumab 
[120]

33 0 36 1.84 7.85 9% gastrointestinal,  
9% pulmonary, 6% 
anemia, 6% 
cardiovascular

Erlotinib [121] 33 (32) 12 45 − − 12% diarrhea, 6% 
pruritus

Gefitinib [122] 26 4 27 1.8 7.1 19% gastrointestinal, 
19% fatigue, 15% 
dermatologic, 15% 
pain, 12% neurologic, 
8% anemia

Lapatinib [123] 30 3 23 1.82 7.33 20% gastrointestinal, 
10% metabolic

MEK1/2
Selumetinib [124] 52 6 25 2.3 8.5 15% fatigue, 

10% anemia, 10% pain, 
8% extremity edema, 
6% dyspnea
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Agent
Patients 
(n) a

Response 
Rate (%)

Stable 
Disease 
(%)

Median 
PFS 
(M)

Median 
OS (M)

Selected Grade ≥ 3 
Adverse Events

VEGF
Bevacizumab 
[125]

52 13 50 4.2 10.5 8% HT, 8% pain, 6% 
metabolic, 6% 
musculoskeletal,

Bevacizumab +  
Temsirolimus 
[126]

49 24 55 5.6 16.9 37% gastrointestinal, 
35% metabolic, 20% 
constitutional, 18% 
pain, 14% infection, 
12% cardiac, 10% 
neutropenia, 8% 
anemia, 6% 
thrombocytopenia

VEGF, PlGF
Aflibercept [127] 44 7 32 2.9 14.5 27 HT, 18% pain, 11% 

gastrointestinal, 11% 
neurological, 9% 
metabolic, 9% 
pulmonary, 7% 
hemorrhage, 7% 
constitutional, 7% nausea

TKs (including 
VEGFR)
Sorafenib [128]
carcinoma 40 5 43 3.2 11.4 13% hypertension, 13% 

hand–foot syndrome, 7% 
hypophosphatemia, 7% 
hyponatremia, 5% 
anemia, 5% rash, 5% 
diarrhea, 5% fatigue, 5% 
bleeding, 4% thrombosis

carcinosarcoma 16 0 25 1.8 5.0

Sunitinib [129] 33 18 18 3 19.4 45% fatigue, 21% HT, 
15% hand-foot 
syndrome, 12% 
diarrhea, 9% dyspepsia, 
9% abdominal pain, 
21% neutropenia, 15% 
leukopenia, 12% 
lymphopenia, 9% 
anemia, 9% 
thrombocytopenia

Cediranib [130] 48 13 38 3.65 12.5 33% HT, 21% fatigue, 
15% diarrhea, 6% 
pulmonary embolus

Brivanib [133] 43 19 28 3.3 10.7 21% HT, 16% GI, 14% 
metabolic, 12% nausea, 
9% coagulation, 9% 
neurological, 7% pain, 
7% vomiting

Table 3.4 (continued)

(continued)
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3.3.1.1  Temsirolimus
In a phase II trial, the mTOR inhibitor temsirolimus was administered to 
chemotherapy- naïve or chemotherapy-treated patients with recurrent or metastatic 
endometrial cancer, yielding response rates of 14% and 4%, respectively (Table 3.4) 
[110]. Based on these trial results, a randomized phase II trial (GOG-0248) of tem-
sirolimus vs. a combination of temsirolimus plus megestrol acetate for 3 weeks, 
alternating with tamoxifen for 3 weeks, was performed in women with recurrent or 
metastatic endometrial carcinoma (Table 3.3) [111]. The response rates were 22% 
and 14% in the temsirolimus and combination arms, respectively, and were similar 
in patients with and without prior histories of chemotherapy. A next-generation 
sequence analysis of tumors from enrolled patients revealed that although AKT1 
(4%), TSC1 (2%), and TSC2 (2%) mutations were rare, these might predict clinical 
benefits from temsirolimus. Furthermore, CTNNB1 mutation (18%) was associated 
with a longer PFS following temsirolimus therapy [112].

Agent
Patients 
(n) a

Response 
Rate (%)

Stable 
Disease 
(%)

Median 
PFS 
(M)

Median 
OS (M)

Selected Grade ≥ 3 
Adverse Events

Nintedanib [134] 32 9 34 3.3 10.1 9% diarrhea
Dovitinib [135]
FGFR2 mutation 
(+)

22 5 59 4.1 20.2 17 HT, 9% diarrhea, 8% 
pulmonary embolism, 
8% vomiting, 8% 
fatigue, 8% skin rash, 
8% 
hypertriglyceridemia, 
8% increased lipase, 6% 
dehydration, 6% 
diarrhea, 6% 
thrombocytopenia

FGFR2 mutation 
(−)

31 16 35 2.7 9.3

Angiopoietin 1/2
Trebananib [131] 32 3 25 1.97 6.6 25% abdominal pain, 

13% HT, 13% nausea, 
9% hyponatremia, 9% 
ascites

ALK1
Dalantercept 
[132]

28 0 57 2.1 14.5 18% GI

PFS progression-free survival, M months, OS overall survival, mTOR mammalian target of 
rapamycin, PI3K phosphatidylinositol-4,5-bisphosphate 3-kinase, EGFR epidermal growth factor 
receptor, HER human epidermal growth factor receptor, MEK mitogen-activated protein kinase 
kinase, VEGF vascular endothelial growth factor, PlGF placental growth factor, TK tyrosine 
kinase, VEGFR VEGF receptor, ALK activing receptor-like kinase, ALT alanine transaminase, AST 
aspartate transaminase, GI gastrointestinal, HT hypertension
aNumber of patients eligible (Number of patients evaluable for response)

Table 3.4 (continued)
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3.3.1.2  Ridaforolimus
Ridaforolimus is a rapamycin analog and selective mTOR inhibitor. Two phase II 
trials evaluated single-agent i.v. or oral ridaforolimus in patients with advanced or 
recurrent endometrial cancer and reported PR rates of 11% and 9% and clinical 
benefit rates of 29% and 62%, respectively (Table 3.4) [113, 114]. Subsequently, a 
randomized phase II trial compared orally administered ridaforolimus with proges-
tin or chemotherapy (comparator) in patients with advanced endometrial cancer 
patients (Table 3.3) [115]. The median PFS was significantly longer in the ridaforo-
limus arm vs. the comparator arm (3.6 vs. 1.9 months), and the most common grade 
3/4 adverse events associated with ridaforolimus were diarrhea, hyperglycemia, and 
anemia.

3.3.1.3  Everolimus
Everolimus, an oral rapamycin analog, was evaluated in a phase II trial in patients 
with measurable recurrent endometrial carcinoma (Table 3.4) [116]. The confirmed 
clinical benefit rate was 21%, although no CR or PR cases were observed. Following 
reports of cross-regulation between the estrogen receptor and PI3K/AKT/mTOR 
pathways [117], a combination of everolimus with the aromatase inhibitor letrozole 
was tested in a phase II trial for the treatment of recurrent, pretreated endometrial 
carcinoma (Table 3.4) [118]. The response and clinical benefit rates were 31% and 
40%, respectively. Currently, a randomized phase II trial (GOG-3007) of everoli-
mus with letrozole or hormonal therapy (tamoxifen/medroxyprogesterone acetate) 
in patients with advanced, recurrent, or persistent endometria carcinoma is 
ongoing.

3.3.1.4  Pilaralisib
Pilaralisib, a highly selective, reversible, potent ATP-competitive pan-class I PI3K 
inhibitor, was evaluated in patients with advanced or recurrent endometrial carci-
noma in a phase II trial (Table 3.4) [119]. The response rate was 6%, and the most 
commonly reported treatment-related grade ≥ 3 adverse events were rash, diarrhea, 
and increased alanine aminotransferase levels.

3.3.2  Targeting the Human Epidermal Growth  
Factor Receptor Family

HER2 monoclonal antibodies and EGFR tyrosine kinase inhibitors have been tested 
in endometrial cancer in several phase II trials (Table 3.4). In one phase II trial 
(GOG-0181B), trastuzumab was administered to patients with HER2-overexpressing 
tumors [2+ or 3+ by immunohistochemical staining (IHC)] or HER2 amplification 
[HER2/CEP 17 ratio > 2.0 by fluorescence in situ hybridization (FISH)] (Table 3.4) 
[120]. HER2 amplification was detected in 38% of clear cell carcinomas, 28% of 
serous carcinomas, and 7% of endometrioid adenocarcinomas; however, no major 
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tumor responses were observed. An ongoing randomized phase II study of carbo-
platin and paclitaxel with or without trastuzumab in HER2-positive (3+ by IHC or 
HER2/CEP 17 ratio > 2.0 by FISH) serous endometrial cancer is based on the high 
frequency of HER2 amplification in this cancer subtype.

Erlotinib, gefitinib, lapatinib, and the MEK1/2 inhibitor selumetinib were also 
evaluated in phase II studies, which reported limited activities of these agents as 
monotherapies (Table 3.4) [121–124]. Therefore, combinations of these agents with 
other agents, such as chemotherapies, hormonal therapies, or other targeted agents, 
might be needed in the context of new treatment strategies targeting HER family 
members in endometrial cancers.

3.3.3  Targeting Angiogenesis

Bevacizumab was evaluated as a single agent in a phase II trial (GOG-0229E) 
(Table 3.4) [125] and yielded a response rate of 13% and median PFS and OS of 
4.2 and 10.5 months, respectively. The combined activity of bevacizumab with 
temsirolimus was also assessed in a two-stage phase II study (GOG-0229G) 
(Table 3.4) [126]. This combination was efficacious, with a response rate of 24% 
and 6-month PFS rate of 46.9%; however, significant toxicities such as intestinal 
fistulas and perforation were observed. A randomized phase II trial comparing 
paclitaxel/carboplatin vs. paclitaxel/carboplatin/bevacizumab and a three-arm 
randomized phase II study of paclitaxel/carboplatin/bevacizumab, paclitaxel/car-
boplatin/temsirolimus, and ixabepilone/carboplatin/bevacizumab for endome-
trial cancer are ongoing.

Other anti-angiogenic drugs, such as aflibercept, sorafenib, sunitinib, cediranib, 
trebananib, and dalantercept, were tested as single agents in phase II studies of 
patients with endometrial cancer and yielded response rates of 0%–18% (Table 3.4) 
[127–132]. Recent studies reported that activating FGFR2 mutations were more 
frequent (10–16%) in endometrioid histological subtype tumors vs. serous or clear 
cell subtype tumors; accordingly, FGFR inhibitors have been tested in clinical trials 
of endometrial cancer [106–109]. Multi-targeted tyrosine kinase inhibitors such as 
brivanib, nintedanib, and dovitinib, which target FGFR and VEGFR, yielded 
response rates of 9–17% (Table 3.4) [133–135]. Clinical trials of FGFR/VEGFR 
inhibitors for endometrial cancer are ongoing.

3.4  Cervical Cancer

Almost all cervical cancers result from a persistent high-risk human papilloma-
virus (hrHPV) infection [136]. The estimated lifetime risk of hrHPV infection 
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is approximately 80%, although most infections are cleared spontaneously by 
the host immune system. Only a few hrHPV infections become transformative, 
leading to the persistent expression of hrHPV oncoproteins (E6 and E7). These 
proteins inactivate the tumor suppressor products of TP53 and RB1 and might 
cause DNA alterations and subsequent cancers. Somatic mutations such as 
PIK3CA [16–37.5% in squamous cell carcinoma (SCC) and 14–16% in adeno-
carcinoma (AD)], KRAS (17.5% in AD), and EGFR (7.5% in SCC) have been 
reported in cervical cancers; these mainly involve signaling pathway compo-
nents, and their potential status as therapeutic targets has led to several clinical 
studies.

3.4.1  Targeting Angiogenesis

Recent studies showed that hrHPV oncoproteins contribute to tumor angiogenesis 
via direct stimulation of VEGF and enhanced expressions of VEGF and hypoxia- 
inducible factor (HIF)-1α, which regulates angiogenesis-promoting genes [137, 
138]. However, HIF-1α overexpression has been identified as an independent nega-
tive prognostic marker in cervical cancer [139]. Therefore, the VEGF pathway is an 
attractive therapeutic target in cervical cancer.

Bevacizumab was evaluated as a monotherapy in a phase II trial (GOG-
0227C) of patients with previously treated, recurrent cervical cancer (Table 3.5) 
[140], which reported a response rate of 11% and median PFS of 3.4 months. 
Subsequently, a randomized phase III trial (GOG-0240) was performed to inves-
tigate nonplatinum combination chemotherapy (cisplatin plus paclitaxel or 
topotecan plus paclitaxel) with or without bevacizumab for the treatment of 
recurrent, persistent, or metastatic cervical cancer (Table 3.6) [141]. Here, the 
addition of bevacizumab to combination chemotherapy was associated with an 
improved median OS (17.0 vs. 13.3 months) but was also associated with an 
increased incidence of hypertension, grade ≥ 3 thromboembolic events, and 
gastrointestinal fistulas. A phase II trial to evaluate the safety and efficacy of 
bevacizumab in combination with carboplatin and paclitaxel for patients with 
recurrent or metastatic cervical cancer is ongoing. In the Radiation Therapy 
Oncology Group (RTOG) 0417 phase II trial, a combination of bevacizumab 
with standard chemoradiation was efficacious for bulky FIGO stage IB to IIIB 
disease (Table 3.5) [142]. However, the role of bevacizumab in a definitive set-
ting with chemoradiation remains to be determined.

The anti-angiogenic multikinase inhibitors (targets include VEGFR) sunitinib 
and pazopanib were also investigated in patients with cervical cancer, but were 
found to have limited effects (response rates, 0% and 9%, respectively; Table 3.5) 
[143, 144].
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Table 3.5 Phase II trials of targeted therapy in cervical cancer

Agent
Patients 
(n) a

Response 
Rate (%)

Stable 
Disease 
(%)

Median 
PFS (M)

Median OS 
(M)

Selected Grade ≥ 3 
Adverse Events

VEGF
Bevacizumab 
[140]

46 11 − 3.40 7.29 15% HT, 13% pain, 
11% TEE, 9%  
GI, 7% infection,  
7% genitourinary/
renal

Bevacizumab +  
CCRT [142]

49 − − 3-year 
DFS68.7%

3-year OS 
81.3%

14% blood/bone 
marrow, 6% GI

TKs (including VEGFR)
Sunitinib [143] 19 0 84 3.5 − 24% (4/17) anemia, 

47% (8/17) 
lymphopenia, 16% 
fistula, 16% fatigue, 
16% diarrhea

Pazopanib [144] 74 9 43 18.1 weeks 50.7 weeks 11% diarrhea, 5% 
abdominal pain, 5% 
increased alkaline 
phosphatase

EGRF and/or HER2
Cetuximab [147] 35 0 31 1.97 6.7 14% dermatologic, 

11% GI, 9% 
constitutional, 6% 
anemia, 6% 
infection, 6% 
vascular, 6% pain

Cetuximab +  
cisplatin [148]

69 12 − − − 23% metabolic, 12% 
dermatologic, 9% 
fatigue, 9% 
gastrointestinal, 9% 
nausea/vomiting, 7% 
infection, 7% 
anemia, 6% 
leucopenia

Gefitinib [150] 30 0 20 37 days 107 days 13% diarrhea, 7% 
anorexia

Erlotinib [151] 25 0 16 1.87 4.96 16% anemia,  
12% diarrhea,  
8% fatigue, 8% 
nausea, 8% emesis, 
8% rash, 8% 
infection without 
neutropenia

Erlotinib +  
CCRT [152]

38 (36) CR: 94
PR: 6

− 3-year 
PFS73.8%

3-year OS
80.6%

13% rash, 11% 
hematological 
toxicity, 8% diarrhea

Lapatinib [144] 78 5 44 17.1 weeks 39.1 weeks 13% diarrhea, 7% 
dyspnea, 5% fatigue, 
5% anemia
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Agent
Patients 
(n) a

Response 
Rate (%)

Stable 
Disease 
(%)

Median 
PFS (M)

Median OS 
(M)

Selected Grade ≥ 3 
Adverse Events

mTOR
Temsirolimus 
[154]

37 (33) 3 58 3.52 − 43% lymphopenia, 
16% hyponatremia, 
11% hypokalemia, 
9% (2/23) 
hypertriglyceridemia, 
8% (2/24) 
hyperglycemia

PFS progression-free survival, M months, OS overall survival, DFS disease-free survival, VEGF 
vascular endothelial growth factor, TK tyrosine kinase, VEGFR VEGF receptor, EGFR epidermal 
growth factor receptor, HER human epidermal growth factor receptor, mTOR mammalian target of 
rapamycin, CR complete response, PR partial response, CCRT concurrent chemoradiotherapy, 
HT hypertension, TEE thromboembolic events, GI gastrointestinal
aNumber of patients eligible (Number of patients evaluable for response)

Table 3.5 (continued)

Table 3.6 Randomized phase III trials of targeted therapy in cervical cancer

Trial Patients Treatment
Response 
Rate (%)

Median 
PFS 
(M)

Median 
OS (M)

Selected Adverse 
Events a

Anti-angiogenic agents
Recurrent disease
GOG-0240 [132] 452
CP vs. TP 229 CP ± bevacizumab − 7.6 * 15.0 −

223 TP ± bevacizumab − 5.7 12.5 −
Chemotherapy ± 
bevacizumab

225 CP or TP 36 5.9 13.3 [n = 219] 2% HT 
(G ≥ 2), 1% TEE, 
26% neutropenia 
(G ≥ 4), 5% 
febrile 
neutropenia

227 CP or 
TP + bevacizumab

48 * 8.2 * 17.0 * [n = 220] 3% GI 
fistula, 25% HT 
(G ≥ 2), 8% TEE, 
35% neutropenia 
(G ≥ 4), 5% 
febrile 
neutropenia

CP ± bevacizumab 114 CP 45 − 14.3 −
115 CP + bevacizumab 50 − 17.5 * −

TP ± bevacizumab 111 TP 27 − 12.7 −
112 TP + bevacizumab 47 * − 16.2 −

PFS progression-free survival, M months, OS overall survival, GOG Gynecologic Oncology 
Group, CP cisplatin plus paclitaxel, TP topotecan plus paclitaxel, CT chemotherapy, I gastrointes-
tinal, G grade, HT hypertension, TEE thromboembolic events
aSelected adverse events (grade ≥ 3), except for indicated
*P < 0.05, vs. control arm
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3.4.2  Targeting the Human Epidermal Growth  
Factor Receptor Family

EGFR gene amplification has been reported in 25% of invasive SCCs and was asso-
ciated with intermediate–high levels of EGFR protein overexpression [145]. 
Another study reported positive EGFR staining and phosphorylated (p) EGFR in in 
35% and 20% of tumors, respectively; these factors were independently associated 
with a poor response to radiation or concurrent chemoradiation [146]. EGFR stain-
ing also was an independent prognostic factor for poor disease-specific survival.

Cetuximab, a chimeric monoclonal EGFR antibody, was investigated as a single 
agent in a phase II trial (GOG-0227E) of patients with persistent or recurrent cervi-
cal cancer, but failed to induce clinical responses (Table 3.5) [147]. A combination 
of cetuximab with cisplatin was tested in a phase II trial (GOG-0076DD; Table 3.5) 
[148], but failed to confer additional benefits beyond cisplatin monotherapy. 
Cetuximab was also investigated in combination with cisplatin-based chemoradio-
therapy in a randomized phase II trial of patients with FIGO stage IB2–IIIB cervical 
cancer [149]; however, cetuximab with chemoradiotherapy yielded no gains in 
2-year disease-free survival. Another anti-EGFR antibody, nimotuzumab, is cur-
rently being evaluated for cervical cancer.

The EGFR tyrosine kinase inhibitors gefitinib and erlotinib were evaluated in 
phase II trials of recurrent cervical cancer; however, no objective responses were 
observed with these agents alone (Table 3.5) [150, 151]. A phase II trial tested a 
combination of erlotinib with chemoradiotherapy (cisplatin + pelvic radiotherapy) 
in patients with stage IIB–IIIB cervical SCC (Table 3.5) [152] and yielded promis-
ing results, with a CR of 95% and 3-year OS and PFS of 80.6% and 73.8%, respec-
tively. A dual tyrosine kinase inhibitor of EGFR and HER2, lapatinib, was also 
evaluated in a phase II trial of recurrent disease; however, the activity of this agent 
as a monotherapy was limited (response rate, 5%) [144].

3.4.3  Targeting Mammalian Target of Rapamycin (mTOR)

PI3K/Akt/mTOR pathway upregulation consequent to PIK3CA, KRAS, and/or 
EGFR mutation is often observed in cervical cancers [136]. The HPV-encoded 
oncoprotein E6 also interacts with and degrades tuberous sclerosis complex 2 
(TSC2), which can lead to enhanced mTOR activity [153]. Accordingly, the mTOR 
inhibitor temsirolimus was evaluated in a phase II trial but was not active against 
cervical cancer (response rate, 3%; Table 3.5) [154]. Molecular markers to indicate 
which patients would benefit from this treatment are needed.

3.4.4  Targeting HPV E6 and E7 Oncoproteins

Persistent hrHPV infection is a key step in the initiation and development of cervi-
cal cancer, and continuous expression of the viral oncoproteins E6 and E7 primarily 
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maintains malignant phenotypes such as cellular proliferation, prolonged cell-cycle 
progression, cell death resistance, and immune evasion [136]. Therefore, E6 and E7 
are considered potential therapeutic targets of cervical cancer.

Antisense oligonucleotides (ASOs) and short interfering RNAs (siRNAs) have 
been developed to inhibit E6 and E7 expression [155]. Efficient blockade of E6 and 
E7 expression was found to induce the accumulation of the tumor suppressor pro-
teins p53 and pRb. Furthermore, siRNA-mediated E6 suppression increased the 
sensitivity of SiHa cells (HPV16-positive cervical cancer cell line) to cisplatin 
[156].

Small-molecule reactivation of p53 and induction of tumor cell apoptosis (RITA) 
can induce p53 accumulation and rescue its tumor suppressor function in cells 
infected by high-risk HPV16 and HPV18 through an inhibition of E6-mediated pro-
teasomal degradation [157]. Activation of p53 by RITA induces the transcription of 
proapoptotic p53 targets, resulting in the substantial suppression of cervical carci-
noma xenografts in vivo.

Several other approaches to the inhibition of E6 and/or E7 through numerous 
approaches, such as synthetic peptide ligands, ribozymes, and small molecules, are 
currently under development [155].

 Conclusions
A wide range of novel targeted agents have been developed and subjected to 
investigation for the treatment of patients with gynecologic cancers. The results 
of recent studies suggest that angiogenesis inhibitors are the most promising 
therapies for patients with ovarian and cervical cancers, although the effects of 
tyrosine kinase inhibitors require further elucidation. PARP inhibitors are also 
attractive targeted agents for ovarian cancer therapy. A better understanding of 
tumor molecular biology and identification of predictive biomarkers are essential 
steps in the selection of treatment strategies that will best improve survival in 
patients. Therefore, further investigation of the molecular biology and genetics 
of gynecologic cancers is warranted.
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Abstract
Immunotherapy is recently drawing attention among various cancer medical treat-
ments. Especially, immune checkpoint inhibitor has been shown to be effective in 
various cancers including malignant melanoma, prostate cancer, and lung cancer. In 
gynecological cancer, it has been shown that immune checkpoint inhibition using 
anti-PD-1 antibody may be effective in a part of the ovarian cancer patients. Presently, 
multiple clinical trials of anti-PD-1/anti-PD-L1 antibodies for ovarian as well as cer-
vical cancers are underway. Other types of immunotherapies such as cancer vaccines 
and adoptive cell transfer therapy are also being developed. In recent use of molecu-
lar target reagents, personalized treatment biomarkers are in tread. Recent advance-
ments in comprehensive genetic analysis using next-generation sequencing 
technology have made it possible to obtain a large amount of information about indi-
vidual cancers, and these advancements have allowed us to distinguish one cancer 
from others that have a similar pathological appearance and enabled to treat them 
differently from patient to patient. However, so far, it is still difficult to precisely 
predict the efficacy of immunotherapy using biomarkers because cancer immunity 
consists of complicated multiple factors. In the future, it is expected to customize the 
immunotherapy according to the patients’ immune status by precisely evaluating it. 
Also, optimization of the best combination of different immunotherapies or combi-
nation of immunotherapy and other modalities may be put into practice.
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4.1  Introduction: The Upward Trend of Precision Medicine 
in Cancer Treatment

4.1.1  Importance of Precision Medical Treatment

Personalized intervention in medical treatments such as cancer chemotherapy is now 
a growing trend. In personalized medicine, the therapeutic drugs for each patient are 
selected according to a prediction of effectiveness based on the markers which the 
tumor or the patient possesses. Such biomarker-based personalized treatment is par-
ticularly effective for molecular target drugs. Unlike conventional chemo-reagents 
such as cisplatin and paclitaxel, molecular target reagents have a clearer point of 
action, e.g., the inhibition of specific intracellular signals. Therefore, it is relatively 
easy to find a biomarker that can predict the effect of the drug, and once the bio-
marker is established, it is not difficult to select the most effective drug for the patient.

Due to a rapid increase in the availability of genetic and proteomic information 
associated with the characteristics of each cancer case, the trend toward compre-
hensive analysis and subsequent personalization is a very promising approach in 
cancer treatment. Personalized medicine is also thought to be effective in lower-
ing healthcare costs because it can theoretically reduce the inefficient use of 
drugs; this may be particularly relevant because the prices of newly developed 
drugs tend to be much higher than those of conventional chemo-reagents. In gen-
eral, the drugs used in the immunotherapy mentioned below are extremely expen-
sive, although they have been shown to be very effective in certain patients. 
Therefore, the possible use of prediction and personalization in cancer immuno-
therapy is a pressing issue.

4.1.2  Precision and Personalization

The terms precision medicine and personalized medicine are often confused and 
used interchangeably. Indeed, these two concepts are closely associated with each 
other. Naturally, if we can precisely predict the effectiveness of a specific drug for 
each patient, we can personalize the patient’s treatment strategy accordingly. 
Therefore, the more precise that medicine becomes, the more it moves toward per-
sonalization. However, there is a slight difference in nuance between these terms. 
Precision medicine places more emphasis on the preciseness of the diagnosis and 
treatment. Thus, the diagnosis is not necessarily personalized, which means that 
universal treatments could also be used as long as they are effective. On the other 
hand, personalized medicine pays more attention to the differences among patients 
and aims to differentiate treatments from patient to patient. Although these ways of 
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thinking and methodologies look somewhat different, the ultimate goal of both con-
cepts is the same: to offer the best treatment strategy for each individual patient.

Immunotherapy, as stated below, is predominantly personal because immune 
reactions are quite different among individuals and among tumors. Therefore, reac-
tions to the same immunotherapy (i.e., drug) may be completely different for each 
patient, more so than for reactions to chemotherapy. In the case of immunotherapy, 
once the treatment shows a noticeable effect, it virtually cures the patient, which is 
very rare in chemotherapy. However, currently it is difficult to precisely predict how 
immunotherapy will work for each patient because immune reactions are so compli-
cated compared with, for example, cytotoxicity resulting from chemotherapy.

4.1.3  Precision Medicine and Biomarkers

Various biomarkers, both genetic and nongenetic, are expected to be effective bio-
markers in medical treatments for cancer. For the development of biomarkers, a thor-
ough understanding of tumor biology and the mechanisms of response or resistance to 
a certain drug are particularly important. Recent advancements in comprehensive 
genetic analysis using next-generation sequencing technology have made it possible 
to obtain a large amount of information about individual cancers; these advancements 
have allowed us to distinguish one cancer from others that have a similar pathological 
appearance. Thus, in the near future, using a large amount of genetic/nongenetic data 
to characterize each cancer could become a reality. However, unlike general molecu-
lar targeting reagents, which are relatively simple in structure and also in mechanism, 
immune reactions involve various types of immune cells and are far more complicated 
than single-molecule reactions. Therefore, obtaining precise predictions of immune 
response by measuring biomarkers will not be easy.

4.1.4  Immunotherapy as a Personalized Treatment

During the past decade, significant advancements in the understanding of immune 
reactions, including cancer immunity, have identified the major players and their 
roles in host-tumor immunity (Fig. 4.1). In general, an immune reaction to cancer is 
initiated when professional antigen-presenting cells such as dendritic cells (DCs) 
recognize cancer fragments [1]. DCs are then activated along with several types of 
maturation signals, which include various cytokines called the “danger” signals. 
Following activation, antigen-presenting cells (APCs) present tumor-associated 
antigens on the major histocompatibility complex (MHC) class I and II molecules. 
The activation of antigen-specific CD4 and CD8 T cells specific for the presented 
antigenic peptides occurs only when accompanied by the engagement of co- 
stimulatory receptors such as CD28. The activated T cells then recognize the tumor 
cells through the T cell receptor (TCR) and the specific tumor peptide on the MHC, 
which leads to T cell-mediated tumor destruction. Theoretically, any of these steps 
can be augmented to enhance tumor immunity according to the immune status of an 
individual (Fig. 4.2).
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4.2  Recent Applications of Immunotherapy in Cancer 
Treatment and Their Role in Precision Medicine

4.2.1  A Sudden Rise of Immunotherapy in Cancer Treatment

Until recently, chemotherapy, including platinum-based reagents and taxanes, has 
been at the center of medical therapy for solid tumors, including gynecologic can-
cers; however, the so-called molecular target reagents have begun to drastically 
change cancer treatment. Among those, immunotherapeutic drugs represent the 
newest and most promising modality in the field of oncology. Although immune- 
based cancer treatment has long been viewed as a promising modality, only recently 
has its clinical efficacy equaled or surpassed conventional chemotherapy.

The development of novel immunotherapy has been achieved by the introduction 
of the so-called “immune checkpoint inhibitor” drugs, especially those with anti-
bodies that block the PD-L1/PD-1 (programmed cell death ligand-1/programmed 
cell death-1) immune signal. PD-1 was originally identified as a molecule that is 
physiologically expressed in specific immune cells, and it is regarded as an inhibitor 
of immune overreaction such as autoimmune disease [2]. However, later findings 
indicate that PD-1 plays an important role in host-tumor immunity (Fig. 4.3). Two 
ligands for PD-1, PD-L1 and PD-L2, were subsequently identified [2], and the 
expression of PD-L1 in cancer cells was reported in various malignant tumors. In 
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Fig. 4.3 Immune checkpoint molecule PD-L1/PD-1
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addition, immune-inhibitory signals via PD-1 on immune cells have been associated 
with poorer clinical courses of various cancers [2]. Therefore, if we can block the 
signal by some means, we can expect the restoration of tumor immunity and clinical 
benefits (Fig. 4.4). In fact, as mentioned below, studies have increasingly reported 
the clinical effectiveness of immunotherapies targeting the PD-L1/PD-1 signal, 
namely, the immune checkpoint inhibitor [2].

4.2.2  Representative Clinical Trials Using Anti-PD-1/Anti-PD-L1 
Antibodies in Melanoma and Lung Cancer

In 2010, the first Phase I study using an anti-PD-1 antibody, nivolumab, was con-
ducted on various solid tumors including melanoma, non-small cell lung cancer, 
renal cell carcinoma, and prostate and colorectal cancer [3]. In 2012, a Phase I study 

cancer

attack

PD-1

Fig. 4.4 Immune checkpoint inhibition
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using nivolumab was conducted on 296 patients with non-small cell lung cancer, 
melanoma, or renal cell carcinoma. The clinical response was surprisingly high 
given that the mean RR values of this study were 18%, 28%, and 27%, respectively, 
taking into consideration that the patients had refractory disease [4]. Following this 
trial, numerous trials for various malignancies have been conducted or are being 
conducted using both anti-PD-1 and anti-PD-L1 antibodies.

The efficacy of nivolumab and pembrolizumab, another anti-PD-1 antibody for 
melanoma, which is known to be relatively sensitive to immunotherapy, was inves-
tigated in Phase III trials. In a trial with nivolumab, which was used as a first-line 
treatment, the 1-year overall survival rate was 73% for nivolumab and only 42% for 
the control dacarbazine [5]. In another Phase III trial for advanced melanoma, 
nivolumab treatment also showed a threefold higher response rate compared with 
chemotherapy [6]. Another Phase III trial compared three immunotherapies: pem-
brolizumab every 2 weeks, pembrolizumab every 3 weeks, and ipilimumab every 
3 weeks; the results showed that treatment with pembrolizumab every 2 weeks or 
every 3 weeks exhibited a better response rate than treatment with ipilimumab every 
3 weeks [7].

Lung cancer is another malignancy in which the efficacy of anti-PD-L1/PD-1 
therapy has been shown. A randomized Phase III trial comparing nivolumab to 
docetaxel in patients with advanced NSCLC indicated that the overall survival rate 
at 1 year was significantly better for the nivolumab group than for the docetaxel 
group [8, 9]. In early phase trials, anti-PD-L1 antibodies have also shown promising 
efficacy in patients with NSCLC [10, 11].

4.2.3  Other Immune Checkpoint Inhibitors

The CTLA-4 receptor has a similar function to PD-1, and it is known as another 
“immune checkpoint molecule.” By stimulating CD80/CD86 on antigen-presenting 
cells, CTLA-4 induces the arrest of effector T cells, which ultimately leads to 
immunosuppression. Therefore, the abrogation of the CTLA-4 signal by the anti- 
CTLA- 4 antibody can be expected to have antitumor effect by restoring T cell activ-
ity [12, 13]. The anti-CTLA-4 antibody ipilimumab was approved by the FDA for 
metastatic melanoma. Recently, a combination effect of ipilimumab and nivolumab 
has been reported, suggesting that these two immune checkpoint molecules have 
independent functions [14, 15].

4.2.4  Precision Medicine in Immune Checkpoint Inhibition

The expression of PD-L1 in tumor tissue is the most investigated candidate for pre-
dicting the effectiveness of anti-PD-L1/PD-1 therapy. There have been many studies 
of the expression of PD-L1 in cancers, including urothelial cancers, gastrointestinal 
cancer, lung cancer, breast cancer, melanoma, and ovarian cancer [2, 16, 17]. In 
many of these cancers, PD-L1 expression is correlated with poor patient outcomes, 
suggesting that PD-L1 expression has a biologically favorable effect on the survival 

4 Immunotherapy for Gynecologic Cancer



76

of cancer cells [18]. However, as a biomarker, PD-L1 expression has not received a 
stable appraisal. Neither all of the cancers nor all of the cases show an association 
between the expression of PD-L1 and the effects of anti-PD-L1/PD-1 therapy [2, 
19]. This discrepancy is partly due to the unstable evaluation of PD-L1 expression 
using various anti-PD-L1 antibodies in each study. However, the role of PD-L1 in 
the cancer immune landscape is not fully understood yet, and further biological 
clarification is needed to determine if PD-L1 expression could serve as an immuno-
logic biomarker.

Another possible candidate for an immunological biomarker is the mutation 
burden, that is, the total amount of mutation. Cancers in which immune check-
point inhibition is effective are known to have more genetic mutations. Moreover, 
within one cancer type, it is thought that immune checkpoint inhibition may be 
effective when an individual case has more mutations [2, 20, 21]. In a study of 
colorectal cancer, the anti-PD-1 antibody pembrolizumab was effective only in 
patients with a mismatch repair deficiency, who naturally harbor many genetic 
mutations, while it was not effective in patients without a mismatch repair defi-
ciency and who had fewer mutations [22]. Therefore, the mismatch deficiency 
or mutation burden of each cancer could be a predictive biomarker in anti-PD-1 
therapy. Similarly, it has been reported that patients with more transversion 
mutations, which are known to be a “smoking signature,” were more sensitive to 
pembrolizumab [23].

Although it is not still clear whether whole mutation burden or specific muta-
tion phenotype can be used as predictive biomarkers, recent advancements in 
analyzing mutation in a comprehensive way may contribute to the development 
of a practical biomarker for immunotherapy [24, 25]. Development of biomark-
ers is also expected to contribute to the personalization of immunotherapy as 
mentioned below.

4.2.5  Cancer Vaccines

Therapeutic cancer vaccines have been regarded as a potentially promising 
modality for cancer treatment. These vaccines are usually generated by tumor-
specific antigens. By administering these tumor antigens, an immune reaction of 
specifically targeted tumor cells is elicited, which causes tumor cell distraction 
by multiple mechanisms including cytotoxic cell-mediated tumor lysis. 
However, with rare exceptions, most of the past trials of cancer vaccine as a 
monotherapy failed, suggesting that cancer cells possess the capability to escape 
from systemic tumor immunity. Nevertheless, it is expected that, in combination 
with strategies that prevent tumor immune escape such as the anti-PD-1 anti-
body, cancer vaccines may enhance the effect of immunotherapy. In fact, an 
animal study has shown that a combination of the stimulator of interferon gene 
(STING) and anti-PD-1 resulted in enhanced innate immunity and improved 
response [26].
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4.2.6  Precision Medicine in Cancer Vaccine

Cancer vaccines are theoretically an ideal tool for precision and personalized medi-
cine because tumor antigens, which are the main element of cancer vaccines, are 
thought to vary among cancers. Therefore, by estimating immunogenicity in each 
case by analyzing the expression of possible tumor antigens, one can predict whether 
cancer vaccination is suitable for each cancer patient. Additionally, cancer vaccines 
may be optimized according to the tumor antigens that each cancer expresses.

An apparent target of cancer vaccines that can serve as tumor antigens is nonsyn-
onymous mutations in cancer cells. Mutant proteins resulting from a genetic muta-
tion can be detected by the immune system as non-self epitopes and can elicit an 
immune reaction to the cancer cells [27]. It is still unclear whether host-tumor 
immunity depends on the absolute number of mutant proteins or on specific types of 
mutations. In any case, whole-genome-based analysis of cancer cells may soon 
clarify what types of mutations contribute to tumor immunity. Based on the results 
of next-generation sequencing, a personalized vaccine consisting of multiple mutant 
proteins may be produced in each case [28].

4.2.7  Adoptive Cell Transfer Therapy

Adoptive T cell transfer therapy has long been in use in clinical settings [1]. Initially, 
autologous lymphocytes are extracted from an excised tumor specimen. They are 
then cocultured with IL2, which facilitates ex vivo growth. T cells are expanded to 
as high as one hundred billion and then transferred into patients. Clinical studies 
have shown that this has a significant clinical effect in at least some types of tumors. 
However, clinical efficacy has been shown in only a few types of tumors such as 
melanoma. Obstacles include technical difficulties in expanding effective T cells 
given costs and time limitations.

4.2.8  Personalization in Adoptive Transfer Therapy

Recently, adoptive transfer therapy has moved into a new stage by adapting to 
increase patient specificity [29]. This has been enabled by genetically engineering T 
cells with chimeric antigen receptors (CARs) and by modifying T cell receptors to 
redirect the specificity of T cells. These strategies have been shown to be effective 
for personalization by making T cells recognize a specific antigen that is expressed 
by an individual tumor. There are, however, several issues still to be addressed. 
First, antigen recognition should lead to functionally effective cytotoxicity. Second, 
engineered T cells should persist long enough in vivo to exert a clinical effect. 
Third, they should be effectively trafficked to the target site. In vitro experiments 
show promising results regarding these issues, but the results should be confirmed 
in clinical settings.
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4.3  Immunotherapy for Gynecologic Cancers

4.3.1  Clinical Trial for Active Immunotherapy in Ovarian Cancer

Several trials have been conducted on CA-125, the most common tumor marker of 
ovarian cancer, which is expected to serve as a tumor antigen. Although oregov-
omab, an antibody targeting CA-125, has been demonstrated to elicit anti-CA-125 
T cell responses [30], a randomized, placebo-controlled Phase III trial in a mainte-
nance setting of patients with advanced ovarian cancer showed no significant sur-
vival benefit [31]. Likewise, farletuzumab, a monoclonal antibody against folate 
receptor alpha, failed to show apparent efficacy in combination with chemotherapy 
in large studies [32].

The efficacy of cancer vaccines such as specific peptides, proteins, and DC vac-
cines has also been investigated in clinical trials. Significant cellular and antibody 
response to the antigens were observed in most of them, but the clinical benefit of 
vaccination has not been clearly shown. The primary function of IFN-γ is to aug-
ment the antitumor immune response. However, a Phase III trial of IFN-γ plus car-
boplatin/paclitaxel versus carboplatin/paclitaxel alone for advanced ovarian 
carcinomas was discontinued early due to the significantly shorter OS time of the 
patients who were receiving IFN-γ [33, 34].

4.3.2  Immune Checkpoint Inhibition in Ovarian Cancer

We have conducted a first principal investigator-initiated Phase II clinical trial 
of nivolumab. Two cohorts, 1 or 3 mg/kg, n = 10 each, were tested for 20 
platinum- resistant recurrent ovarian cancer patients [35]. The response rate for 
3 mg/kg was 20%, including two cases of a durable complete response. The 
overall response rate for all 20 patients was 15%. The median progression-free 
survival and overall survival rates were 3.50 months and 20.0 months, respec-
tively. The results of Phase Ib clinical trials with the anti-PD-1 antibody pem-
brolizumab and the anti-PD-L1 antibody avelumab have also been reported. In 
a pembrolizumab trial of 26 patients with PD-L1 positive advanced ovarian 
cancer, the response rate was 11.5% [36]. In another Phase Ib trial of avelumab 
with 75 patients with recurrent or refractory ovarian cancer, the response rate 
was 10.7% [37]. Considering that most of the patients recruited for these trials 
were heavily treated, including for platinum- resistant tumors, the results are 
thought to be promising and warrant further confirmation. One of 11 patients 
with ovarian cancer treated with ipilimumab led to an objective response [38]. 
Table 4.1 lists ongoing trials of immune checkpoint inhibitors in gynecologic 
cancers.
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4.3.3  Immunotherapy for Endometrial Cancer

Immunotherapy for endometrial cancer is not popular because the prognosis for a 
patient with this disease is much better than it is for a patient with ovarian cancer, 
and surgery can cure the patient in a majority of cases. However, it is likely that in 
specific cases of endometrial cancer, immunotherapy may be very effective. As 
mentioned above, for colon cancer, pembrolizumab has been shown to be more 
effective for patients with mismatch repair deficiency compared to those without 
[22]. Considering that approximately 20–30% of endometrial cancers have a mis-
match repair deficiency phenotype, these specific patients could be good candidates 
for immune checkpoint inhibition, thus enabling precision treatment according to 
the characteristics of the tumor.

4.3.4  Immunotherapy for Cervical/Vulvar Cancer

Needless to say, preventative immunization for HPV is showing great success as the 
first ever vaccine-based cancer prevention strategy. However, application of the can-
cer vaccine to already developed cervical cancers is still underway. Unlike the 

Table 4.1 Immune checkpoint inhibition trials in gynecological malignancies

Tumor types Target
Development stage/
study design

Clinical trials 
identifier

Ovarian cancer PD-1/CTLA-4 Phase 2/efficacy NCT02498600
Ovarian 
carcinoma

PD-1/CD27 Phase 1/2/safety and 
efficacy

NCT02335918

Ovarian 
neoplasms

PD-1/IDO Phase 1/2/safety and 
efficacy

NCT02327078

Ovarian cancer
Cervical cancer

PD-1/CSF1R Phase 1/2/safety and 
efficacy

NCT02452424

Ovarian cancer PD-L1/VEGF
PD-L1/chemotherapy

Phase 1/safety NCT01633970

Ovarian cancer PD-L1/PARP
PD-L1/VEGF

Phase 1/2/safety and 
efficacy

NCT02484404

Ovarian cancer PD-L1/TLR 8 Phase 1/2/safety and 
efficacy

NCT02431559

Cervical cancer PD-1 Phase 2/efficacy NCT02257528
Cervical cancer PD-1/CTLA-4 Phase 1/2/safety and 

efficacy
NCT02304458

Cervical cancer PD-1/CD137 Phase 1/2/safety and 
efficacy

NCT02253992

Cervical cancer PD-1/LAG3 Phase 1/safety NCT01968109
Cervical cancer PD-1/KIR Phase 1/safety NCT01714739
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preventative HPV vaccine, the main targets of the therapeutic vaccine are the HPV 
E6 and E7 proteins, which are usually integrated in the cancer genome and expressed 
in cancer cells [39]. Vaccinia virus-mediated vaccination of the E6/E7 proteins of 
HPV 16 and 18 was used to treat intraepithelial neoplasia, and the lesions disap-
peared in 90% of patients [40].

A synthetic long peptide vaccine of HPV16 E6 and E7 has reportedly shown a 
complete clinical response in 47% of patients with VIN III [41].

4.4  Conclusions and Future Directions

4.4.1  Is Immunotherapy Really Promising?

Although immunotherapy for cancer has long been viewed as a promising modality, 
and a number of clinical trials using various methodologies have been conducted, its 
clinical benefit was not apparent for most solid tumors, including gynecologic can-
cers, until the recent development of immune checkpoint inhibitors. The blockage 
of immune checkpoints, especially the PD-1/PD-L1 signal, has been shown to be 
very effective in some cancers, including ovarian cancer, which is obviously prom-
ising. Nevertheless, this strategy is not effective for all patients; the response rates 
differ somewhat from cancer to cancer. Considering that the cost of these drugs is 
extraordinarily high, we cannot say that immunotherapy is promising from an eco-
nomic and a social perspective until we are able to distinguish which patients will 
benefit from it. Precision medicine is expected to reduce the cost of immunotherapy 
significantly if it is successfully introduced; thus, precision medicine is key to the 
success of immunotherapy.

Despite the many problems to be addressed, the recent development of new can-
cer immunotherapies is obviously an epoch-making breakthrough for future cancer 
medicine. It finally shows that immunotherapy is effective, and actually very effec-
tive, at least for a fraction of cancer patients, so that it can now be practically applied 
to clinical cases.

4.4.2  Problems to Be Solved

Considering that tumor immunology is so complicated, further exploration of basic 
tumor immunity can lead to new, more effective, and personalized immunothera-
pies. To this end, there are several issues to be solved. First, a more precise diagno-
sis of the immune status of each cancer patient should be established. The recent 
development of comprehensive analyses of genomes, exomes, and proteomes could 
be applied to the immunology field. In fact, comprehensive analysis of the immuno-
genic epitope, called immunome analysis, is being developed [20, 42, 43]. The diag-
nosis of individual immune status should be conducted from both the tumor and the 
host side because their mutual interaction is the essence of tumor immunity.
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Second, identifying the best combination strategy of immunotherapy and con-
ventional therapy, especially chemotherapy, is important. We reported the effect of 
chemotherapy on the tumor immune microenvironment of ovarian cancer [44]. The 
treatment of ovarian cancer cell lines with various chemotherapeutic agents induced 
the expression of the MHC class I antigen, which may facilitate tumor cell recogni-
tion by the immune system. However, these chemo-drugs augmented PD-L1 expres-
sion at the same time, indicating that chemotherapy induces both immunogenic and 
immune-inhibitory effects in ovarian cancer. A combination of chemotherapy with 
an anti-PD-1 antibody led to a significantly prolonged survival rate in a mouse 
experiment. Likewise, we have shown that INF-γ, which has been viewed as an 
antitumor cytokine, actually has pro-immune and anti-immune effects, the latter of 
which is caused by PD-L1 expression [17, 34, 45, 46].

4.4.3  Precision Immunotherapy in the Future

In the near future, we should personalize cancer immunotherapy according to the 
immune status of the individuals (Table 4.2). There is no need for immunotherapy 
for those who have both strong systemic and local immunity. However, if a patient 
does not acquire sufficient immunogenicity from the tumor, then active immuniza-
tion may be necessary. If a patient has sufficient systemic immunity but suffers from 
an impaired local immune environment, an immune checkpoint inhibitor may be a 
good treatment option. Finally, if a patient has both weak systemic and local immu-
nity, simultaneous immune activation and immune checkpoint inhibition may be 
necessary. Thus, future immunotherapy should be personalized according to the 
precise immune diagnosis.
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5Prevention of Cervical Cancer: Era 
of HPV Testing and Vaccination

Kazuhiko Ino

Abstract
The incidence and mortality of cervical cancer in young women of reproduc-
tive ages have recently increased, which is a serious issue worldwide. This 
chapter will focus on the prevention of cervical cancer with HPV testing and 
vaccination. It is recognized that strategies for preventing cervical cancer 
consist of two major steps: preventing infection of oncogenic human papil-
lomavirus (HPV)-16 and HPV-18 by HPV vaccination and secondary preven-
tion by screening using HPV testing and/or cytology. Current cervical cancer 
screening strategies using cytology combined with HPV testing have been 
successfully introduced, with shifting from cytology alone to cytology plus 
HPV cotesting and now to a new paradigm in which HPV testing alone may 
become a primary screening tool. HPV vaccination is a “primary prevention” 
tool, and both the bivalent and quadrivalent HPV vaccines have excellent 
safety and efficacy profiles. Recently, a 9-valent vaccine, targeted against 
HPV-6, HPV-11, HPV-16, HPV-18, HPV-31, HPV-33, HPV-45, HPV-52, and 
HPV-58, has been developed, which may possibly protect against over 80% 
of invasive cervical cancers. Further evidence on the 9-valent HPV vaccine 
should be accumulated worldwide, and its application is expected as a new 
strategy. Finally, the WHO recognizes the prevention of cervical cancer and 
other HPV-related diseases as global public health problems and strongly 
recommends the HPV vaccination programs. Both HPV vaccination and can-
cer screening tests are indispensable for cervical cancer prevention.  
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The complete eradication of this malignant disease in the world will be real-
ized in the near future by the further development and widespread application 
of these two strategies.

Keywords
Cervical cancer • Cervical intraepithelial neoplasia (CIN) • Cytology • Human 
papillomavirus (HPV) • HPV testing • HPV vaccine

5.1  Introduction

Cervical cancer is the fourth most common cancer in women worldwide, with 
approximately 500,000 estimated new cases annually and nearly 300,000 estimated 
related deaths in the world [1]. In Japan, over 11,000 cases of cervical cancer are 
newly diagnosed every year, and more than 3000 women die of the disease, which 
causes the second greatest number of deaths among gynecologic malignancies. 
Furthermore, over the last two decades, there has been an increasing trend in cervi-
cal cancer mortality among young Japanese women below the age of 50 years [2]. 
In fact, the incidence rate of cervical cancer in those of younger ages such as in their 
20s and 30s has recently increased in Japan, and the mortality of these patients has 
also increased in parallel. Such situations associated with cervical cancer in young 
women of reproductive (childbearing or child-rearing) ages are serious issues to 
share and solve, drawing social attention not only in Japan but also in other devel-
oped and developing countries.

Invasive cervical cancer is generally treated by surgery or radiotherapy with/
without chemotherapy. While concurrent chemoradiotherapy (CCRT) has been fre-
quently selected for FIGO stage IIB–IVB advanced disease, most patients with 
stage IA2 through IIB disease are treated with radical hysterectomy in Japan [3]. 
Despite the generally good prognosis of patients with FIGO stage I–II cervical can-
cer, significant numbers of patients develop recurrence, and the prognosis of patients 
with recurrence, metastatic disease, or advanced disease is still poor. Furthermore, 
most patients who undergo radical surgery or CCRT are likely to suffer from unde-
sirable treatment-related adverse symptoms and/or lose their fertility due to hyster-
ectomy, ovariectomy, or irradiation to the reproductive organs, which results in a 
lowered quality of life (QOL) even if their disease is cured. In addition, over 9000 
patients with precancerous lesions such as cervical intraepithelial neoplasia 
(CIN)2/3 or microinvasive carcinoma (FIGO stage IA1) are treated with cervical 
conization every year in Japan, resulting in the possibility of complications on sub-
sequent pregnancy, such as an increased risk of preterm birth, as well as a marked 
psychological burden for affected women even if their fertility is preserved.

Considering these current situations, to increase the survival rate of cervical can-
cer patients and improve the posttreatment QOL as well as to protect the health of 
young women, fundamental and strategic prevention of cervical cancer is an impor-
tant and continuing global challenge, which could lead to the eradication of this 
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disease worldwide in the future. This chapter will focus on the prevention of cervi-
cal cancer and discuss recent advances, current issues, and future perspectives on 
HPV testing/cytology and HPV vaccination.

5.2  Prevention of Cervical Cancer: Primary  
and Secondary Prevention

It is generally recognized based on large-scale global evidence that strategies for 
preventing cervical cancer consist of two major steps (Fig. 5.1). Primary prevention 
is the prevention of infection by oncogenic human papillomavirus (HPV), which is 
directly involved in cervical carcinogenesis and causes nearly all cervical cancers, 
by HPV vaccination of adolescent girls aged 9–14 years. In contrast, secondary 
prevention is the early detection of persistent HPV infection into cervical epithelial 
cells and subsequent precancerous lesions by screening using HPV testing and/or 
the Papanicolaou (PAP) test (cytology) in women older than 20 years old. Both 
primary and secondary prevention strategies are indispensable to prevent invasive 
cervical cancer effectively, reaching a global consensus.

Two highly effective and safe HPV vaccines are available. HPV vaccination is 
now performed in over 65 countries in the world as the national governmental pro-
grams, and its active introduction is strongly recommended by the World Health 
Organization (WHO) [4] not only in developed countries but also in developing or 
resource-limited countries where the availability of cytology/HPV testing is limited. 
More than 200 million HPV vaccinations have been performed worldwide with no 
significant safety issues, and its effectiveness has been confirmed in countries with 
high vaccination rates. In contrast, cervical cancer screening systems using HPV 
testing combined with the PAP test (cytology) have started in some developed coun-
tries, but their criteria and methodologies are still diverse among the countries, and 
have yet to be established worldwide, although their effectiveness has been 
confirmed.

Normal HPV infection
(transient) 

HPV infection
(persistent) 

HPV infection

Clearance
   (90%) 

Precancer Invasive
 cancer 

Progression

Regression

Progression

Regression

Progression

HPV vaccination
 =Primary prevention 

Cancer screening by HPV testing and/or PAP cytology
=Secondary prevention 

CIN3CIN1 CIN2

Fig. 5.1 HPV infection and cervical carcinogenesis: role of primary and secondary prevention 
against progression to invasive cancer
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5.3  HPV Infection and Cervical Carcinogenesis

HPV has many types, and its infection is related to various diseases in humans. 
About 15 types of HPV (HPV-16, HPV-18, HPV-31, HPV-33, HPV-35, HPV-39, 
HPV-45, HPV-51, HPV-52, HPV-56, HPV-58, HPV-59, HPV-68, HPV-73, and 
HPV-82) are oncogenic and defined as high-risk HPV, which can cause cervical 
cancer as well as other HPV-related cancers such as of the vulva, vagina, penis, 
anus, and oropharynx. HPV is transmitted by sexual contact. HPV infections are 
common and generally asymptomatic, and it is estimated that 50–80% of healthy 
sexually active individuals are at risk of HPV infection within their lifetime. 
However, approximately 90% of women infected initially (incidentally) by HPV 
may eliminate the infection from their cervical epithelial cells within 2 years, and 
most women with this transient infection never develop cancer. In contrast, in the 
remaining 10% of women, persistent HPV infection may occur, and some of those 
could develop high-grade precancerous lesions, and some may subsequently 
develop invasive cancer (Fig. 5.1).

Nearly all patients with invasive cervical cancer show evidence of HPV infec-
tion. HPV-16 and HPV-18 are the most oncogenic, and these two types are respon-
sible for about 70% of cervical squamous cell carcinomas worldwide. In Japan, 
HPV-16/HPV-18 were detected in 24% of CIN1, 36% of CIN2/3, and 67% of inva-
sive cervical cancer [5]. More importantly, the detection rate of HPV-16/HPV-18 in 
invasive cervical cancers varies according to the age and is the highest in patients 
aged 20–29 years (90.0%) [5]. The next most frequently detected HPV types in 
cervical cancer are HPV31, HPV-33, HPV-35, HPV-45, HPV-52, and HPV-58. HPV 
infection with these high-risk types is necessary for the development of cervical 
cancer, but other factors, such as smoking, immune suppression, and long-term oral 
contraceptive use, may increase the risk.

Invasive cervical cancer results from the progression of precancerous lesions 
named CIN or squamous intraepithelial lesion (SIL). CIN is histologically graded 
into CIN1, CIN2, and CIN3, although most CIN1 and some CIN2 regress. The 
results of a PAP test are presented according to the Bethesda system, based on cyto-
logic findings: atypical squamous cells of undetermined significance (ASC-US) and 
low-grade squamous intraepithelial lesions (LSIL) show transient HPV infection 
(CIN1), while high-grade squamous intraepithelial lesions (HSIL) show persistent 
HPV infection with cellular atypia (CIN2–3) (Fig. 5.1). In fact, over 70% of 
ASC-US or CIN1 lesions regress, while 10–30% CIN3 lesions progress to invasive 
cancer. After screening using cytology, women with abnormal results (ASC-US, 
LSIL, HSIL, AGC, or more) need colposcopy and biopsy to determine the histologi-
cal diagnosis and subsequent management/treatment.

Usually, invasive cancer develops from CIN slowly over some years or longer. 
This long natural history from HPV infection to the development of cervical cancer 
provides the opportunity for screening to detect this process in precancerous stages 
and allows the treatment of preinvasive lesions before they become cancerous, 
which could prevent invasive cancer effectively.
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5.4  Limited Effectiveness of Cytology Screening

Historically, cervical cancer screening was conducted using the PAP test (cytology) 
alone until HPV testing became available. Programs since the 1960s using annual 
screening with Papanicolaou-stained cervical cytology smears have been success-
ful, and actually, it has contributed to a significant decrease in the mortality rate due 
to cervical cancer. However, it is now difficult to more effectively reduce the num-
ber of deaths from cervical cancer only through this screening measure, mainly due 
to its relatively lower sensitivity (the percentage of “true-positive” cases that are 
detected by the screening test). Previous studies showed that the sensitivity for 
detecting high-grade lesions on a single conventional PAP test is approximately 
55–80% [6], and failures to prevent invasive cervical cancer can be attributed to 
false-negative PAP smears as well as to poor follow-up of abnormal results [7]. 
False-negative results occasionally occur, especially in pregnant women or in 
patients with glandular abnormality or precancerous/cancerous lesions of adenocar-
cinoma. Additionally, in Japan, the proportion of those undergoing such examina-
tions is only 30–40% of targeted women >20 years old, which is lower than those in 
Western countries, at approximately 70–80%. Recently, the liquid-based cytology 
technique was developed to improve the sensitivity of screening. Up to now, there 
has been no evidence that liquid-based cytology significantly reduces the number of 
deaths compared with the conventional PAP smear test, although there is actually 
one advantage that the HPV test can be simultaneously conducted on the same prep-
aration for the examination of liquid-based cytology.

5.5  HPV Testing

In consideration of the limitations of cytology, efforts have focused on enhancing 
the sensitivity of screening to reduce false-negative results and developing new 
molecular/virological tests to detect high-risk HPV as well as to reduce unnecessary 
colposcopic examinations. Since 2000, various HPV-DNA tests have been devel-
oped, and now some are commercially available for the detection of HPV in cervical 
specimens [8]. Most of these tests generate a pooled result (“high-risk HPV-positive” 
or “high-risk HPV-negative”) to detect nucleic acids of the 12 HPV types altogether 
(HPV-16, HPV-18, HPV-31, HPV-33, HPV-35, HPV-39, HPV-45, HPV-51, HPV- 
52, HPV-56, HPV-58, and HPV-59; some tests also detect HPV-66 and HPV-68). In 
contrast, HPV genotyping tests that distinguish individual HPV types are also avail-
able. HPV infections are particularly common in young women, and the majority 
clear their infection within 2 years; therefore, the challenge of incorporating HPV 
testing into cervical screening programs is to balance increasing sensitivity to detect 
CIN2/3 and minimizing overdiagnosis/treatment of women with transient HPV 
infections and cervical abnormality that may regress.

Actually, previous studies demonstrated that, compared with cytology, HPV- 
DNA testing was more sensitive for identifying women who have CIN2/3, with 
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sensitivities of 84–97%, and that the combination of HPV testing and cytology led 
to an almost 100% sensitivity. In contrast, it has been noted that HPV-DNA testing 
generally has a lower specificity compared with cytology. Among women ≥30 years 
old, cytology had a specificity of 97% compared with 94% for HPV testing. The 
specificity of HPV-DNA testing is likely be lower among women younger than 
30 years old, who have more transient HPV infection.

Now, HPV testing has been approved for use in the following: (1) as a second test 
(triage) following a cytology result of ASC-US; (2) for primary screening combined 
with the PAP test for women aged 30 years or older or primary screening by the 
HPV test alone may be considered; and (3) HPV genotyping tests that distinguish 
highly oncogenic HPV types, especially HPV-16 and HPV-18, for the further triage 
of women with a positive pooled result or for risk stratification in patients with 
CIN1/2.

A recent major clinical trial, “ATHENA HPV Study,” demonstrated that incorpo-
rating screening with HPV and triage of HPV-positive women by a combination of 
genotyping for HPV-16/HPV-18 and cytology provided a good balance between 
maximizing sensitivity (benefit) and specificity by limiting the number of colposco-
pies (potential harm) [9]. Furthermore, the study showed that primary HPV screen-
ing in women ≥25 years is as effective as a hybrid screening strategy that uses 
cytology if 25–29 years and cotesting if ≥30 years [10]. Further analysis of HPV 
genotyping from the ATHENA trial supported the identification of HPV-16 in pri-
mary screening for all women and demonstrated that the identification of HPV-18 is 
also warranted with a significant contribution to adenocarcinoma in situ (AIS) and 
cancer [11].

5.6  Current Cervical Cancer Screening Guidelines  
Using HPV Test and PAP Cytology

Table 5.1 demonstrates the current cervical cancer screening guidelines in the USA 
[8, 12]. All normal-risk women should begin cervical cancer screening at age 21. 
Between the ages of 21 and 29 years, women should be screened using cytology 
every 3 years. HPV testing is used following an abnormal cytology result. Primary 
HPV testing can be considered starting at age 25 every 3 years. For women aged 
30–65 years, screening can be done using cytology alone every 3 years or HPV 
cotesting (cytology plus simultaneous HPV test) every 5 years. The guidelines sup-
port the discontinuation of screening in women older than 65 years who have three 
consecutive normal cytology results or two consecutive negative cotest results 
within the previous 10 years, with the most recent test performed within the past 
5 years.

In Japan, the screening system using cytology in combination with the HPV test 
has not yet been established and is still under investigation by clinical trials. At this 
time, the guideline proposed by the Japan Association of Obstetricians and 
Gynecologists in 2012 (Fig. 5.2) is applied for cancer screening targeting women 
aged 30 years or older in some local areas or cities. According to this guideline, 
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women who are both cytology-negative and HPV-negative can be screened 3 years 
later. Women who are cytology-negative, but HPV-positive, are recommended to 
undergo cotesting again 6–12 months later. Women with cytology of ASC-US and 
HPV-positive or cytology of LSIL or more should undergo colposcopy and biopsy. 
Such studies are expected to establish the appropriate screening system in Japan.

Table 5.1 Current cervical cancer screening guidelines (2012) in the U.S. [8]

Age (years) Screening recommendations
21 Initiation of screening
21–29 Cytology every 3 years, or primary HPV testing can be considered

  starting at age 25 every 3 years; if primary HPV testing is positive,
  test for HPV16 and HPV18 and refer to colposcopy if positive, or
  cotesting if negative

30–65 Cytology every 3 years and HPV testing for triage of ASC-US, or HPV
  cotesting every 5 years and test for HPV16 and HPV18 if normal
  cytology but HPV-positive, or primary HPV screening every 3 years
  as indicated above

Discontinuation of 
screening

Women aged >65 who have 3 or more consecutive negative cytology
  tests or two consecutive negative cotests within 10 years with the
  most recent test performed within 5 years; women of any age who
  have a total hysterectomy and have no history of cervical cancer
  or precancer should not be screened

From the American Cancer Society (ACS), American Society for Colposcopy and Cervical 
Pathology (ASCCP), American Society for Clinical Pathology (ASCP), U.S. Preventive Services 
Task Force (USPSTF), and American College of Obstetricians and Gynecologists (ACOG) with 
interim guidance from the Society of Gynecologic Oncology and ACOG

Screening by PAP test (Cytology)  plus  HPV testing    

Cytology (-)*
HPV (-) 

Cytology (-)*
HPV (+) 

Cytology:ASC-US
HPV (-)

Cytology (+)** Cytology:ASC-US
HPV (+)

Cytology plus HPV test
3 years later 

Colposcopy
Histology 

Cytology plus HPV test
6~12 months later 

Cytology plus HPV test
12 months later 

Colposcopy
Histology 

Cytology (-)*
HPV (-) 

Cytology (-)*
HPV (+) 

Cytology (+)** 

Cytology plus HPV test
3 years later 

Colposcopy
Histology 

Colposcopy
Histology 

Fig. 5.2 Cervical cancer screening system by PAP test (cytology) in combination with HPV-DNA 
test in Japan: recommended in 2012 by the Japan Association of Obstetricians and Gynecologists. 
*Cytology (−): NILM. **Cytology (+): LSIL, HSIL, ASC-H, AGC, or more
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5.7  HPV Vaccines

Two prophylactic vaccines are currently available in many countries worldwide 
for the primary prevention of cervical cancer and other HPV-related diseases [4, 
13]. Both bivalent and quadrivalent vaccines are developed against two main 
oncogenic HPV genotypes, HPV-16 and HPV-18, responsible for 65–70% of 
invasive cervical cancer cases. The quadrivalent vaccine is also directed against 
low-oncogenic types, HPV-6 and HPV-11, that cause anogenital warts (condy-
loma). The quadrivalent vaccine was first licensed in 2006, followed by licensing 
of the bivalent vaccine in 2007. It is recommended that HPV vaccine should be 
administered before the onset of sexual activity (before the first exposure to HPV 
infection). Both vaccines are prepared from virus like particles that resemble HPV 
type-specific L1 protein, which contains no viral DNA and, therefore, is noninfec-
tious. Immunologically, HPV vaccine can protect against HPV infecting cervical 
epithelial cells through humoral immunity mediated by neutralizing antibodies 
against HPV-16/HPV-18.

Up to now, over 65 countries have introduced HPV vaccine in their national 
immunization programs for girls aged 9–14 years and in some countries also for 
boys. Both vaccines are used according to the three-dose immunization schedule at 
0, 1(2), and 6 months. After a three-dose schedule, both vaccines are highly immu-
nogenic, and antibody titers remain high for at least 8 years or more. Recent reports 
have shown that two doses of HPV vaccine in girls aged 9–14 years are non-inferior 
to three doses in terms of immunogenicity, suggesting the possibility of introducing 
a two-dose immunization program to such younger girls [4].

5.8  Efficacy of HPV Vaccination and Latest Evidence  
of HPV Vaccine Benefits

Both vaccines have been evaluated in large Phase III pre-licensed studies, where 
they can protect against HPV-16/HPV-18 infections at almost 100% in vaccine 
recipients not already infected with HPV (HPV-naive) and demonstrate high effi-
cacy against HPV-16- or HPV-18-associated precancerous (CIN2/3) lesions in such 
HPV-naive individuals [14, 15]. It was also observed that the quadrivalent vaccine 
significantly decreased genital warts.

Recently, many beneficial effects have been reported in several industrialized 
countries where national HPV vaccination programs had been introduced early 
since 2007–2008, such as Australia, the UK (England and Scotland), or Denmark, 
with a three-dose coverage rate of over 70% of the targeted population. In these 
countries, actually, HPV vaccination has led to marked reductions in the preva-
lence of vaccine-preventable HPV types, HPV-16 and HPV-18 (and HPV-6/HPV-
11 if quadrivalent). Interestingly, this was observed not only in vaccinated women 
but also in unvaccinated women, suggesting a “herd-immunity effect” [16]. 
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Furthermore, in these countries, there have been some reductions in the preva-
lence of other HPV types (HPV-31, HPV-33, and HPV-45) that are not specifically 
targeted by the vaccine, suggesting a “cross-protection effect” [17].

Consistent with such a marked decrease in the HPV infection rates in younger 
women or girls, HPV vaccination has shown a major impact on the incidence of 
high-grade cervical abnormalities. In fact, the incidence of CIN3 or AIS in vacci-
nated generations has decreased to less than 50% during 7–8 years following the 
introduction of a national HPV vaccination program [18–20]. These findings 
strongly suggest that the incidence of invasive cervical cancer in younger women 
must markedly decrease over the next several to 10 years, leading to a subsequent 
decrease in the mortality rate due to this disease in the near future.

5.9  Global Consensus on Safety of HPV Vaccine

The WHO Global Advisory Committee for Vaccine Safety (GACVS) has repeatedly 
reviewed the evidence on the safety of HPV vaccines and concluded that both HPV 
vaccines continue to have an excellent safety profile [4].

As a local adverse event, both vaccines are associated with relatively high rates 
of injection site reactions, particularly pain, but these are usually of short duration 
and resolve spontaneously. Systemic adverse events following immunization 
(AEFI), although it has not yet been confirmed whether they are related to vaccina-
tion, include pyrexia (fever), headache, dizziness, myalgia, arthralgia, and gastroin-
testinal symptoms (nausea, vomiting, abdominal pain). In a comparison of the 
bivalent and quadrivalent vaccines, systemic reactions were reported at comparable 
rates. Postvaccination syncope, possibly the vasovagal reflex, has been reported at 
relatively higher rates but can be minimized and its complications avoided with 
appropriate care.

There have been no clinically relevant differences reported between vaccinated 
and unvaccinated groups with regard to new-onset chronic disease, including auto-
immune disease, neurological disorders, or immune-mediated diseases. A few case 
reports showed a link between vaccination and the onset of these chronic condi-
tions; however, a well-conducted population-based study demonstrated no associa-
tion between HPV vaccine and such conditions [4]. It was also confirmed that 
Guillain-Barré syndrome and acute disseminated encephalomyelitis (ADEM) after 
vaccination were within the expected range in a general population. In a large cohort 
study in Denmark and Sweden, there was no causal relationship between exposure 
to HPV vaccine and the incidence of autoimmune, neurological, or venous throm-
boembolic adverse events [21].

Recently, the European Medicines Agency (EMA) confirmed that evidence does 
not support a causal link between HPV vaccine and the development of two syn-
dromes, complex regional pain syndrome (CRPS) and postural orthostatic tachycar-
dia syndrome (POTS), in girls and young women aged 10–19 years [22].
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5.10  Current Issues in Japan on Suspension 
of Recommendation of HPV Vaccination

Over 3 years have passed since June 2013 when the Ministry of Health, Labour, 
and Welfare (MHLW) of Japan suspended recommendations for HPV vaccina-
tion because of reported cases of suspected adverse events such as chronic pain 
and motor impairment postvaccination. The Investigative Committee of the 
MHLW thoroughly and repeatedly analyzed the data and concluded that various 
postvaccination symptoms including persistent pain or motor impairment are 
functional physical symptoms (functional somatic syndrome). They also showed 
that the incidence rate of such adverse events was very low: 176 cases, equiva-
lent to 0.005% of all vaccine recipients (3,380,000) in Japan. Subsequent stud-
ies did not provide any scientific or epidemiologic evidence to confirm the 
causal relationship between these symptoms and HPV vaccine; nevertheless, the 
suspension of recommendations for vaccination has continued, consequently 
decreasing the vaccination rate to nearly 0% in Japan [23]. It is of marked con-
cern that if the suspension of vaccine recommendations continues, young 
Japanese generations will be deprived of the benefits of vaccines for cancer 
prevention.

The Japanese MHLW in cooperation with the Japan Society of Obstetrics and 
Gynecology (JSOG) organized 85 cooperative medical institutions covering all 
areas in Japan to provide treatment for those suffering from any symptoms after 
HPV vaccination. Furthermore, “Guidelines for the management and treatment of 
symptoms that occur after HPV vaccine injection” was published in August 2015. 
Based on this situation, the JSOG published their declaration to demand the imme-
diate resumption of recommendation for HPV vaccination in August 2015 [24]. 
Furthermore, the Expert Council on Promotion of Vaccination consisting of 15 
Japanese academic associations including JSOG also published a statement for the 
promotion of HPV vaccination in April 2016.

GACVS (WHO) made the following additional comments in December 2015 on 
such Japanese situations [25]: “Review of clinical data by the national expert com-
mittee led to a conclusion that symptoms were not related to the vaccine, but it has 
not been possible to reach a consensus to resume HPV vaccination. As a result, 
young women in Japan are being left vulnerable to HPV-related cancers that other-
wise could be prevented. Policy decisions based on weak evidence, leading to a lack 
of use of safe and effective vaccines, can result in real harm.”

As is the case in Japan, public concern and incorrect rumors about adverse events 
as well as broadcasting them by “nonscientific” media may lead to strong resistance 
to increasing vaccine coverage. A thorough surveillance system of adverse events 
following vaccination is the most important, but it should be complemented by 
assessment of the real causal relationship of all suspected adverse events by scien-
tific and epidemiologic analyses.
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5.11  Conclusions and Future Perspectives

Current cervical cancer screening strategies as a “secondary prevention” using 
cytology combined with HPV testing have been successfully introduced, but further 
efforts are needed for improving the efficiency and effectiveness and preventing 
increased costs. The importance of HPV testing has been recognized, and its role in 
cervical screening is shifting from cytology alone to cytology plus HPV cotesting 
and now to a new paradigm in which HPV testing alone may become a primary 
screening tool.

HPV vaccination is a “primary prevention” tool, and both the bivalent and quad-
rivalent HPV vaccines have excellent safety and efficacy profiles. However, vacci-
nation cannot eliminate the need for screening with cytology and/or HPV testing 
later in life, since both vaccines can protect against HPV-16/HPV-18 infection, but 
not protect against all high-risk HPV types. Recently, in February 2015, the US 
Advisory Committee on Immunization Practices (ACIP) recommended 9-valent 
HPV vaccine [26], a newly developed vaccine targeted against HPV-6, HPV-11, 
HPV-16, HPV-18, HPV-31, HPV-33, HPV-45, HPV-52, and HPV-58, as one of three 
HPV vaccines that can be used for routine vaccination. As HPV-16/HPV-18 are 
responsible for 65–70% and the five additional types (HPV-31, HPV-33, HPV-45, 
HPV-52, HPV-58) for about 15%, the 9-valent HPV vaccine may possibly protect 
against over 80% of invasive cervical cancers. Additionally, it has been reported that 
approximately 40–50% of CIN2/3 are caused by HPV-16/HPV-18 and 25% by 
HPV-31, HPV-33, HPV-45, HPV-52, or HPV-58. Further evidence on the 9-valent 
HPV vaccine should be accumulated worldwide, and its application is expected as 
a new strategy.

Finally, the WHO recognizes the prevention of cervical cancer and other HPV- 
related diseases as global public health problems and strongly recommends that 
HPV vaccines should be included in national immunization programs. Both HPV 
vaccination and cancer screening tests are indispensable for cervical cancer preven-
tion, with a global consensus. The complete eradication of this malignant disease in 
the world will be realized in the near future by the further development, improve-
ment, and widespread application of these two strategies.

Disclosure Statement The author has no conflict of interest.
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6Pathology, Genomics, and Treatment 
of Endometrial Cancer

Tsukasa Baba

Abstract
Endometrial cancer (EC) is the leading causes of gynecologic malignancy in 
westernized countries, in which people take fat-rich foods and the estimated inci-
dence rate of EC has kept increasing. EC has been traditionally classified into 
two categories, Type I and Type II, based on morphologic features. Type I ECs, 
composed of low-grade endometrioid carcinoma, possess alterations in PTEN, 
PIK3CA, ARID1A, K-ras, β-catenin, and/or DNA mismatch repair genes and 
usually have good prognosis. Type II ECs, mainly composed of serous and clear 
cell carcinoma, have different gene alterations such as TP53 and PPP2R1A to 
exhibit aggressive features with poor prognostic outcome. This classification is 
still convenient to comprehend EC natures roughly or to provide ordinary treat-
ments in the clinical setting, but there are several limitations to investigate EC 
genomics and to develop a novel therapy for treatment-refractory disease as Type 
I ECs are not uniform in genetics and Type II ECs are also composed of various 
histological subtypes. Recent genome-wide analysis provides new concepts as 
molecular subtyping and genetic predisposition of heterogeneous Type I ECs, 
which is expected to proceed future personalized medicine. As for Type II ECs, 
there is no reproducible breakthrough translational achievement, and so that 
subtype-specific genome-wide analysis with large enough sample size is now 
warranted for revealing genetics and developing effective therapies for treatment- 
refractory cases.

Keywords
Endometrial cancer • Serous carcinoma • MELF pattern • Genome-wide 
analysis
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6.1  Synopsis

The incidence of endometrial cancer is drastically increasing in developed countries 
and now the most frequent malignancy in women. Although most patients with 
Type I endometrial cancer show the favorable prognosis, those with Type II such as 
serous carcinoma exhibit poor clinical outcome. Even in Type I, some cancers show 
unique invasive process as “MELF” and will metastasize widely. Accordingly, pre-
cise pathological analyses and refined genomic analyses are necessary to clarify the 
heterogeneity of this disease, with relevance to the personalization of treatment.

6.2  Incidence of Endometrial Cancer

Endometrial cancer is one of the leading causes of gynecologic malignancy. It is the 
fourth most common malignancy among women in the United States, with an esti-
mated 60,050 new cases and 10,470 deaths in 2016 [1], which are 20,000 more new 
cases and 3000 more deaths compared with those in 2008 (Fig. 6.1a). Estimated 
incidence rate of whole US female population is 0.033%, while that of Asian- 
Americans, Native Hawaiians, and Pacific Islanders (AANHPIs) is 0.022% and 
one-third less than the whole United States (p < 0.0001) [2]. AANHPIs are not only 
designated to convey the distinct genetic background from non-Hispanic white 
Americans (NHWs) but exhibit a complete different profile of death causes, such as 
less incidence of obesity−/diabetes-associated heart disease and cerebral infarction 
from NHWs [2]. Furthermore, the lifetime probability of developing endometrial 
cancer in Black Americans who share cultural habits with NHWs is 2.5% which is 
0.4% less than NHWs but still higher than AANHPIs [3]. Nevertheless, in Japan 
where it has been westernized rapidly and people are taking more fat-rich foods, the 
incidence has also increased sixfold in the past three decades. These results indicate 
that endometrial cancer is developed in the patients bearing genetic factors as well 
as environmental factors. Although the incidence has kept increasing both in the 
United States and Japan, the death per incidence rate remains around 16% which are 
much lower than that of cervical cancer and ovarian cancer (Fig. 6.1b). Low mortal-
ity rate of endometrial cancer is owing to the reason that most patients present with 
low-grade and early-stage disease, but cases of high-grade tumors or preoperatively 
underdiagnosed low-grade tumors are occasionally accompanied with tumor spread 
beyond the uterus [4].

6.3  Traditional Classification of Endometrial  
Cancer Based on Histopathology

Based on pathological features on hematoxylin-eosin-stained specimen, endome-
trial cancers have been classified into two groups: Type I and Type II [5]. 
Representative Type I endometrial cancers are low-grade endometrioid carcinomas 
(G1-2) composed of well-differentiated malignant glandular epithelial cells 
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frequently accompanied with squamous metaplasia, so-called morula change, which 
is different from solid growth of high-grade endometrioid carcinoma (G3). Type I 
cancers usually feature high expression of estrogen receptor (ER) and a past history 
of unopposed estrogen caused by anovulation or obesity. Type I cancers possess 
several alterations in oncogenes, PTEN, PIK3CA, ARID1A, K-ras, β-catenin, and/or 
DNA mismatch repair genes and usually have a good prognosis [6, 7].

Type II cancers including high-grade endometrioid carcinoma with solid growth 
and prominent nuclear atypia, serous papillary carcinoma (SPC), and clear cell car-
cinoma (CCC) typically arise in old, nonobese women as an estrogen-independent 
manner. SPC and CCC, respectively, resemble ovarian high-grade serous carcinoma 
and renal clear cell carcinoma, and both are characterized by very aggressive 
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Fig. 6.1 Estimated incidence (a) and death (b) of endometrial cancers in the United States and 
Japan. Endometrial cancer is one of the leading causes of gynecologic malignancy with an esti-
mated 60,050 new cases and 10,470 deaths in the United States. Estimated incidence has increased 
more than 50% for these 8 years both in the United States and Japan (a). Although estimated death 
has kept increasing as well, the death per incidence rate remains around 16% (b). Data was 
obtained from Cancer Statistics of American Cancer Society (http://www.cancer.org) and Cancer 
Registry and Statistics. Cancer Information Service and National Cancer Center, Japan (http://
ganjoho.jp/reg_stat/)
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progression with poor prognostic outcomes [5, 8]. More than half of Type II cancers 
exhibit extrauterine spread at the time of diagnosis while less than 5% of Type I 
cancers [9]. Disease-specific 5-year survival rates of patients bearing SPC and CCC 
are 55 and 68%, and patients bearing SPC and CCC account for 39 and 8% of those 
who died of endometrial cancer even though consisting of only 10 and 3% of all 
endometrial cancer, respectively. Comprehensive surgical staging, including hyster-
ectomy, salpingo-oophorectomy, and retroperitoneal node dissection (Fig. 6.2a), 
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Fig. 6.2 Lesions to be dissected at surgical staging of endometrial cancer (a) and two distinct 
invasive features of Type I low-grade endometrioid carcinoma (b). (a) Surgical staging for endo-
metrial cancer is carried out to figure out tumor spreads. Simple surgical staging, hysterectomy, 
salpingo-oophorectomy, and pelvic node dissection are applied for low-risk cases, while compre-
hensive surgical staging including para-aortic node dissection is for intermediate- or high-risk 
cases. (b) Type I low-grade endometrioid carcinoma (EC) generally exhibits myometrial invasion 
in a border-pushing expansile manner without lymphovascular invasion (LVSI) (usual pattern, 
left). MELF-pattern Type I ECs exhibit infiltrative myometrial invasion with microcystic, elon-
gated, and fragmented glands surrounded by myxoid and inflamed stroma (right). MELF pattern is 
frequently associated with LVSI and node metastasis with isolated tumor cells which can be 
detected by cytokeratin staining
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followed by adjuvant chemotherapy using carboplatin and paclitaxel is generally 
recommended for Type II cancers, but the prognostic benefit decreasing the risk of 
recurrence and improving survival is not satisfactory [9]. Thus, translational analy-
sis of Type II endometrial cancers has been vigorously conducted for clarifying 
driver genes and developing molecular-targeting therapies.

In Type II endometrial cancers, TP53, PPP2R1A, CHD4, FBXW7, SPOP muta-
tions, STK15 and HER2/neu amplification, p16 overexpression, downregulation or 
loss of E-cadherin, and also loss of heterozygosity (LOH) have been reported [5, 7, 
10]. These hallmarks of Type II cancers, however, do not entirely explain the aggres-
sive nature of heterogeneous Type II endometrial cancers. Furthermore, there 
remain two issues concerning Type II histological discrimination, which have made 
molecular characterization of endometrial cancer uncertain. One is observer vari-
ability and the other is inter-tumor heterogeneity. It was frequently demonstrated 
that inter- or intra-observer reproducibility of histological typing based on morphol-
ogy was quite poor, and immunohistochemical staining was not enough to compen-
sate the variability [11, 12]. Despite the difficulty of histological discrimination, 
oncologic molecular mechanism of Type II endometrial cancers has been investi-
gated for long.

6.3.1  Serous Papillary Carcinoma (SPC)

SPC exhibits a complex papillary/glandular architecture with diffuse, prominent 
nuclear pleomorphism. TP53 is a transcriptional regulator to trigger apoptosis or 
cell cycle arrest under DNA damage, and TP53 mutation is observed in more than 
90% of SPC and 75% of endometrial intraepithelial carcinoma (EIC, noninvasive 
SPC) while only in 30% of G3 and less than 10% of G1-2. As high-grade endome-
trial cancer arose through conditional uterine deletion of Tp53 using the Cre/loxP 
approach [13], TP53 mutation is reasonably considered as a primary event of SPC 
oncogenesis [14]. p16INK4a mutation is another hallmark of SPC and EIC. 
p16INK4a mutation is almost 100% observed in serous tubal intraepithelial carci-
noma (STIC) and high-grade serous ovarian carcinoma (HGSOC) while not in the 
precursor of STIC, p53 signature, which is atypical tubular epithelium with TP53 
mutation. These results indicate p16INK4a mutation is also not a malignant phono-
type driver but an early event of oncogenesis following TP53 mutation as p53 sig-
nature is occasionally identified in benign-appearing endometrium as a latent 
precancerous lesion of EIC [15, 16] even though oncogenic association of p16INK4a 
mutation has not been clarified in endometrial p53 signature.

Mutations in PIK3CA (24%), FBXW7 (20%), and PPP2R1A (18%) in both SPC 
and EIC are also reported as early events [17]. PIK3CA regulates several malignant 
phenotypes, such as proliferation, survival, and mobility via PI3K/AKT/mTOR 
pathway. An F-box protein, FBXW7, is critical in the ubiquitination and targeting 
of tumor-promoting proteins cyclin E (CCNE1) and PPP2R1A. CCNE1 controls the 
G1 to S transition of the cell cycle, and CCNE1 amplification is common in primary 
resistant and refractory HGSOC [18], and more than half of USC harbor either a 
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molecular genetic alteration in FBXW7 or CCNE1 amplification [17]. PPP2R1A is 
a regulatory unit of serine/threonine protein phosphatase 2A (PP2A), and its mutant 
promotes anchorage-independent growth and tumor formation in a dominant- 
negative manner [19]. EIC is not invasive but has a metastatic ability accompanied 
with anchorage-independent growth, and half of patients bearing EIC are found to 
have disease beyond the uterine corpus including omental involvement [20]. The 
alterations of PIK3CA, FBXW7, CCNE1, and PPP2R1A can regulate malignant 
phenotypes of SPC/EIC, but these alterations are observed only in a certain part of 
SPC/EIC, which indicates these alterations are not indispensable in the oncogene-
sis, but the accumulation of these alterations may define the malignant characters of 
each case and become therapeutic targets. For targeting PI3K/AKT/mTOR path-
way, several mTOR and/or PIK3CA inhibitors are currently under evaluation in 
clinical trials. So far, the efficacy of mTOR inhibitor was demonstrated only for 
endometrioid carcinoma [21], but in this study, none of 11 SPC cases exhibited any 
clinical response. As dual blockade of PIK3CA and CCNE1 decreased tumor 
growth significantly in mouse model [22], multi-targeting might be also necessary 
in the clinical setting. Concerning the results that two out of two SPC patients 
showed clinical response to bevacizumab, the efficacy of combination of bevaci-
zumab and temsirolimus, an mTOR inhibitor, was also investigated, but its toxicity 
was nonnegligibly high [23, 24].

HER2/neu is located upstream to the PIK3CA/AKT/mTOR pathway. HER2 (erbB-
2, the epidermal growth factor Type II receptor) amplification or overexpression is 
observed most frequently in SPC [25] although the expression rate differs among 
studies depending on assessing techniques. HER2 expression status is at first deter-
mined by immunohistochemistry (IHC), but in cases with equivocal IHC results, fluo-
rescence in situ hybridization (FISH) is employed. HER2 amplification is frequently 
observed in African-American patients with worse survival compared with Caucasian 
patients as those bearing HER2+ breast cancers exhibit poor survival due to metasta-
sis and chemoresistance. HER2 receptor targeting therapy using humanized monoclo-
nal antibody, trastuzumab, is effective in the treatment of HER2+ node-positive breast 
cancers [26], but it is not so effective for SPC; there were none of 11 HER2+ SPC 
cases to demonstrate any tumor response [27]. In SPC, frequent PIK3CA mutation/
amplification would compensate trastuzumab effect, and truncated p95HER2 variant 
which lacks the trastuzumab-binding domain is frequently observed [28].

6.3.2  Clear Cell Carcinoma (CCC)

Endometrial CCC exhibits characteristic morphology similar to ovarian CCC, a 
combination of architectural patterns (papillary, glandular, solid, and cystic) and 
cytoplasmic features (clear and oxyphilic). Nevertheless, as endometrioid carci-
noma and SPC display significant morphological overlap with CCC, interobserver 
discrepancy to differentiate CCC from its mimics occurs frequently [12, 29]. Then, 
immunostaining is usually employed for differential diagnosis although pathologi-
cal diagnosis based on morphology is fundamental. In general, endometrial CCC as 
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well as ovarian counterpart is positive for hepatocyte nuclear factor 1b (HNF1b:100%) 
and napsin A (93%) and negative for estrogen receptor (ER: 93%), and the combi-
nation of these markers is very useful for distinguishing solid/papillary pattern CCC 
from SPC or G3 [29, 30].

In contrast with the immune profiling, the molecular-genetic background of 
endometrial CCC is still obscure due to the rarity of pure CCC. Endometrial 
CCC is basically similar to ovarian CCC, but there exist differences between 
them: less alterations in ARID1A (13–24% vs. 50%) and PIK3CA (9–24% vs. 
35%). Furthermore, TP53 mutation is relatively frequent compared with ovarian 
CCC (33–40% vs. 12%), and the aberrant p53 staining is designated as a poor 
prognostic factor [25, 29, 30]. Targeted genetic profiling of endometrial CCC 
identified mutations in genes involved in chromatin remodeling/transcriptional 
regulation (ARID1A, ZFHX3, and TSPYL2) [29], and loss of BAF250a expres-
sion occurs without ARID1A mutation in 26% of CCC [31]. Loss of BAF250a 
itself is not related to poor prognosis in endometrial CCC [32]. However, as 
ovarian CCC with loss of one or multiple SWI/SNF complex subunits including 
BAF250a exhibits aggressive behaviors and poor prognosis [33], in endometrial 
CCC, multiple loss of SWI/SNF complex subunits may also affect the prognostic 
outcome. In CCC, ubiquitin- mediated proteolysis (SPOP and FBXW7) and SPC-
characteristic genes, TP53 and PP2AR1A, are also highly mutated [29], and 
HER2/neu amplification is identified [25]. These common genetic alterations 
would provide partial overlapping in tumor phenotypes between SPC and CCC.

6.3.3  Carcinosarcoma (CS)

CS is a biphasic tumor composed of Type II cancer with sarcomatous elements. 
Although this tumor is a wide-range admixture of nonspecific sarcomatous mesen-
chyme and high-grade epithelium, SPC, CCC, and G3, this tumor is considered to 
be of epithelial derivation as a masterpiece of epithelial-mesenchymal transition 
and to share genetic profiles with Type II cancers. CS harbors relatively high TP53 
mutation (67%), but low PIK3CA mutation (22%), and the carcinoma component is 
considered responsible for the aggressive behavior of CS resulting in a poor sur-
vival, while the clinical impact of sarcoma component has been obscure [29]. Most 
recent integrated analysis revealed that CS shared proteomic features with SPC and 
EC, and sarcomas with epitherlial-mesenchymal transition features [34]. A multi-
center retrospective study for 1192 CS cases demonstrated that carcinoma compo-
nents tended to spread lymphatically, while sarcoma components tended to spread 
locoregionally, and high-grade carcinoma component was independently associated 
with decreased progression-free survival (PFS) [35]. In this study, postoperative 
chemotherapy was an independent predictor for improved PFS, and characteriza-
tion of histologic pattern would make drug selection suitable in the treatment of 
each carcinoma/sarcoma combo: ifosfamide for low grade/homologous (HR 0.21, 
p = 0.005), platinum for high grade/homologous (HR 0.36, p < 0.001), and anthra-
cycline for high grade/heterologous (HR 0.30, p = 0.001) [35].
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6.3.4  Microcystic, Elongated, and Fragmented  
(MELF) Pattern Invasion

Type I low-grade endometrioid carcinoma (EC) usually presents as an early-
stage disease with or without shallow invasion resulting in an excellent out-
come. Type I ECs generally exhibit myometrial invasion in a border-pushing 
expansile manner (usual pattern, Fig. 6.2b), but such invasion stays within inner 
half of the myometrium without lymphovascular space infiltration (LVSI) [36]. 
In such FIGO stage IA cases bearing usual pattern of Type I EC, extrauterine 
spread is so rare that hysterectomy, salpingo-oophorectomy, and pelvic node 
dissection (Fig. 6.2a) without adjuvant chemotherapy are generally accepted as 
the standard treatment. In contrast, some exhibit a different way of myometrial 
invasion in an infiltrative manner with microcystic, elongated, and fragmented 
glands surrounded by myxoid and inflamed stroma (MELF pattern, Fig. 6.2b), 
and this type of invasion is usually observed in the invasive front in the outer 
half of the myometrium. MELF frequency is around 13% (7–36%), and this 
morphologic pattern is highly associated with LVSI and node metastasis [37–
39]. MELF has been considered as a kind of EMT feature due to the morphology 
of subtle sinus histiocyte-like invasion. Immunophenotyping studies revealed 
gain of S100A4 and L1CAM and loss or reduction of E-cadherin, CD147, 
MMP2, and Galectin-3, resulting in loss of cell- cell adhesion and polarity to 
endow migratory and invasive properties [38, 40–42]. These results indicate 
MELF is one phenotype of endometrioid carcinoma cells in the phase of EMT, 
but it is still not clarified whether low-grade ECs with MELF- type invasion are 
genetically distinct from usual Type I ECs as there is no comprehensive genomic 
analysis so far.

The clinical impact of MELF is controversial as well. MELF-pattern inva-
sion is not associated with macrometastasis but micrometastasis or isolated 
tumor cells (ITC, Fig. 6.2b) [39]. Node metastasis is an infamous prognostic 
factor of endometrial cancer, but the clinical relevance of ITC is obscure since 
ITC does not increase the recurrence rate. The recurrence rate of cases with or 
without MELF is considered not different, but MELF cases trend toward 
decreased time to non-vaginal recurrence due to higher rate of node involve-
ment [38]. MELF pattern invasion exists too sparsely in the tumor frontier to 
be detected at the preoperative diagnosis with endometrial biopsy or magnetic 
resonance imaging (MRI). Dynamic contrast- enhanced MRI is very useful for 
detecting the presence of myometrial invasion, but so far, deep myometrial 
invasion is detected in more than 10% cases preoperatively diagnosed as FIGO 
stage IA Type I EC [43]. Although the clinical significance of node dissection 
in the para-aortic lesion (PAN) is still controversial, underestimation would 
save PAN at primary surgery resulting in PAN recurrence/residue due to 
undertreatment. To avoid undertreatment following underestimation, estab-
lishment of preoperative diagnosis of MELF in the deep myometrium is 
warranted.
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6.4  Genome-Based Classification and Its Clinical Relevance

6.4.1  The Cancer Genome Atlas (TCGA) Project

The International Cancer Genome Consortium (ICGC) was established to analyze 
the genome-wide abnormalities of 50 kinds of malignant tumors. The Cancer 
Genome Atlas (TCGA) is a study conducted as the ICGC project in the United 
States, which initially analyzed brain glioblastoma, non-small cell lung cancer, 
and high-grade serous ovarian carcinoma [44, 45]. As for endometrial cancer, 
whole- exome sequencing, SNP array assessing copy number alterations, mRNA 
expression microarray, DNA methylation microarray, and microRNA microarray 
were conducted for more than 200 cases [4]. This integrated analysis of somatic 
mutation rates, frequency of copy number alterations, and microsatellite instabil-
ity (MSI) status along with the clinical information provided a new insight that 
endometrial cancers were classified into four distinct molecular subgroups. The 
subgroups are termed as POLE ultramutated, hypermutated (microsatellite unsta-
ble), copy number low (microsatellite stable), and copy number high (serous like) 
(Fig. 6.3a).

6.4.1.1  POLE Ultramutated Subgroup
6.4% of low-grade ECs and 17.4% of high-grade ECs but none of SPC were desig-
nated as POLE ultramutated in TCGA study. POLE ultramutated tumors have 
somatic mutations in the exonuclease domain of POLE, which induce an increased 
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Fig. 6.3 Gene expression across integrated subtypes in endometrial carcinomas (a) and prognos-
tic outcome varying among molecular subtypes (b). Integrated analysis of somatic mutation rates, 
frequency of copy number alterations, and microsatellite instability (MSI) status along with the 
clinical information provides a new insight that endometrial cancers are classified into four distinct 
molecular subgroups. The subgroups are termed as POLE ultramutated, hypermutated (microsatel-
lite unstable: MSI), copy number low (microsatellite stable), and copy number high (serous like). 
(a) These four subgroups, respectively, exhibit characteristic gene expression patterns. (b) POLE- 
mutant tumors have significantly better progression-free survival, whereas copy number high 
tumors have the poorest outcome
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incidence of C>A transversions resulting in extraordinarily high mutation rate 
(867–9714 mutations/tumor) [4]. In this subgroup, 190 genes, which encode the 
pathways of gluconeogenesis, glycolysis, clathrin-mediated endocytosis signaling, 
tRNA charging, tricarboxylic acid cycle II (eukaryotic), and actin cytoskeleton sig-
naling, are significantly mutated. Although POLE ultramutated tumors are not so 
many and more than half of them are G3 ECs, the progression-free survival of 
patients in this subgroup is more favorable than for other molecular subgroups 
(Fig. 6.3b).

6.4.1.2  Hypermutated (Microsatellite-Unstable) Subgroup
28.6% of low-grade ECs and 54.3% of high-grade ECs were included in this group. 
Hypermutated microsatellite-unstable tumors carry frequent MLH1-promoter meth-
ylation and reduced MLH1 gene expression to bring MSI phenotype without somatic 
copy number alterations [4]. As pathogenic driver genes, 21 genes including PTEN, 
PIK3CA, PIK3R1, ARID1A, KRAS, FGFR2, and CTNNB1 are significantly mutated 
in this subgroup. Subsequently, the RTK (receptor tyrosine kinase)/RAS/β-catenin 
pathway and the PIK3CA-PIK3R1-PTEN axis are altered in 69.5 and 95.3%, respec-
tively [46]. Large cohort studies indicate there is no significant correlation between 
MSI status and clinical outcome for endometrial cancer [47, 48].

6.4.1.3  Copy Number Low (Microsatellite-Stable) Subgroup
60.0% of low-grade ECs, 8.7% of high-grade ECs, 2.3% of SPC, and 25% of mixed 
histology carcinomas were included [4]. In this subgroup, 16 genes including PTEN, 
PIK3CA, CTNNB1, ARID1A, PIK3R1, KRAS, FGFR2, CHD4, and SPOP are iden-
tified as significantly mutated genes. The somatic alterations are frequently observed 
in the PI3K pathway (92%) and the RTK/RAS/β-catenin pathway (83%), and it is 
characteristic that somatic mutations in CTNNB1 are particularly prevalent (52%), 
but KRAS mutations are relatively few (16%) compared with microsatellite-unstable 
ECs [49, 46].

6.4.1.4  Copy Number High (Serous-Like) Subgroup
5.0% of low-grade ECs, 19.6% of high-grade ECs, 97.7% of SPC, and 75% of 
mixed histology carcinomas were included in this subgroup. It is noteworthy that 
one-fifth of tumors histologically classified as G3 ECs are designated as serous 
like, and Type II concept is validated at the molecular level to a certain extent. The 
TCGA study described TP53, PIK3CA, PTEN, PIK3R1, PPP2R1A, FBXW7, and 
CHD4 as significantly mutated genes [4]. Furthermore, genes involved in chroma-
tin remodeling and ubiquitin-mediated protein degradation are frequently mutated 
in SPC [50]. Focal amplification in the region of MYC, HER2, and CCNE1 is 
characteristically observed in 23–25% cases [4]. Co-occurrence of mutation and 
amplification such as PIK3CA mutation and HER2 amplification is frequently 
observed, which is clinically relevant to make the prognostic outcome of this sub-
group worst due to chemoresistance [4, 51]. As the clinical prognosis of this sub-
group is worst (Fig. 6.3b), this integrated genome-wide analysis has attracted 
many researchers to be involved in a lot of studies mining novel serous-like driver 
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genes. However, due to the lack of another integrated data with similarly large 
samples, the reproducibility of each study is equivocal, so that independent vali-
dation of candidate genes in multiple cohorts as well as functional assessment is 
necessary to determine the driver genes [52].

6.4.2  Genome-Wide Association Studies (GWAS)

In ECs, there exists a genetic predisposition as risks of those with a family history 
and first-degree female relatives increase around two- and threefolds, respectively, 
and there are heritable ECs as Lynch syndrome with autosomal dominant germ line 
pathogenic variants in DNA mismatch repair genes [53]. To comprehend and esti-
mate genetic risk of EC has been a high priority issue for those with familial 
episodes.

GWAS is a kind of examination of genetic variants among different individuals 
to figure out predisposition to a specific disease by focusing on associations with 
SNPs. GWAS investigates the whole genome for the case-control groups, in con-
trast to usual methods to test pre-specified genetic regions, and it is a non-biased 
method to identify SNPs and other variants in DNA associated with a disease. As of 
2014, GWAS have discovered more than 1500 common variants associated with 
various cancers [54], and the GWAS catalog has been updated year by year [55]. 
GWAS is expected to accelerate novel diagnosis and drug development by integrat-
ing genetic studies to identify high-risk SNPs and functional small nucleotide drugs 
interfering such loci for preventing the disease. However, GWAS frequently holds 
limitations such as lack of well-defined cases and controls, insufficient sample size, 
and statistical prematurity.

As for endometrial cancer, more than 30 articles have been published, but due to 
the lack of statistical power, reproducible results for detecting EC risk loci have not 
been obtained from individual studies. As meta-analysis methods generate a reason-
able summary data from multiple independent GWAS by increasing power and 
reducing false negatives [56], a couple of meta-analytic GWAS has been conducted 
for ECs with famous EC GWAS such as ANECS, SEARCH, NSECG, and E2C2 [53, 
57]. These two meta-GWAS commonly identified three loci, 17q12 (HNF1b), 13q22 
(KLF), and 6q22 (NCOA7 and HEY2), but there are many discrepancies even between 
these studies analyzing almost identical datasets [53, 57]. Nevertheless, as functional 
studies reveal that 13q22 locus regulates KLF5 linked to uterine development and 
tumorigenesis [57], meta-GWAS could be considered to shed a new light to develop 
clinically applicable diagnosis and drugs for ECs in the future.

6.5  Future Perspective

Recent genome-wide analyses have provided a new concept of molecular subtyp-
ing and many insights especially for the oncogenesis and the genetic risks of Type 
I ECs, and the landscape of endometrial cancer research was drastically changed. 
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However, as for Type II endometrial cancers, almost none other than key molecules 
in the oncogenic process are clarified. Individual studies have proposed various 
candidate genes or pathways responsible for the inherently aggressive phenotypes, 
but TCGA-oriented studies are hardly validated due to the lack of another mega-
dataset [52]. Furthermore, TCGA and GWAS revealed the genetic/molecular het-
erogeneity even in the identical histologic subtype, and there is no such large-scaled 
analysis for CCC or CS. Recent analysis revealed that HGSOC could be further 
classified into four subtypes, and the susceptibility to paclitaxel and bevacizumab 
was different among subtypes [18, 58–60]. For the sake of figuring out “driver” and 
establishing personal medicine, it is keen to avoid the analysis to put all endome-
trial cancer together and to proceed subtype-specific genome-wide analysis with 
large enough sample size.
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7Diversity in Pathology and Genomics 
in Ovarian Cancer

Noriomi Matsumura

Abstract
Epithelial ovarian cancer comprises of various histologic subtypes including 
high-grade serous, clear cell, endometrioid, mucinous, and low-grade serous car-
cinoma. Differences in histologic subtypes reflect distinct biological and clinical 
features. Recent progress on cancer genome analyses using the rapidly develop-
ing sequencing technologies has unveiled molecular background of ovarian 
cancer.

Keywords
Ovarian cancer • Histology • Genome

7.1  High-Grade Serous Ovarian Carcinoma (HGSOC)

7.1.1  The Cancer Genome Atlas (TCGA) Project

The International Cancer Genome Consortium (ICGC) was established to analyze 
the genome-wide abnormalities of 50 kinds of malignant tumors. The Cancer 
Genome Atlas (TCGA) is a study conducted as the ICGC project in the USA, which 
initially analyzed ovarian, lung, and brain cancers. As for the ovarian cancer, whole- 
exome sequencing, SNP array (to analyze copy number alterations), mRNA expres-
sion microarray, DNA methylation microarray, and microRNA microarray, along 
with the clinical information, were published for more than 300 HGSOC cases [1]. 
These analyses identified germline mutations in BRCA1 (9%) and BRCA2 (8%). 
Strikingly, nearly all the HGSOC cases harbored somatic mutations in TP53 (96%). 
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Other somatic mutations included NF1 (4%), BRCA1 (3%), BRCA2 (3%), CDK12 
(3%), and RB1 (2%). Additionally, extensive copy number aberrations were 
detected. The integrated analysis revealed pathway deregulation in RB (67%), 
PI3K/RAS (45%), NOTCH (22%), homologous recombination (51%), and FOXM1 
transcriptional network (84%) pathways.

7.1.2  Gene Expression Profile of HGSOC and Drug Sensitivity

The TCGA analysis revealed four gene expression subtypes of HGSOC: mesenchy-
mal, immunoreactive, differentiated, and proliferative [1]. Among these, the immu-
noreactive subtype characterized by immune-related gene expression showed good 
prognosis, whereas the mesenchymal subtype characterized by stromal gene expres-
sion showed poor prognosis [2]. Recently we showed the mesenchymal subtype 
might be sensitive to taxane [3]. Additionally, we developed a novel histopathologi-
cal classification dividing HGSOC into four subtypes correlating with the four gene 
expression subtypes by focusing on the tumor microenvironment: mesenchymal 
transition (MT), defined by a remarkable desmoplastic reaction; immune reactive 
(IR) by lymphocytes infiltrating the tumor; solid and proliferative (SP) by a solid 
growth pattern; and papilloglandular (PG) by a papillary architecture (Fig. 7.1) [4].

In 2014, two interesting data were presented at the American Society of Clinical 
Oncology meeting analyzing relationship between the HGSOC gene expression 
subtypes and the bevacizumab (Bev) sensitivity. Gourley et al. performed mRNA 
expression microarray analysis of 283 HGSOC cases registered for the ICON7 trial 

Fig. 7.1 Four histopathological subtypes of HGSOC. MT mesenchymal transition, IR immune 
reactive, SP solid and proliferative, PG papilloglandular. Reused from [4] with permission
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[5], which demonstrated improved progression-free survival by addition of Bev to 
paclitaxel-carboplatin regimen in ovarian cancer [6]. Surprisingly, they found that 
addition of Bev was significantly associated with poor prognosis in tumors with 
elevated expression of immune-related genes. Winterhoff et al. also performed 
mRNA expression microarray analysis of 359 ovarian cancer cases registered for 
the ICON7 trial [7]. They divided the cases into four gene expression subtypes like 
the TCGA cases and found that addition of Bev improved survival in proliferative 
and mesenchymal subtypes. These studies suggest gene expression profile could 
serve a biomarker to select HGSOC cases Bev should be used for.

7.1.3  Molecular Mechanisms of Chemoresistance in HGSOC

Patch et al. analyzed whole-genome sequencing, transcriptome, DNA methylation, 
copy number alterations, and microRNA expression of 92 cases of HGSOC by 
focusing on the mechanism of chemoresistance [8]. They found gene breakage fre-
quently occurs in tumor suppressor genes including RB1, NF1, RAD51B, and 
PTEN. CCNE1 amplification was common in primary resistant and refractory cases. 
On the other hand, homologous recombination pathway-deficient cases, having 
extensive copy number alterations and increased single nucleotide variants, were 
sensitive to chemotherapy. Mechanism of acquired resistance included gene break-
age of tumor suppressor genes, reversion mutation of BRCA1/2 mutated cases, and 
upregulation of BRCA1 gene expression by demethylation of the methylated BRCA1 
promoter region in a primary tumor. Additionally, gene fusion of ABCB1 with 
SLC25A40 promoter caused upregulation of ABCB1 expression, which can cause 
increased excretion of chemotherapeutic agents.

7.1.4  PARP Inhibitors

Among the different subtypes of ovarian cancers, the highest rates of germline 
BRCA1 and BRCA2 mutations (8–18%) occur in HGSOC [9, 10]. Germline BRCA 
mutation-associated ovarian cancers have a relatively distinct clinical behavior 
characterized by an earlier age at diagnosis, improved survival, higher response 
rates to platinum, and sensitivity to poly(ADP-ribose) polymerase (PARP) inhibi-
tors [11]. Single-strand DNA breaks, repaired by the mechanism PARP is involved 
in, are not repaired until DNA replication and generation of double-strand DNA 
breaks in the presence of a PARP inhibitor. Therefore, following the concept of 
“synthetic lethality,” PARP inhibitors cause apoptosis of homologous recombina-
tion (HR)-deficient tumor cells. The clinical proof of this concept in ovarian cancer 
was first shown in a phase I study of the PARP inhibitor, olaparib [12], and subse-
quently supported in a phase II trial of olaparib in recurrent ovarian cancer patients 
with germline BRCA1 or BRCA2 mutation [13].

Ovarian cancers with somatic mutations of BRCA1/2 are observed in about one- fifth 
of germline mutation cases [11]. Ovarian cancer patients with somatic BRCA1 or 
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BRCA2 mutations probably benefit from treatment with PARP inhibitors like those 
with germline BRCA mutations. The European Medicines Agency approves olaparib 
as maintenance therapy in platinum-sensitive ovarian cancer including all patients with 
a germline or somatic BRCA mutation. The number of patients with somatic BRCA 
mutations analyzed so far is relatively low. Further clinical trials will clarify the clinical 
significance of somatic BRCA mutations as biomarkers of PARP inhibitors.

It became increasingly apparent that a proportion of ovarian cancers without 
BRCA mutation also share clinical features of BRCA mutation-associated cases, 
including platinum sensitivity. This concept, termed as “BRCAness,” now indicates 
a situation where HR DNA repair deficiency is present, but no BRCA1 or BRCA2 
mutation is detected. Importantly, PARP inhibitors show activity in clinical trials for 
ovarian cancer without BRCA mutations [14, 15]. Several groups have studied to 
find markers of the “BRCAness” by using gene expression profiling, proteomics, or 
genomic instability scores [11]. Additionally, as the accumulation of RAD51 at the 
DNA lesion is a marker of HR proficiency, its absence following DNA damage can 
be a functional biomarker of HR deficiency [16]. Actually, detection of RAD51 foci 
predicted response to chemotherapy and PARP inhibition [17–19]. The quantifica-
tion of phosphorylated gamma-H2AX has been used to measure the amount of 
DNA damage [20]. More recently, SNP array-based signatures of chromosome 
instability have been reported as biomarkers of HR deficiency and sensitivity to 
PARP inhibitors [21].

7.2  Ovarian Clear Cell Carcinoma (OCCC)

7.2.1  Gene Expression of OCCC Closely Related  
to Oxidative Stress

Ovarian clear cell carcinoma (OCCC) is a chemoresistant subtype. Although it is 
rare in Western countries, it is increasing in Japan. It is often associated with an 
endometriotic cyst. We analyzed the content of endometriotic cysts and revealed it 
contained huge amount of iron, oxidative stress marker LPO, and 8-0HdG, a marker 
of DNA damage caused by oxidative stress. When the content of endometriotic cyst 
or iron was added to immortalized ovarian surface epithelial cells, intracellular reac-
tive oxygen species (ROS) was elevated. Then the content of endometriotic cyst or 
iron increased DNA mutations. Therefore, we hypothesized iron-mediated reactive 
oxygen species may cause DNA mutations and carcinogenesis [22].

Next we conducted a gene expression microarray analysis and identified clear 
cell-specific genes, termed “OCCC signature.” These genes contained HNF1B, 
SOD2, HIF1A, IL6, and STAT3. They enriched gene ontology terms related to oxi-
dative stress and glucose metabolism. Many of these genes had HNF1-binding 
motif in their promoter regions, suggesting that many are downstream genes of 
HNF1B. Interestingly, the OCCC signature genes were upregulated in immortalized 
ovarian surface epithelial cells by adding the content of endometriotic cyst or iron 
[23]. A methylation DNA microarray analysis revealed OCCC is distinct from other 
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subtypes in terms of the methylation profile. ER pathway genes were hypermethyl-
ated and downregulated, while HNF-1 pathway genes were hypomethylated and 
upregulated [24]. Therefore, the OCCC-specific gene expression seems to be stabi-
lized via the epigenetic mechanism.

7.2.2  Roles of HNF1B in OCCC

We investigated the roles of HNF1B in metabolism of OCCC cells. We found 
HNF1B increases glucose uptake by increasing GLUT1 expression, a major glucose 
transporter [25]. We conducted a metabolome analysis and found that the upregu-
lated HNF1B expression enhances anaerobic glucose metabolism, that is, Warburg 
effect, which is known to cause resistance to oxidative stress. We further analyzed 
the relationship between HNF1B and oxidative stress in clear cell carcinoma. 
Knockdown of HNF1B decreased the amount of glutathione, a redox substance. 
This was due to the decreased intracellular cystine, a substrate for the biosynthesis 
of glutathione, via the decreased expression of rBAT, a cystine transporter. Then, we 
found HNF1B knockdown increased intracellular ROS and cytotoxicity by iron- 
induced oxidative stress. Furthermore, in hypoxia, suppression of HNF1B increased 
sensitivity to cisplatin. Collectively, HNFB in clear cell carcinoma causes resistance 
to oxidative stress and platinum [26].

It is known that a germline mutation of HNF1B causes hereditary diabetes mel-
litus and renal hypoplasia. We found clear cell carcinoma is very similar to kidney 
cancer through the expression of HNF1B and its target genes. As sorafenib is effec-
tive for kidney cancer, we treated OCCC on nude mice by sorafenib and observed a 
prominent effect [27]. Then we treated two chemoresistant ovarian clear cell carci-
noma patients by sorafenib and observed antitumor effect [28]. Therefore, the simi-
larity of ovarian clear cell carcinoma with kidney cancer implies the efficacy of 
sorafenib for ovarian clear cell carcinoma.

7.2.3  Genetic Analyses of OCCC

By an analysis of exome sequences of eight OCCC tumors, Jones et al. identified 
four genes that were mutated in at least two tumors; PIK3CA, KRAS, PPP2R1A, 
and ARID1A. Out of 42 OCCCs, 57% had mutations in ARID1A [29]. In another 
study, ARID1A mutations were seen in 55 of 119 OCCCs (46%), 10 of 33 endo-
metrioid carcinomas (30%), and none of the 76 HGSOCs [30]. Out of 97 OCCCs, 
mutations of PIK3CA, TP53, KRAS, PTEN, CTNNB1, and BRAF occurred in 
33%, 15%, 7%, 5%, 3%, and 1% of samples, respectively [31]. Consistently, by 
an exome sequencing analysis of 39 OCCCs, we recently found ARID1A was the 
top mutated gene and PIK3CA was the second one (paper in preparation). The 
integrated analysis of gene mutations and copy number variations revealed KRAS-
PI3K pathway, SWI/SNF complex, and MYC-RB pathway were the most fre-
quently altered pathways.
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7.2.4  Analyses of Precursor Lesions of OCCC

ARID1A protein expression was analyzed in endometriosis-associated OCCCs 
(n = 28) and clear cell adenofibroma-associated OCCCs (n = 14). Among the pre-
cursor lesions adjacent to the 23 ARID1A-deficient carcinomas, 86% of the non-
atypical endometriosis (12 of 14) and 100% of the atypical endometriosis (14 of 
14), benign (3 of 3), and borderline (6 of 6) clear cell adenofibroma components 
were ARID1A deficient. In contrast, in the 19 patients with ARID1A-intact carcino-
mas, all of the adjacent precursor lesions were ARID1A positive [32]. In an analysis 
of 23 endometriosis-associated OCCCs, PIK3CA gene mutations were detected in 
10/23 (43%) carcinomas. The identical mutations were detected in the adjacent 
endometriotic epithelium in nine of ten (90%) cases [33]. Using whole-genome 
sequencing of seven endometriosis-associated OCCCs, ARID1A and PIK3CA muta-
tions were found in concurrent endometriosis regardless of any cytological atypia 
when present in the OCCC [34]. Collectively, these data indicate ARID1A and 
PIK3CA mutations are early event in the carcinogenic process of OCCC, which 
mutations are usually found in endometriotic lesions adjacent to OCCCs.

Recently, it was reported that Pik3ca and Arid1a mutations in the ovaries gener-
ate clear cell carcinoma in mice [35]. This tumor highly expressed Hnf1b. We 
hypothesize that iron-induced oxidative stress in endometriotic lesions may cause 
DNA damage, causing mutations of PIK3CA and ARID1A, which may lead to car-
cinogenesis of ovarian clear cell carcinoma. HNF1B plays important roles in 
Warburg effect and resistance to oxidative stress. This may be important for the 
progression of OCCC in the stressful condition of endometriotic cysts and for the 
development of platinum resistance. Further epigenetic changes, gene mutations, 
and copy number alterations may cause stabilization of OCCC-specific gene expres-
sion and biological features including chemoresistance.

7.3  Ovarian Endometrioid Carcinoma (OEC)

7.3.1  Genetic Analysis of OEC

Wu et al. analyzed gene mutations in OEC samples with different grades (grade 1; 
n = 20, grade 2; n = 26, grade 3; n = 26) and found mutations in CTNNB1 (13, 5, 
0%), APC (5, 0, 0%), KRAS (10, 12, 0%), PTEN (20, 8, 0%), PIK3CA (20, 8, 0%), 
and TP53 (15, 46, 65%), respectively. Therefore, high-grade OECs are likely to 
harbor TP53 mutations, while low-grade OECs frequently harbor mutations of Wnt/
β-catenin pathway and/or KRAS/PI3K pathway genes. Additionally, inactivation of 
the Pten and Apc in murine ovaries resulted in the formation of adenocarcinomas 
morphologically and biologically similar to human OECs [36]. More recently, 
ARID1A mutations were reported in 10 of 33 EOCs (30%) [30]. Consistently, 
another group reported mutations of CTNNB1 (53%), PIK3CA (40%), ARID1A 
(30%), PTEN (17%), KRAS (33%), PPP2R1A (17%), and TP53 (7%) in low-grade 
(grade 1 and 2) OECs (n = 30) [37].
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7.3.2  Genetic Analysis of Synchronous Endometrial  
and Ovarian Carcinoma

Five to ten percentage of women with OECs present with concurrent endometrial 
carcinoma. Based on both targeted and exome sequencing of 18 synchronous endo-
metrial and ovarian tumors, most (17/18) cases showed evidence of clonality. 
Importantly, 10 of 11 cases that fulfilled clinicopathological criteria that would lead 
to classification as independent endometrial and ovarian primary carcinomas 
showed evidence of clonality [38]. Therefore, the genome-wide analysis demon-
strated that most synchronous endometrial and ovarian carcinoma tumors develop 
from a clonal origin.

7.4  Mucinous Ovarian Tumors

7.4.1  Genetic Analysis of Mucinous Ovarian Tumors

Ryland et al. performed genetic analysis of a total of 82 mucinous ovarian tumors, 
which included exome sequencing of 24 tumors and a validation cohort of benign 
58 tumors for specific gene regions. Benign, borderline, and carcinoma samples 
harbored mutations in BRAF (0, 10, 23%), TP53 (9, 14, 52%), and RNF43 (0, 7, 
20%), respectively, in which mutations were associated with progression of the dis-
ease. Other recurrent, but not associated with progression, mutations were found in 
KRAS (54%), CDKN2A (16%), ARID1A (8%), ELF3 (6%), GNAS (6%), ERBB3 
(5%), and KLF5 (5%) [39]. In another study, RNF43 mutations were observed with 
a frequency of 2/22 (9%) in mucinous ovarian borderline tumors and 6/29 (21%) in 
mucinous ovarian carcinomas [40].

Overexpression and amplification of HER2 is observed in 11/176 (6%) muci-
nous borderline tumors and 29/154 (19%) mucinous cancers. KRAS mutations 
were seen in 26/33 (79%) mucinous borderline tumors and 31/71 (44%) mucinous 
cancers. Importantly, KRAS mutations and HER2 amplification coexisted only in 
5% of the cases and were near mutually exclusive [41].

7.4.2  Analysis of Coexisting Brenner Tumors

Brenner tumors are often associated with mucinous cystic neoplasm. DNA from six 
Brenner tumors with paired mucinous tumors, two Brenner tumors not associated 
with a mucinous tumor, and two atypical proliferative Brenner tumors was extracted 
and sequenced using a 358-gene next-generation sequencing assay. There was high 
concordance of the variants between paired samples (40–75%; P < 0.0001), sup-
porting a shared origin or progression. Four of the six mucinous tumors and the two 
atypical proliferative Brenner tumors showed RAS mutations [42]. These results 
suggest RAS mutations are required for Brenner tumors to develop mucinous 
tumors or atypical proliferative Brenner tumors.
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7.5  Serous Borderline Tumor (SBT) and low-Grade  
Serous Ovarian Carcinoma (LGSOC)

It has been well established that LGSOC and HGSOC are fundamentally different 
types of tumors. LGSOC can develop from SBT. No effective chemotherapy exists 
for patients with metastatic LGSOCs.

Jones et al. performed exome sequencing of eight LGSOCs and identified a total 
of 70 somatic mutations in 64 genes in seven of these tumors. The eighth case dis-
played a mutator phenotype with 783 somatic mutations, including a nonsense 
mutation in the mismatch repair gene, MSH2. Representative mutations were ana-
lyzed in an additional nine LGSOCs and 10 SBTs. The genes showing the most 
frequent mutations were BRAF and KRAS, occurring in 38% and 19% of the tumors, 
respectively [43]. Hunter et al. performed copy number analysis and mutation 
hotspot analysis of KRAS, BRAF, NRAS, HRAS, ERBB2, and TP53 for 57 SBTs and 
19 LGSOCs. Copy number aberrations were detected in 61% of SBTs and 100% of 
LGSOCs. Oncogenic RAS/RAF/ERBB2 mutations were detected in 83% (47/57) 
of SBTs and 63% (12/19) of LGSOCs. Additionally, exome sequencing for 13 SBTs 
and 10 LGSOCs identified BRAF, KRAS, NRAS, USP9X, and EIF1AX as the most 
frequently mutated genes [44]. These results indicate that oncogenic RAS/RAF 
mutations are crucial in the development of SBT/LGSOC.

7.6  Small Cell Carcinoma of the Ovary, Hypercalcemic  
Type (SCCOHT)

SCCOHT is a rare disease, but it is the most common undifferentiated ovarian 
malignancy in women under 40 years of age. Witkowski et al. discovered germline 
mutations in SMARCA4 in four families with SCCOHT. Immunohistochemical 
analysis showed loss of SMARCA4 protein in 38 of 40 SCCOHT cases. Sequencing 
identified at least one germline or somatic SMARCA4 mutation in 30 of 32 cases. 
Therefore, alterations in SMARCA4 is the major cause of SCCOHT [45].

Fahiminiya et al. performed exome sequencing on 14 SCCOHT tumors and con-
firmed that SMARCA4 is the only recurrently mutated gene in SCCOHT. Because 
alterations in SMARCA4 have been reported in atypical teratoid/rhabdoid tumors 
(ATRTs) and malignant rhabdoid tumors (MRTs), they analyzed if SCCOHT was 
biologically similar to ATRT. By the analysis of 45 SCCOHTs, 65 ATRTs, and 92 
HGSOCs, they demonstrated the genomic and epigenomic signatures of SCCOHT 
were more similar to those of ATRT than HGSC [46].
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8Hereditary Ovarian and Endometrial 
Cancers: Current Management

Akira Hirasawa and Daisuke Aoki

Abstract
Hereditary breast and ovarian cancer (HBOC), Lynch syndrome, and Peutz- 
Jeghers syndrome (PJS) are including hereditary gynecological tumors. While 
such tumors share common phenotypes with non-hereditary (sporadic) tumors, 
they are autosomal dominant diseases; therefore, knowledge of a family’s dis-
ease history is the first step towards identifying hereditary tumors.

Keywords
Hereditary tumor • Hereditary breast and ovarian cancer • Lynch syndrome • 
Genetic testing • Risk-reducing salpingo-oophorectomy

8.1  Introduction

The endpoint of clinical research on hereditary tumors is to reduce mortality for 
cancer. However, effective screening systems have not been established for detect-
ing ovarian cancer; therefore, risk-reducing salpingo-oophorectomy (RRSO) 
remains the most effective ovarian cancer prevention strategy for mutation carriers. 
Furthermore, genetic testing for hereditary tumors is used alongside companion 
diagnostics to select the appropriate chemotherapy regimens, such as poly (ADP- 
ribose) polymerase (PARP) inhibitors for carriers of the BRCA1 and/or BRCA2 
(BRCA1/2) mutations.

In this chapter, hereditary tumors, genetic testing, cancer prevention for unaf-
fected mutation carriers, and companion diagnostics for ovarian cancer patients 
with BRCA1/2 mutations are described.
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8.2  Carcinogenesis of Hereditary Tumors

Both genetic and environmental factors can cause cancers (Fig. 8.1). Germ-line 
mutations are the underlying cause of hereditary tumors, many of which are autoso-
mal dominant diseases. If a parent harbors a mutant allele, 50% of the mutation 
carrier’s children are likely to be mutation carriers (Fig. 8.2). The two-hit 

Genetics

Environment

Monogenic disease(e.g., 
Mendelian disorders and 

hereditary tumors)  

Environmental factors
(e.g., injuries 
and nutrition) 

Combination of hereditary
predisposition and

environmental factors (e.g., 
common diseases, sporadic 

cancers, and lifestyle-
related diseases). 

Fig. 8.1 Environmental and genetic factors in diseases. Many diseases, including cancer, are 
influenced by both environmental and genetic factors. Hereditary tumors are mainly caused by 
genetic factors. Examples of environmental factors for carcinogenesis are chemicals, smoking, 
ultraviolet light exposure, diet, viruses, and hormones

×

×

×: mutation

Mutation carrier 

×

Mutation carrier 

Fig. 8.2 Autosomal dominant inheritance pattern. Many hereditary tumors show an autosomal 
dominant pattern. Germ-line mutations are represented by (×). Fifty percent of the offspring of a 
mutantion carriers are also likely to carry mutations
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hypothesis formulated by Alfred Knudson [1] stated that multiple hits are necessary 
to cause cancer (Fig. 8.3); this may explain why hereditary tumors frequently 
involve onset at a younger age and tend to exhibit multiple lesions and bilateral 
diseases more frequently (Fig. 8.4) [1].

××

1 hit

×

2 hit

1 hit

××
×

Sporadic (non-hereditary) tumor

Hereditary tumor  
×: mutation:

Fig. 8.3 Two-hit theory (Knudson’s hypothesis). This hypothesis was based on statistical models 
from retinoblastoma patients. In this representation, two hits are required for carcinogenesis. Carriers 
of hereditary germ-line mutations already harbor the first ‘hit’ and the second hit follows after birth

Hereditary tumor Sporadic (non-hereditary) tumor

Germline mutation

Somatic mutation

  Multiple tumors

  Bilateral tumors

  Early onset

Wild type

Somatic mutation

  Solitary tumor

  Unilateral tumor

  Late onset

Somatic mutation

1
1

2 2

Fig. 8.4 Hereditary and non-hereditary tumors. A comparison of hereditary vs. sporadic (non- 
hereditary) tumors. Hereditary tumors have different characteristics than sporadic tumors; multiple 
affected persons can be found in the pedigree. Moreover, onset at a younger age, multiple tumors, 
and bilateral tumors can occur. This phenomenon can be explained by the two-hit theory
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8.3  Hereditary Gynecologic Cancers

Hereditary gynecologic cancers involve HBOC, Lynch syndrome, PJS, Cowden 
syndrome and Li–Fraumeni syndrome. Table 8.1 presents a list of hereditary gyne-
cologic cancers with related tumors and associated genes.

8.4  Hereditary Breast and Ovarian Cancer

Pathogenic germ-line variants in BRCA1/2 produce an increased risk of cancer in 
the breasts, ovaries, fallopian tubes, peritoneum, prostate, and pancreas. Individuals 
with male breast cancer are more commonly associated with families in which 
mutations in BRCA2 are more prevalent compared with BRCA1. Mutations in 
BRCA1/2 should be suspected in individuals with a personal or family history (i.e., 

Table 8.1 Hereditary gynecologic cancers

Syndrome Related tumors and typical phenotype
Associated 
gene

Hereditary breast and ovarian 
cancer syndrome

Breast cancer (including male breast 
cancer)

BRCA1

Ovarian cancer, fallopian tube cancer, 
peritoneal cancer

BRCA2

Prostate cancer
Pancreatic cancer

Lynch syndrome Colorectal cancer MSH2
Endometrial cancer MLH1
Ovarian cancer PMS2
Small intestinal cancer MSH6
Renal pelvic, or ureteral cancer
Gastric cancer
Hepatobiliary cancer
Sebaceous neoplasms of the skin in Muir-Torre syndrome

Peutz-Jeghers syndrome Gastrointestinal polyposis STK11
Mucocutaneous pigmentation
Colorectal, stomach and small bowel 
cancers
Adenoma malignum of the cervix
Sertoli cell tumors of the testes
Sex cord tumors with annular tubules
Ovarian tumor
Breast cancer
Pancreatic cancer

Cowden syndrome Breast cancer PTEN
Thyroid cancer
Macrocephaly
Endometrial carcinoma
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in a first-, second-, or third-degree relative in either lineage) on the basis of any of 
the criteria listed in Table 8.2 [2].

Approximately 10–15% of patients with ovarian cancers harbor BRCA1/2 germ- 
line mutations [3, 4]. Table 8.3 shows the lifetime risk for HBOC-related cancers in 
patients who carry BRCA1/2 mutations [2]. Hence, gynecologists are likely to fre-
quently encounter patients who are BRCA1/2 germ-line mutation carriers. Therefore, 
gynecologists who work in primary care are required to evaluate the genetic risks of 
HBOC in their patients and families.

Ovarian serous carcinoma is frequently observed in BRCA1/2 mutation carriers, 
and ovarian cancers with BRCA1/2 mutations have been reported to exhibit unique 
chemosensitivity and prognosis [5–7]. For example, recently developed PARP 
inhibitors are more effective against BRCA1/2-mutated ovarian cancer [8]. 
Therefore, BRCA1/2 genetic testing is increasingly being performed in conjunction 
with companion diagnostics.

8.5  Lynch Syndrome

Lynch syndrome is caused by germ-line mutations in the mismatch repair (MMR) 
genes; MLH1, MSH2, MSH6, or PMS2. These mutations increase the risk of colon 
cancer as well as cancers of the endometrium, ovary, stomach, small intestine, 

Table 8.2 Factors in the clinical diagnosis of hereditary breast and ovarian cancer [2]

Breast cancer diagnosed at the age of 50 years or younger
Ovarian cancer
Multiple primary breast cancers in either the same or contralateral breast
Comorbid breast and ovarian cancers
Male breast cancer
Triple-negative (estrogen receptor negative, progesterone receptor negative, and HER2 
negative) breast cancer
Pancreatic cancer with breast or ovarian cancer in the same individual or on the same side of 
the family
Ashkenazi Jewish ancestry
Two or more relatives with breast cancer, one under the age of 50
Three or more relatives with breast cancer at any age
A previously identified BRCA1 or BRCA2 pathogenic variant in the family

“Breast cancer” includes both invasive cancer and ductal carcinoma in situ (DCIS). “Ovarian can-
cer” includes epithelial ovarian cancer, fallopian tube cancer, and primary peritoneal cancer

Table 8.3 The lifetime risk 
for hereditary breast and 
ovarian-related cancers in 
individuals carrying 
pathogenic variants of 
BRCA1/2 [2]

Cancer type Risk (%)
Breast cancer 40–80
Ovarian cancer 11–40
Male breast cancer 1–10
Prostate cancer Up to 39
Pancreatic cancer 1–7
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hepatobiliary tract, urinary tract, brain, and skin. Table 8.4 lists the characteristics 
of individuals with Lynch syndrome [2]. Colorectal and endometrial cancers are 
frequently found among carriers of MMR genes mutations, followed by gastric and 
ovarian cancers. While the risks of other Lynch syndrome-related cancers are lower, 
they remain elevated compared to the general population. Microsatellite instability 
(MSI) within tumor tissues and lower or absent expression of proteins encoded by 
MMR genes increase the probability of developing Lynch syndrome. Therefore, 
MSI or protein expression with immunohistochemistry (IHC) of MMR genes are 
frequently employed to screen Lynch syndrome before genetic testing of MMR 
genes.

8.6  Detecting Hereditary Tumors in Clinical Practice 
and Introducing Genetic Counseling

It is important for a primary care physician to determine the family histories of 
individuals with hereditary tumors; therefore, thorough interviews are neces-
sary. If the primary physician suspects that a patient’s tumor is hereditary in 
nature, screening of the patient’s family should be considered, at least up to 
second-degree relatives (i.e., grandparents, uncles, aunts, nephews, nieces, and 
grandchildren). Moreover, genetic counseling is recommended in such cases  
[9, 10].

The American Congress of Obstetricians and Gynecologists has released criteria 
for identifying patients who are predisposed to HBOC, and for whom genetic risk 
assessment is recommended [11]; Table 8.5 lists these criteria. Furthermore, the 
Amsterdam II Criteria are applied for the clinical screening of Lynch syndrome 
(Table 8.6) [12]. MSI and/or IHC tests can be performed in patients suspected of 

Table 8.4 Cancer risks in individuals ≤70 years with Lynch syndrome compared to the general 
population [2]

Cancer type
General population 
risk (%)

Lynch syndrome (MLH1 and MSH2 
heterozygotes)

Risk (%) Mean age of onset (years)
Colon 4.80 52–82 44–61
Endometrium 2.70 25–60 48–62 years
Stomach <1 6–13 56 years
Ovary 1.40 4–12 42.5 years
Hepatobiliary tract <1 1.4–4 Not reported
Urinary tract <1 1–4 ~55 years
Small bowel <1 3–6 49 years
Brain/central nervous 
system

<1 1–3 ~50 years

Sebaceous neoplasms <1 1–9 Not reported
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having Lynch syndrome. Finally, genetic testing for BRCA1/2 or MMR genes can 
differentiate the diagnosis of HBOC or Lynch syndrome.

8.7  Cancer Prevention and Risk Reduction Strategies

The endpoint of hereditary tumor research is to reduce mortality for cancers in 
mutation carriers who are at risk. RRSO is recommend for BRCA1/2 mutation car-
riers. RRSO reduces the risk of ovarian cancer for unaffected BRCA1/2 mutation 
carriers by 71–96% [13–18], and is usually performed after the completion of child-
bearing and during premenopausal years. However, premenopausal bilateral oopho-
rectomy produces adverse effects; early-stage menopausal symptoms such as hot 
flashes, fatigue, shoulder stiffness, and palpitations can give rise to coital pain, atro-
phic vaginitis, urethritis, urinary incontinence, skin atrophy, and obesity. Long-term 
problems, such as osteoporosis or osteopenia, dyslipidemia, and arteriosclerosis, 
can also occur. Such adverse effects require monitoring by physicians who work on 
women health care [19].

Table 8.5 Criteria for genetic risk assessment by the American Congress of Obstetricians and 
Gynecologists [11]

Patients with an approximate chance greater than 20–25% of having an inherited predisposition 
to breast and ovarian cancer, and for whom genetic risk assessment is recommended:
  • Women with a personal history of both breast and ovarian cancersa

  • Women with ovarian cancera who has a close relativeb with ovarian cancer, 
premenopausal breast cancer, or both

  • Women with ovarian cancera who are of Ashkenazi Jewish ancestry
  • Women with breast cancer at age 50 years or younger who have a close relativeb with 

ovarian cancera or male breast cancer at any age
  • Women of Ashkenazi Jewish ancestry in whom breast cancer was diagnosed at age 

40 years or younger
  • Women with a close relativeb known to have a BRCA1 or BRCA2 mutation

aCancer of the peritoneum and fallopian tubes should be considered part of the spectrum of heredi-
tary breast and ovarian cancer syndromes
bClose relative is defined as a first-degree relative (mother, sister, daughter) or second-degree rela-
tive (grandmother, granddaughter, aunt, niece)

Table 8.6 The Amsterdam II criteria for the clinical screening of Lynch syndrome [12]

• Three or more family members (one of whom is a first-degree relative of the other two) with 
HNPCC-related cancers
• Two successive affected generations
• One or more of the HNPCC-related cancers diagnosed before the age of 50 years
• Exclusion of familial adenomatous polyposis

HNPCC hereditary nonpolyposis colorectal cancer
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Furthermore, according to recent NCCN guidelines, RRSO is also recommend 
in mutation carriers of MMR genes (MSH2, MLH1, MSH6, PMS2, EPCAM), and is 
considered in mutation carriers of RAD51C, RAD51D and BRIP1 [20].

8.8  Current State of HBOC Research

Recently, multi-gene assaying has been introduced that can analyze that status of 
multiple suspect genes simultaneously. Furthermore, genetic testing for hereditary 
tumors is applied not only for assisting in cancer diagnosis but also for companion 
diagnostics. BRCA1/2 testing is used as a companion diagnostic for PARP inhibi-
tors. Furthermore, MSI screening may be used to predict the sensitivity of PD-1 
(anti-programmed death-1) antibody because significant responses of cancers with 
MSI to anti–PD-1 inhibitors in patients who failed conventional therapy [21].

 Conclusion

If clinicians suspect that an unusual number or pattern of cancers within a family 
may be caused by an inherited cancer predisposition genes, genetic counseling 
can be provided and genetic testing can be offered to find out inherited cancer 
genes. Gynecologists can play key roles in identifying women with hereditary 
cancer syndrome; this may help reduce mortality for mutation carriers.
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Abstract
Patients with uterine leiomyosarcoma (Ut-LMS) typically present with vaginal 
bleeding, pain, and a pelvic mass. Typical presentations with hypercalcemia or 
eosinophilia have been reported. Radiographic evaluation with combined positron 
emission tomography (PET)/computed tomography (CT) may assist in the diag-
nosis and surveillance of women with Ut-LMS. A recently developed risk assess-
ment index is highly predictive of disease-specific survival. Ovarian preservation 
does not appear to negatively impact outcome, and the addition of adjuvant ther-
apy after surgical treatment does not seem to improve survival. It is noteworthy 
that homozygous-deficient mice for a proteasome β1i subunit, PSMB9/β1i, spon-
taneously develop Ut-LMS with a disease prevalence of ~37% by 12 months of 
age. The PSMB9/β1i gene is transcribed from a promoter containing an interferon 
(IFN)-γ-response factor element (IRF-E); thus, the IFN-γ-signal markedly induces 
PSMB9/β1i expression. Furthermore, recent reports demonstrated the loss of abil-
ity to induce PSMB9/β1i expression, which is an IFN-γ-inducible factor, in human 
Ut-LMS tissues and Ut-LMS cell lines. Analysis of human Ut-LMS shows 
somatic mutations in the IFN-γ-signal  pathway; thus the loss of PSMB9/β1i 
induction is attributable to a defect in the earliest steps of the IFN-γ signal path-
way. The discovery of an impaired key cell signaling pathway may provide new 
targets for diagnostic approaches and therapeutic intervention.

Keywords
Uterus • Leiomyosarcoma • psmb9/β1i • IFN-γ signaling pathway

9.1  Introduction

Smooth muscle tumors (SMTs) have been traditionally divided into benign leio-
myomas (LMA) and malignant leiomyosarcomas (LMS) based on cytological 
atypia, mitotic activity, and other criteria. Uterine LMS (Ut-LMS), which are some 
of the most common neoplasms of the female genital tract, are relatively rare SMTs, 
having an estimated annual incidence of 0.64 per 100,000 women [1]. They account 
for approximately one-third of uterine sarcomas and are considered to be aggressive 
malignancies with a 5-year survival rate of only 53% for tumors confined to the 
uterus [2, 3]. Gynecological malignant tumors, for instance, breast cancer and endo-
metrial carcinomas, are strongly promoted by female hormones, but the rate of hor-
mone receptor expression is reported to be significantly less in human Ut-LMS 
compared with normal uterine smooth muscle (Ut-SM) cells. These low receptor 
expressions were found to not correlate with the promotion of initial disease devel-
opment or with the overall survival of patients with Ut-LMS; however, molecular 
targeting therapies against tumors have recently shown remarkable achievements 
[4, 5]. It is noteworthy that, when adjusting for stage and mitotic count, Ut-LMS has 
a significantly worse prognosis than carcinosarcoma [6]. As Ut-LMS is resistant to 
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chemotherapy and radiotherapy, and thus surgical intervention is virtually the only 
means of treatment for this disease, developing an efficient adjuvant therapy is 
expected to improve the prognosis of the disease [7–9]. A trend toward prolonged 
disease-free survival is seen in patients with matrix metalloproteinase (MMP)-2- 
negative tumors [10]. Although typical presentations with hypercalcemia or eosino-
philia have been reported, this clinical abnormality is not an initial risk factor for 
Ut-LMS. Homozygous-deficient mice for a proteasome β1i subunit, PSMB9/β1i, 
exhibit tissue- and substrate-dependent defect in physiological function of immuno-
proteasome, and Psmb9/β1i−/− female mice are shown to develop Ut-LMS, with a 
disease prevalence of 36% by 12 months of age [11, 12]. Furthermore, a recent 
report showed that the loss of PSMB9/β1i expression in human Ut-LMS tissues is 
probably attributable to a defect in the earliest steps of the IFN-γ signal pathway. 
Defective PSMB9/β1i expression may initiate the development of spontaneous 
human Ut-LMS [12, 13]. Because there is no effective therapy for unrespectable 
human Ut-LMS, these findings may enable the development of diagnostics and spe-
cific molecular therapies to treat this disease.

9.2  PSMB9/β1i-Deficient Mice Exhibit Spontaneous 
Development of Uterine LMS

Although gynecological malignant tumors, for instance, breast cancer and endome-
trial carcinomas, are strongly promoted by female hormones, the rate of hormone 
receptor expression is reported to be significantly less in Ut-LMS than in normal 
uterine smooth muscle (Ut-SM). As apoptotic mechanisms have also been impli-
cated in many human malignant tumors, investigating the dysregulation of the 
expression of apoptotic and/or cell cycle regulators in Ut-LMS is required to iden-
tify molecular pathways that could possibly be important in the development of 
human Ut-LMS. Although the significant differential expression of apoptotic and 
cell cycle regulatory factors, including initiation factor, in human Ut-LMS, has all 
been reported and compared to normal Ut-SM, there exists no scientific evidence to 
show that abnormal expression of these factors directly correlates to the initiation 
and promotion of human Ut-LMS [14–19].

The targeted disruption of Psmb9/β1i results in the impairment of tissue- and 
substrate-dependent physiological function of immunoproteasome [11]. Psmb9/
β1i−/− mice were reported to be prone to the development of uterine neoplasms [12]. 
The percentage of mice with overt tumors increased with age after 6 months, with a 
cumulative prevalence of disease in female mice of 37% by 12 months of age and 
no apparent plateau at this late observation time. Ut-LMS was observed in Psmb9/
β1i −/− female mice but not in their parental mice, C57BL/6 mice [12] (Fig. 9.1). 
Histological examinations of Psmb9/β1i−/− uterine neoplasms revealed common 
characteristic abnormalities of human Ut-LMS (Fig. 9.1). The tumors lacked lym-
phoid infiltrates, which is a sign of immune recognition, and consisted of uniform 
elongated Ut-SM cells arranged into bundles. The nuclei of the tumor cells varied in 
size and shape; furthermore, mitosis was frequent. In contrast, Ut-SM cells of 
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C57BL/6 mice were normal in appearance, and relatively few Ki-67-positive cells, 
the proliferating cells of solid tumors, were observed in the basal cell layer of nor-
mal Ut-SM, whereas most basal cells vividly expressed Ki-67 in Psmb9/β1i−/− mice 
[12]. These histopathological examinations indicate the abnormal proliferation of 
Psmb9/β1i−/− Ut-SM cells in the basal cell layer of normal Ut-SM. In Psmb9/β1i−/− 
mice, immunoproteasomal activity against hydrophobic and basic substrates but not 
acidic substrates was lower in the muscle [11]. Furthermore, flow cytometric analy-
sis showed no difference in the expression of MHC class I molecules. Importantly, 
spontaneous murine Ut-LMS was particularly detected, but no other tumor 

Fig. 9.1 Development of uterine neoplasms in Psmb9/β1i −/− mice. Uterine neoplasms in Psmb9/
β1i −/− mice. Photographs of H&E staining and immunohistochemistry (IHC) with anti-ki-67/
MIB1 antibody show the characters of uterine neoplasm. Histological examinations of the 
Psmb9−/− uterine tumors revealed the common characteristic abnormalities of uterine leiomyosar-
comas (LMS). Presentation of these histological data in this manuscript was approved by Prof. 
Susumu Tonegawa (Picore Inst. and Dept. of Biology, M.I.T., MA)
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progression was observed at high/low incidences in both male and female Psmb9/
β1i−/− mice; therefore, PSMB9/β1i expression, rather than providing an escape from 
immune surveillance, seems to play an important role in the spontaneous develop-
ment of murine Ut-LMS.

9.3  Correlation Between Defective PSMB9/β1i Expression 
and Human Uterine LMS

Several reports suggest that IFN-γ-induced restoration of antigen-processing 
machinery improves antitumor-specific antigen cytotoxic T-lymphocyte (CTL) 
recognition in some patients; thus, approaches to activate this pathway may be of 
benefit to patients with PSMB9/β1i deficiency. Furthermore, it should be demon-
strated whether human Ut-LMS shows a weak expression of PSMB9/β1i. The 
effects of IFN-γ on PSMB9/β1i expression were examined using five human 
Ut-LMS cell lines [13]. PSMB9/β1i expression were not markedly induced by 
IFN-γ treatment in human Ut-LMS cell lines, although cervical epithelial adeno-
carcinoma cell lines and normal human Ut-SM cells underwent strong induction of 
PSMB9/β1i following IFN-γ treatment [13]. Furthermore, the experiments, per-
formed separately at several medical facilities, revealed a serious loss in the ability 
to induce PSMB9/β1i expression in human Ut-LMS tissues in comparison with 
normal myometrium tissues located in the same tissue sections: normal myome-
trium, total 72 cases; LMA, total 51 cases; bizarre LMA, total three cases; and 
LMS, total 58 cases [13]. In addition, immunohistochemistry (IHC) showed 
marked PSMB9/β1i expression in cervical epithelial adenocarcinoma tissues as 
well as cell lines treated with IFN-γ.

The defect was localized to Janus-activated kinase 1 (JAK1) activation, which 
acts upstream in the IFN-γ signal pathway since IFN-γ treatment could not strongly 
induce JAK1 kinase activity in human Ut-LMS cell lines. Sequence analysis dem-
onstrated that the loss of IFN-γ responsiveness in the human Ut-LMS cell line was 
attributable to the inadequate kinase activity of JAK1 due to a G781E somatic muta-
tion in the ATP-binding region on human JAK1 molecule [13].

9.4  Mutations in IFN-γ Signaling Pathway in Human  
Uterine LMS Tissues

IFN-γ treatment markedly increased the expression of PSMB9/β1i, a subunit of the 
proteasome, which alters the proteolytic specificity of proteasomes. After binding 
of IFN-γ to the type II IFN receptor, JAK1 and JAK2 are activated and phosphory-
late the signal transducer and activator of transcription 1 (STAT1) on the tyrosine 
residue at position 701 (Tyr701) and the serine residue at position 727 (Ser727) [20, 
21] (Fig. 9.2). The phosphorylated STAT1 forms homodimers that translocate to the 
nucleus and bind IFN-γ-activated site (GAS) elements in the promoters of IFN-γ- 
regulated genes [20, 21] (Fig. 9.2).
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Genetic alterations in tyrosine kinases have previously been firmly implicated in 
tumorgenesis, but only a few serine/threonine kinases are known to be mutated in 
human cancers [22–25]. For instance, mice carrying homozygous deletion of Pten 
alleles developed widespread smooth muscle cell hyperplasia and abdominal leiomyo-
sarcomas [26] and JUN oncogene amplification and overexpression block adipocytic 
differentiation in highly aggressive sarcomas [27]. Most frequently, leiomyosarcomas 
(LMS) have appeared in the uterus, retroperitoneum, or extremities, and although his-
tologically indistinguishable, they have different clinical courses and chemotherapeutic 
responses. The molecular basis for these differences remains unclear. Therefore, the 
examination of human Ut-LMS tissues (32 human Ut-LMS tissue sections and normal 
myometrium tissue sections located in the same tissue) was performed to detect somatic 

PSMB9 expression by IFN-γ pathway

PSMB9

IRF1

STAT

PKC-δ
Ser 727

PI3K

Ser 727

Tyr 701

Tyr 701

STAT

STAT

p85 p106

IFN-γ

IFN-γR

GAS

IRF-E

JAK2 JAK1

Fig. 9.2 Key role of the IFN-γ signaling pathway on PSMB9/β1i expression in human myome-
trium. After the binding of interferon-γ (IFN-γ) to the type II IFN receptor, Janus-activated kinase 
1 (JAK1) and JAK2 are activated and phosphorylate signal transducer and activator of transcription 
1 (STAT1) on the tyrosine residue at position 701 (Tyr701). The tyrosine-phosphorylated form of 
STAT1 forms homodimers that translocate to the nucleus and bind to IFN-γ-activated site (GAS) 
elements that are present in the promoters of IFN-γ-regulated genes. The IFN-γ-activated JAKs 
also regulate, through yet unknown intermediates, activation of the catalytic subunit (p110) of 
phosphatidylinositol 3-kinase (PI3K). PI3K activation ultimately results in downstream activation 
of protein kinase C-δ (PKC-δ), which in turn regulates phosphorylation of STAT1 on the serine 
residue at position 727 (Ser727). The phosphorylation of Ser727 is not essential for the transloca-
tion of STAT1 to the nucleus or for the binding of STAT1 to targeting DNA, but is required for full 
transcriptional activation. IFNGR1, IFN-γ receptor subunit 1; IFNGR2, IFN-γ receptor subunit 2
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(tumor-specific) mutations in the IFN-γ signal cascade. The genetic approach has 
already addressed that somatic mutations in JAK1 molecule correlate to the initiation 
of several cancer progressions and other disorders [28–30]. Overall, nearly 37.5% 
(6/16) of human Ut-LMS tissues had mutations in the catalytic regions, the ATP-
binding region or kinase-active site of JAK1. Furthermore, the genetic approach has 
already revealed that somatic mutations in the PSMB9/β1i molecule or its enhancer 
region correlate to the initiation of several cancer progressions and other disorders; 
31.3% (5/16) of human Ut-LMS tissues had somatic mutations in the Psmb9 promoter 
region, which is required for transcriptional activation [31–35]. In addition, genetic 
examination has already demonstrated that somatic mutations in the STAT1 molecule 
correlate to the initiation of several disorders [36–39]. Nearly 37.5% (6/16) of human 
Ut-LMS tissues had somatic mutations in the STAT1 intermolecular region. Although 
the genetic approach has already addressed that marked JAK2 activation causes myelo- 
and lymphoproliferative disease, no somatic mutation in the ATP-binding region and 
kinase-active site of JAK2 was detected in human Ut-LMS [40–44]. In a recent report, 
high-resolution genome-wide array comparative genomic hybridization (CGH) analy-
sis of human Ut-LMS cases gave gene-level information about the amplified and 
deleted regions that may play a role in the development and progression of human 
Ut-LMS. Among the most intriguing genes, whose copy number sequence was 
revealed by CGH, were loss of JAK1 (genome locus 1p31 ~ p32) and PSMB9 (genome 
locus 6p21.3) [45, 46]. The discovery of these mutational defects in a key cell signaling 
pathway may be an important development in the pathogenesis of human Ut-LMS.

It is probable that the list of new elements involved in IFN-mediated signal cas-
cade will continue to grow during the next few years, whereas the contributions of 
known pathways might need to be reevaluated. At present, it seems that the activa-
tion of more than one signaling pathway is required for the generation of different 
biological properties of IFNs, and no signaling cascade alone is sufficient for the 
generation of any given biological endpoint. For example, the physiological func-
tions of the STAT, NF-κB, and p38 signaling pathways are required for antiviral 
effects or antitumor effects of IFNs, but activation of these pathways alone is not 
sufficient to elicit an antiviral or antitumor response [47, 48]. Such a requirement 
for multiple signaling pathways also seems to be the case for IFN-dependent antip-
roliferative responses and might reflect the synergistic effects of various signals at 
the levels of gene transcription and translation; therefore, additional genetic analy-
sis is required to completely elucidate the mutational activation of a key cell signal-
ing pathway in human Ut-LMS.

9.5  Potential Role of Anti-Oncogenic Function 
by PSMB9/ β1i

The growth of cell lines with JAK1 kinase activity is strongly inhibited by IFN-γ 
treatment, whereas the growth of JAK1-deficient cell lines is unaffected [49]. 
Similarly, the cell cycle distribution pattern of freshly explanted tumor cells 
derived from JAK1-deficient tumors shows no response to IFN-γ treatment [49]. 
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The growth of the original SKN human Ut-LMS cells, which had defective JAK1 
activity, was unaffected by IFN-γ treatment (population doubling time 
(PDT) = 15.2 h) [13]. In contrast, the growth of JAK1-transfected SKN cells, 
which had strong exogenous JAK1 activity, was prevented by IFN-γ treatment 
(PDT = 18.1 h). Interestingly, analysis of PSMB9/β1i-transfected SKN cells 
showed that exogenous PSMB9/β1i expression resulted in cell growth arrest 
(PDT = 17.9 h) [13]. Conversely, the growth of PSMB9/β1i-transfected SKN cells 
was unaffected by IFN-γ treatment (PDT = 18.0 h). In SKN-PSMB9/β1i transfec-
tants, there is a correlation between the levels of exogenous PSMB9 expression 
and the degree of suppression of the transformed phenotype [13, 50]. The physio-
logical function of PSMB9/β1i with revertant-inducing activity on SKN cells has 
been demonstrated.

Microarray analysis provides insight into the gene expression changes associated 
with malignant transformation. To investigate whether stable PSMB9/β1i expres-
sion contributes to cell growth phenotype in SKN cells, the experiment (using 
Affymetrix Human GeneChip HG U133 Plus2.0) demonstrated the gene expression 
profile of SKN cells transfected with plasmid without insert (pCEP9) compared 
with PSMB9/β1i coding DNA (pCEP9-PSMB9/β1i). Microarray analysis has eluci-
dated that PSMB9 expression dramatically influences the expression pattern of cell 
cycle regulators, especially anti-oncogenic factor interferon regulatory factor 1 
(IRF-1), which directly correlates to progressively worsen with the increasing stage 
and grade of the tumor [50–52] (Fig. 9.3). In the farther study, we show that PSMB9/
β1i may negatively regulate prograssion of human Ut-LMS independently of its role 
in the proteasome. Moreover, several lines of evidence indicate that although 
CALPONIN h1 does not directly influence tumorigenesis, it clearly affects PSMB9/
β1i-induced cellular morphological changes [51].

The downregulation of MHC expression, including the Psmb9/β1i gene, is one 
of the biological mechanisms that tumor cells use to evade host immune surveil-
lance. Recently, the incidence of IFN-γ unresponsiveness in human tumors was 
examined in several cancers and revealed that around 33% of each group exhibited 
a reduction in IFN-γ sensitivity [53]. Nevertheless, PSMB9/β1i expression, rather 

Normal myometrium

IRF1 down
regulation

Uterine leiomyosarcoma

PSMB9-/- others

Transform

Fig. 9.3 Model for the initiation of sarcomagenesis of uterine leiomyosarcoma. The initiation of 
sarcomagenesis of uterine leiomyosarcoma development is attributed to defect in PSMB9/β1i 
expression, which results in marked cell proliferation

T. Hayashi et al.



145

than providing an escape from immune surveillance, seems to play an important 
role in the negative regulation of Ut-LMS cell growth. Defective PSMB9/β1i 
expression is likely to be a risk factor for the development of human Ut-LMS, as it 
is in PSMB9/β1i-deficient mice.

9.6  Tumor Suppressor and Oncogenic Pathways  
Involved in Sarcomagenesis

Tumor protein 53 (TP53) anti-oncogenic pathway is one of the most well- 
characterized signal cascades in tumorigenesis [54]. TP53 gene encodes a tran-
scription factor required for the activation of numerous DNA damage cell cycle 
checkpoint response and apoptotic factors, and thus its activities are often ablated 
in many malignant tumors. In addition to the loss of TP53 physiological func-
tions via inherited germ line mutations, the TP53 signaling pathway is com-
monly disrupted by point mutations in the TP53 gene during sporadic 
sarcomagenesis [55, 56]. However, even though TP53 gene alterations are widely 
regarded to have a significant impact on sarcomagenesis, many soft tissue sarco-
mas retain wild-type TP53 but phenotypically display a loss of TP53 physiologi-
cal function. These research observations suggest that changes in other 
components of TP53 signal cascade, such as amplification of MDM2, a negative 
regulator of TP53 signal pathway, may result in TP53 inactivation [57, 58]. 
Furthermore, mice and humans with elevated levels of MDM2 due to a high fre-
quency single nucleotide polymorphism in the MDM2 promoter (Mdm2SNP309) 
are both more susceptible to sarcoma formation [59]. Additionally, deletion or 
silencing of P19Arf (P14ARF in human), an inhibitor of the MDM2/TP53 axis, 
often results in the development of soft tissue sarcomas. Together, these findings 
indicate that while inactivation of the TP53 signal pathway is observed in the 
vast majority of human soft tissue sarcomas, the mechanisms leading to disrup-
tion of the pathway vary greatly.

The retinoblastoma (RB) signal pathway represents a second major anti- 
oncogenic pathway that is deregulated in many soft tissue sarcomas. Individuals 
inheriting a germ line RB mutation typically develop cancers of the eye early in life. 
However, in addition to retinal malignant tumors, these children have a significantly 
higher propensity to develop soft tissue sarcomas than the general population [60]. 
While the inheritance of germ line RB alterations increases the risk of soft tissue 
sarcoma, there are also numerous examples of sporadic sarcomas harboring sponta-
neous mutations and deletions in RB, particularly osteosarcomas and rhabdomyo-
sarcomas [61]. Furthermore, P16INK4A, a negative regulator of the CDK/CYCLIN 
complexes that phosphorylate and activate RB, is often deleted in soft tissue sarco-
mas [62]. These findings may illustrate the importance of RB signaling pathway in 
sarcomagenesis. Although we previously demonstrated that the abnormal expres-
sion of TP53 and Ki-67 and mutations in TP53 molecule were frequently associated 
with human Ut-LMS, the defective expression of PSMB9/β1i appeared to be more 
characteristic of human Ut-LMS than these factors [63].
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 Conclusion
To improve the prognosis of human Ut-LMS, research experiments were per-
formed to identify the key role of pro- or anti-oncogenic factors that have an 
important function in their pathogenesis and that could serve as molecular targets 
for tumor treatment. For this purpose, several research facilities conducted a 
microarray procedure between human Ut-LMS and normal myometrium and 
showed that several known pro-oncogenic factors, such as brain-specific polypep-
tide PEP-19 and c-kit, may be associated with the pathogenesis of human Ut-LMS 
[64–66]. However, in terms of the tumorgenesis of human Ut-LMS, merely com-
paring the expression of potential pro-oncogenic factors between normal and 
malignant tissues is not sufficient because the results obtained may be the conse-
quence of malignant transformation and, therefore, not necessarily the cause.

For almost all types of cancer studied to date, it seems as if the transition from 
a normal, healthy cell to a malignant tumor cell is a stepwise progression that 
requires genetic changes in several different oncogenes and tumor suppressors. 
In order to generate a malignant cell, a series of somatic mutations must occur in 
the same cell. Since the likelihood of any gene becoming mutated is very low, it 
stands to reason that the chance of several different mutations occurring in the 
same cell is highly unlikely. For this reason, cells in an elderly body have had 
more time to accumulate the changes needed to form cancer cells, whereas those 
in a child are much less likely to have acquired the requisite genetic changes. 
Importantly, clinical experiments have revealed loss of the ability to induce 
PSMB9/β1i expression in human Ut-LMS tissues in comparison with normal 
myometrium tissues. The discovery of somatic mutational defects in the IFN-γ-
signaling pathway may be important for the initial development of human 
Ut-LMS. It is noteworthy that stable PSMB9/β1i expression contributes to cell 
proliferation, which directly correlates to the progressive deterioration with 
increasing stage and grade of the tumor. Recent advances in our understanding of 
the biology of human Ut-LMS have concentrated on the impaired IFN-γ signal-
ing pathway. It is clear that mutations in key regulatory genes (tumor suppressors 
and proto-oncogenes) alter the behavior of cells and can potentially lead to the 
unregulated growth seen in malignant tumor. Therefore, continued improvement 
of our knowledge of the molecular biology of murine and human Ut-LMS may 
ultimately lead to novel therapies and improved outcome.
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Abstract
Recurrent pregnancy loss (RPL) is defined as two or more pregnancy demise at 
any gestational age. The estimated frequencies of recurrent miscarriage, three or 
more miscarriages, and RPL are 0.9 and 4.2% in the Japanese general popula-
tion. Identifiable causes are antiphospholipid syndrome (APS), uterine anomaly, 
and parental and embryonic chromosome abnormality.

APS is the most important treatable etiology. Lupus anticoagulant is priority 
to anticardiolipin antibody in obstetric APS. However, it is not established what 
kinds of assays to be measured for detecting antiphospholipid antibodies. 
Randomized control trial is needed to examine the merit of surgery for patients 
with septate uterine and the advantage of preimplantation genetic diagnosis for 
patients with translocation. There are no established treatment methods though 
many treatments such as heparin, aspirin, progesterone, and prednisone are 
offered for unexplained patients. The live birth rates are about 80% in patients 
with previous two miscarriages, 70% in patients with three miscarriages, 60% in 
patients with four miscarriages, and 50% in patients with five miscarriages with-
out medication. This information is important before subsequent pregnancy.
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Translocation • Uterine anomaly • Embryonic karyotype • Preimplantation 
genetic diagnosis
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10.1  Etiology

Miscarriage is the most common pregnancy complication with the prevalence of 
15% (definition by European Society of Human Reproduction, American Society of 
Reproductive Medicine, and World Health Organization) [1].

Recurrent miscarriage (RM): Three or more consecutive clinical miscarriages 
occurring before 20 weeks postmenstruation (before 22 weeks in Japan).

Recurrent pregnancy loss (RPL): Two or more pregnancy losses (demise) at any 
gestational age.

The estimated frequencies of RM and RPL are 0.9 and 4.2% in the Japanese 
general population [2]. Ninety-five percent of patients repeated early miscarriage in 
our previous study. Nonvisualized pregnancy (biochemical pregnancy and failed 
pregnancy of unknown location combined) is not included in the RM and 
RPL. Recently, it was found to contribute negatively to the chance for live birth by 
the relative risk of 0.90 (95% CI 0.83–0.97) [3].

Several guidelines recommend test for antiphospholipid syndrome (APS), uter-
ine anomalies, and parental and embryonic abnormal karyotype in clinical practice 
(Table 10.1) [4]. APS, uterine anomalies, and abnormal chromosomes in either part-
ner are established causes of RPL [4–8]. Only about 30% of cases have an identifi-
able cause and the remaining 69% was unexplained in our study (Fig. 10.1a) [6], 
and it is well known that the cause remains unexplained in over a half of the cases 
[4, 8]. The abnormal embryonic karyotype was found in 41.1% of patients in whom 
both conventional causes and karyotype of aborted conceptus could be examined in 
482 patients (Fig. 10.1b) [9]. Therefore, the prevalence of truly unexplained, of 
cases with normal embryonic karyotype, was only 24.5%. An abnormal embryonic 
karyotype is usually included in unexplained because the embryonic karyotype is 
seldom analyzed clinically.

Table 10.1 Recommended test for patients with recurrent pregnancy loss

Cause Recommended tests
Secondary 
RPL Clinical features

Antiphospholipid 
antibody

Lupus anticoagulant (at least two 
kinds of reagent such as dRVVT 
and aPTT)
Anticardiolipin antibodies
Anti-β2-glycopritein I antibodies

Rare Intrauterine fetal 
death
Recurrent early 
miscarriage
Pre-eclampsia

Uterine anomaly Ultrasound, sonohysterograpy and 
hysterosalpingography

Rare Recurrent early 
miscarriage
Intrauterine fetal 
death
Preterm birth
Breech presentation

Abnormal 
chromosome

Chromosome analysis of father and 
mother

Yes Early miscarriage

Abnormal embryonic 
karyotype

Chromosome analysis of products 
of conception

Yes Early miscarriage
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The distribution of each cause depends on the characteristics of patients such as 
women’s age or the number of previous miscarriages. Women’s age, obesity, 
assisted conception, smoking, and alcohol are associated with RPL.

The “causes of RPL” should be strong predictors for subsequent miscarriage in 
the prospective study. It has not been established whether endocrine disorders such 
as hypothyroidism, diabetes mellitus and polycystic ovarian syndrome, thrombo-
philia, immune dysfunction, infection, and psychological stress may contribute to 
RPL because there were a limited number of randomized control trials concerning 
these issues.

10.2  Antiphospholipid Syndrome

APS is the most important treatable etiology. Low-dose aspirin plus heparin com-
bined therapy is accepted as the standard treatment for patients with APS [10–12]. 
However, the live birth rate is limited to be 70–80%. The international classifica-
tion criteria for the diagnosis of APS include obstetric clinical features as  follows: 
[13].

 1. Three or more consecutive unexplained miscarriages before the 10 week of 
gestation.

 2. One or more unexplained death of a morphologically normal fetus at 10 weeks 
of gestation or later.

 3. One or more premature births of a morphologically normal fetus at 34 weeks of 
gestation or earlier, associated with severe preeclampsia or placental 
insufficiency.

APS
3%

Occasional
aPL
6% 

Abnormal
chromosome

10% 

Uterine
anomaly

5% 
Endocrine

abnormality
6% True

unexplained
25% 

Mixed
4%

Abnormal
embryonic 
karyotype

41% 

APS
4%

Occasional
aPL
6% 

a b

Abnormal
chromosome

6% 

Uterine
anomaly

3% 

Endocrine
abnormality

12% 

Unexplained
69%

Fig. 10.1 Comparison of the distribution of causes (a) 1676 patients in our previous study. 
Sugiura-Ogasawara et al. Fertil Steril. 2010. (b) 482 patients with RM, including those with an 
abnormal embryonic karyotype. Sugiura-Ogasawara et al. Hum Reprod. 2012
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10.2.1  Fetal Death is Priority to Early Miscarriage

Recommended tests are lupus anticoagulant (LA) by at least two kinds of reagent 
such as dilute activated partial thromboplastin time (aPTT) and dilute Russell’s 
viper venom time (RVVT) and β2glycoprotein I (β2GPI)-dependent anticardiolipin 
antibodies (aCL) IgG/IgM or anti-β2GPI antibodies IgG/IgM (Table 10.1) [13, 14]. 
Patients can be diagnosed as having APS when positive for at least one antiphospho-
lipid antibody (aPL) persistent for 12 weeks to avoid pseudo positivity. The 99th 
percentile in healthy controls is recommended as the cutoff for the assays. The inci-
dence of APS was 4.5% in our RPL previous study according to the international 
criteria [6].

The prospective studies concerning treatment methods are listed in Table 10.2. 
[8]. Combination of unfractionated heparin and low-dose aspirin is the standard 
treatment method [10–12, 15–20]. However, there were differences of assays and 
cutoff values to diagnose for APS among all facilities. The kinds of assays and titer 
might influence on the pregnancy outcome. The methods for detecting obstetric 
APS have not been established.

Table 10.2 Assays for antiphospholipid antibodies and cutoff values and live birth rate according 
to treatment in patients with antiphospholipid antibodies

Anticardiolipin 
antibody

Lupus 
anticoagulant Case (n) Control (n)

Live birth 
rate %

Cowchock 
et al. [10]

IgG > 30
IgM > 11

dRVVT or aPTT A + scUFH (26) A + PSL (19) 73.1 68.4

Silver et al. 
[15]

IgG > 8
IgM > 5

dRVVT A + PSL (12) A (22) 100 100

Kutteh et al. 
[11]

IgG > =27
IgM > =27

No A + scUFH (25) A (25) 80.0a 44.0

Rai et al. 
[12]

IgG > 5
IgM > 3

RVVT
aPTT
(exclude SLE)

A + scUFH (45) A (45) 71.1a 42.2

Pattison 
et al. [16]

IgG > =5
IgM > =5

aPTT, dRVVT, 
KCT

A (20) 80

Farquharson 
et al. [17]

IgG > 9
IgM > 5

dRVVT A + scLMWH 
(51)

A (47) 78.4 72.3

Franklin and 
Kutteh [18]

IgG > 20
IgM > 20

dRVVT A + LMWH (25) 76.0

Noble and 
Kutteh [19]

IgG > 20
IgM > 20

dRVVT, aPTT A + scLMWH 
(25)

A + scUFH 
(25)

84 80

Laskin et al. 
[20]

IgG > 15
IgM > 25

dRVVT, aPTT, 
KCT, dPT
(include ANA, 
thrombophilia)

A + scLMWH 
(45)

A (43) 77.8 79.1

A low dose aspirin, scUFH subcutaneous unfructionate heparin, PSL prednisolone, LMWH low 
molecular weight heparin
aSignificant difference
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LA is well known to be better correlated with pregnancy morbidity than aCL [21, 
22]. The PROMISE study concluded that LA, but not classical aCL, was a predictor 
of adverse pregnancy outcomes [21]. Harris et al. also confirmed that classical CL 
IgG and IgM were rarely associated with adverse pregnancy outcomes [22]. Both 
aPTT and RVVT are suitable for assay of LA, and two tests with different assay 
principles are recommended [13, 14]. Therefore, a combination of aPTT-based LA 
and dRVVT-based LA could be used in daily clinical practice.

We conducted a prospective study to examine whether a positive test result for 
β2GPI-dependent aCL might predict adverse pregnancy by 10 weeks of gestation 
in 1125 pregnant women without complications; results obtained using a cutoff 
value of 1.9 (99th percentile in healthy volunteers) were found to have a predic-
tive value for intrauterine fetal death, intrauterine growth restriction, and pre-
eclampsia [23]. However, in the study, it could not be ascertained whether 
β2GPI-dependent aCL might have been of predictive value for early miscarriage, 
because the sampling was conducted only at about 10 weeks of gestation. On the 
other hand, we established a test for LA by 5×–diluted aPTT with the mixing test 
(LA-aPTT) and proved that treatment could improve the subsequent live birth in 
patients with a positive test result [24]. The ascertainment of each assay to improve 
live birth rate has not been performed in obstetric APS though the clinical signifi-
cance of the assay is to improve live birth rate. The true antigens of antiphospho-
lipid antibodies are not phospholipids, but phospholipid-binding plasma proteins 
such as β2GPI, prothrombin, kininogen, protein C, and protein S [25, 26]. In fact, 
there are over ten commercially available methods in Japan. We determined clini-
cal significance of LA-aPTT (StaClot) and phosphatidylserine-dependent antipro-
thrombin antibody but not aCL IgG, IgM, IgA, β2GPI IgG, IgM, and IgA (Phadia). 
Standardization is needed for detecting obstetric APS to improve the live birth 
rate [27].

Regarding antinuclear antibody (ANA), the frequency was significantly higher in 
225 patients with two miscarriages than that in 740 normal pregnant controls; how-
ever, the ANA positive and ANA negative did not predict the subsequent miscar-
riage rate [28].

We usually carry out LA-aPTT, LA-RVVT, and β2GPI-dependent aCL in clin-
ical practice. The prevalence of at least one positive test is 10.7%, and in 4.5%, 
the positive finding is sustained for 12 weeks until APS is diagnosed. Precise 
calculation of the gestational weeks can be made from the basal body tempera-
ture chart. Combined treatment with low-dose aspirin and heparin calcium at 
10,000 IU/day (twice a day) should be started from 4 weeks of gestation. We 
discontinue aspirin by 35 weeks of gestation and continue heparin until the onset 
of labor.

Regarding occasional aPL, but not APS, it is not yet established how to treat 
them. The live birth rate with low-dose aspirin was 84.6% (44/52) and that was 
95.7% (44/46) when miscarriage cases caused by an abnormal embryonic karyo-
type were excluded [29].

10 Recurrent Pregnancy Loss: Current Evidence and Clinical Guideline
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10.3  Congenital Uterine Anomaly

A 3.2–10.4% likelihood of having a major uterine anomaly except arcuate uterus is 
reported in patients with RPL [30–33]. The variation largely depends on the meth-
ods and the criteria selected for the diagnoses. The associations between arcuate 
uterus and RPL remain controversial.

Affected patients have been offered surgery in an attempt to restore the uterine 
anatomy. The live birth rates after surgery in studies including a relative large num-
ber of patients are summarized in Table 10.3 [30, 31]. 35–66% of patients with 
bicornuate or septate uteri give live births after correctional surgery [34–40]. All 
studies had no controls without surgery.

In contrast, we conducted a case-control study to examine the live birth rate 
without surgery in 1676 patients with a history of 2–12 consecutive miscar-
riages whose subsequent pregnancies were ascertained at least one time in our 
medical records [6]. Of the 42 patients with a septate or bicornuate uterus not 
treated by any kind of surgery, 59.5% (25) had a successful outcome, while this 
was the case in 71.7% (1096/1528) women with normal uteri at the subsequent 
first pregnancy (p = 0.084). The normal chromosomal karyotype rates in the 
aborted concepti in cases with anomalies were significantly higher than that in 
those without anomalies (84.6% vs. 42.5%, p = 0.006). 78.0% of patients (32/41) 
with anomalies and 85.5% of patients (1307/1528) patients with normal uteri 
could cumulatively have live babies within the follow-up period (not signifi-
cant). Major uterine anomalies clearly have a negative impact on the reproduc-
tive outcome in women with RPL, being associated with a higher risk of further 
miscarriage with a normal embryonic karyotype. The large defect/cavity ratio 
was predictor of the subsequent miscarriage. Ghi et al. showed poorer outcome 
of 33.3% than our data [41].

We conducted the first multi-center prospective study to compare the live birth 
rate between with and without surgery in 170 patients with RPL associated with 
anomalies [42]. In 124 patients with a septate uterus, the live birth rate at the first 
pregnancy after ascertainment of anomalies with surgery tended to be higher than 
that in those without surgery (81.3% vs. 61.5%). The infertility rates were similar in 
both groups. Surgery showed no benefit in improving live birth rate in 46 patients 
with a bicornuate uterus, though it tended to decrease the preterm birth rate. A ran-
domized control trial (RCT) is necessary to compare the live birth rates, also taking 
into consideration the infertility rate.
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10.4  Abnormal Chromosomes in Either Partner

A review of the data including 22,199 couples with a history of two or more miscar-
riages indicated that the rate of chromosomal structural rearrangements was 4.7% 
[43].

We conducted the first prospective study of 1284 couples to examine whether 
translocations constituted a risk factor for RPL [7]. Our findings indicated a live 
birth rate of 31.9% (15/47) in the first pregnancy after ascertainment of the carrier 
status, and a cumulative live birth rate was 68.1% (32/47), which is much less than 
that in cases with normal chromosomes (71.7%, 849/1184). We concluded that the 
prognosis of RPL patients with reciprocal translocations is poor, given that the 
study was conducted over a 17-year period and included severe cases with a history 
of 10–13 miscarriages.

Franssen et al. reported cumulative live birth rates with reciprocal translocations, 
Robertsonian translocations, and a normal karyotype of 83.0%, 82.0%, and 84.1%, 
respectively, based on a prospective case-control study [44]. They concluded that 
the chance of having a healthy child was as high as that in noncarrier couples, 
despite the higher risk of miscarriage.

The live birth rate with preimplantation genetic diagnosis (PGD) was reported to 
be 14–58% [45–50]. The live birth rate with natural conception was reported to be 
32–65% on the first trial and 68–83% cumulatively [7, 44, 51]. The live birth rates 
with PGD in reciprocal translocation carriers are comparable to or sometimes lower 
than those with a subsequent first natural conception. The live birth rate with the use 
of new technology, microarray comparative genomic hybridization (array CGH) or 
single nucleotide polymorphism microarray, is also comparable to those with a sub-
sequent first natural conception [49, 50].

We conducted the first cohort study to compare the live birth rate [52]. PGD was 
found to reduce the miscarriage rate significantly. However, infertility rate of PGD 
was significantly higher (18.9% vs. 3.8%). Cumulative live birth rates were 67.6% 
(25/37) and 65.4% (34/52), respectively, in the groups undergoing and not undergo-
ing PGD. The cost of PGD was US$7956 per patient.

While PGD significantly prevented further miscarriages, there was no merit in 
improving the live birth rate. Couples should be fully informed of the advantages 
and disadvantages of PGD, such as the reduction in the miscarriage rate, higher 
cost, and IVF failure.

10.5  Abnormal Embryonic (Fetal) Karyotypes

Embryonic aneuploidy is the most common cause of RPL (Fig. 10.1). G-banding 
technique is used in clinical practice. An array CGH approach indicated about 80% 
of abnormality in the aborted embryo.

The rate of normal embryonic karyotype was significantly higher in patients with 
RPL than in patients with sporadic miscarriage [53]. The 16, 22, and 21 trisomies 
were the most common and there was no monosomy except 45,X (Fig. 10.2a). The 
miscarriage rate increased and the normal embryonic karyotype rate decreased 
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according to the number of previous miscarriages in our previous study (Fig. 10.2b). 
The live birth rate of patients with a previous abnormal embryonic karyotype was 
significantly higher than that in patients with a previous normal embryonic karyo-
type. The embryonic karyotype can be a good predictor of subsequent success. 
Further examination could be saved if the second miscarriage was caused by the 
abnormal embryonic karyotype.

The live birth rate with preimplantation genetic screening (PGS) for aneuploidy 
was reported to be 4–47% [54–56]. The previous studies with the use of PGS lack 
appropriate controls. The subsequent live birth rates in unexplained patients, includ-
ing patients caused by an abnormal embryonic karyotype, with previous two, three, 
four, and five miscarriages are 80%, 70%, 60%, and 50% with no medication, 
respectively [57]. The cumulative live birth rate was 85% [7]. This information is 
important for genetic counseling. The RCT is necessary in patients with RPL asso-
ciated with aneuploidy.

10.6  Genetics and Thrombophilia in Truly  
Unexplained Patients

Single nucleotide polymorphisms (SNPs) of 187 candidate genes were reported to 
be associated with RPL. Factor V Leiden and prothrombin mutation have been most 
frequently examined. The frequencies of FV Leiden mutation, prothrombin muta-
tion, and protein S deficiency are higher in patients with fetal loss than in controls 
[58, 59]. However, no association between protein S deficiency and early RPL was 
found [59]. Thrombophilia is speculated to cause fetal loss through placental dys-
function. It is important to distinguish between early miscarriage and fetal loss 
because many parts of RPL are early miscarriage, less than 10 weeks’ gestation.

Gris et al. showed that treatment with low molecular weight heparin improved live 
birth rate in patients with FV Leiden or protein S deficiency and a history of one fetal 
loss [60]. However, sample size was relatively small. Recent RCT indicated that  
dalteparin had no effect in reducing pregnancy complications such as RPL, 
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preeclampsia, small gestational age and placental abruption, and venous thromboem-
bolism in patients with a history of thrombophilia and pregnancy complications [61].

Annexin A5 is present on villi surface and a placental anticoagulant protein. Four 
cross-sectional studies have shown positive associations between ANXA5 SNPs and 
RPL. Our previous cross-sectional study confirmed ANXA5 SNP5 as a risk factor for 
RPL [62]. The presence/absence of the risk allele did not predict further miscarriage.

Six cross-sectional studies showed that the frequency of patients with low levels 
of coagulation factor XII (FXII) activity is significantly higher in patients with RPL 
than in controls. In the assay for FXII activity, aPTT is measured after mixing tested 
plasma and FXII-deficient plasma. LA prolongs aPTT and results in FXII activity 
decrease. It is well known that aPLs or anti-XII antibody reduces FXII activity. Our 
recent study proved that LA-aPTT but not β2GPI-dependent aCL reduced FXII 
activity by about 23% and that there was no difference of mean value of FXII activ-
ity between patients and controls after excluding patients with aPLs [63]. The study 
also suggested CT genotype of XII gene as a risk factor for RPL. However, both CT 
genotype and low FXII activity did not predict the subsequent miscarriage.

These studies mean that risk factors with small ORs identified in the cross- 
sectional study may be of little clinical relevance. It is speculated that patients with 
a number of risk alleles with small relative risks might be more likely to suffer from 
unexplained RPL. The effect of measurement and treatment of thrombophilia has 
not been established.

10.7  Treatment Methods for Unexplained Patients

However, patients with unexplained reason desire to receive medication. Paternal 
immunization, low-dose aspirin and heparin combined therapy, and progesterone 
had no effect of improving the live birth rate [64–66]. The subsequent live birth 
rates in unexplained patients, including patients caused by an abnormal embryonic 
karyotype, with previous two, three, four, and five miscarriages are 80%, 70%, 60%, 
and 50% with no medication, respectively [57]. The cumulative live birth rate was 
85% [7]. It is important to make the patients aware that no medications have been 
established to improve the live birth rate shown above.

Several couples in our experience divorced or gave up trying to conceive after 
RPL, because they had the misconception that it would be impossible for them to have 
a living baby [2]. Psychological support with tender loving care might be the most 
important to encourage such couples to continue to conceive until a live birth results.

Disclosure None of the authors have any conflicts of interests to report.
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11Genomic Approach for Recurrent 
Pregnancy Loss: Prevention Feasible?
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Abstract
Recurrent pregnancy loss (RPL) affects 2–5% of all couples. RPL brings not 
only a grief for the patient but also physical damage on female reproductive 
organs. Furthermore, no matter how early in the pregnancy is, the loss of a baby 
is almost the same as the loss of a child. Therefore, a significant role for evalua-
tion after just two losses in patients with no prior live births is strongly recom-
mended. There are a small number of etiologies such as genetic, anatomic, 
immunologic, endocrine, and others, generally accepted for RPL. On the other 
hand, it has been widely accepted that aneuploidy is the most common cause of 
miscarriage. Although each etiologic factor has its treatment strategies, any treat-
ment cannot prevail the aneuploidy. Preimplantation genetic screening (PGS) 
has been proposed as a method for reducing miscarriage by selecting euploid 
embryos for transfer. Previous PGS study by FISH failed to demonstrate its 
validity. However, PGS using recent technologies such as CCS has been showing 
its validity in preventing miscarriages. PGS with recent technology is feasible to 
reduce subsequent miscarriages in RPL patients. The drawback factor is that 
patients have to have ART toward the next conception.
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11.1  Background

Recurrent pregnancy loss (RPL), also referred to as recurrent abortion (RA), recur-
rent spontaneous miscarriage, or habitual abortion, is practically defined as three or 
more consecutive pregnancy losses of clinically recognized pregnancies prior to 
20 weeks of gestation excluding ectopic, molar, and biochemical pregnancies. RPL 
is defined as two or more failed pregnancies in the United States [1]. This definition 
is applied to the indication for clinical treatment in many advanced countries due to 
diminishing the number of babies born in each family. The incidence of RPL should 
be approximately 1 in 300 pregnancies based on the incidence of sporadic preg-
nancy loss. RPL brings not only a grief for the patient but also physical damage on 
female reproductive organs and affects 2–5% of all couples [2]. Furthermore, no 
matter how early in the pregnancy is, the loss of a baby is almost the same as the 
loss of a child to the patient. Therefore, RPL has serious influences on all the mental 
and physical feelings associated with it. RPL only compounds these feelings and 
can lead to increasing stress, anger, frustration, a feeling of loneliness and despair, 
emptiness and a feeling of a lack of self-worth, and failure. Although no definite 
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Fig. 11.1 Etiology of recurrent pregnancy loss. APS, antiphospholipid antibody syndrome (figure 
1 from Rev Obstet Gynecol. 2009 Spring;2(2):76–83)
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data have determined the probability of finding an etiology for RPL in a population 
with two versus three or more miscarriages, it has been suggested that the risk of 
subsequent miscarriage in the next pregnancies is 30% after two losses, compared 
with 33% after three losses among patients without a history of a live birth [3]. 
Diagnostic testing and therapeutic intervention for RPL as a clinical entity are based 
on understanding of the elevation of risk for subsequent fetal loss and the treatable 
etiology for the disorder. Therefore, a significant role for evaluation after just two 
losses in patients with no prior live births is strongly recommended in general. If 
fetal cardiac activity was identified prior to a loss, preventive evaluation should be 
considered in the woman older than 35 years, or the couple has had infertility treat-
ment. There are a small number of etiologies generally accepted for RPL (Fig. 11.1).

11.2  Genetic Factors

Approximately 2–4% of RPL is associated with a parental balanced structural chro-
mosome rearrangement, most commonly balanced reciprocal or Robertsonian 
translocations. These structural rearrangement disorders are already approved to be 
treated by preimplantation genetic diagnosis (PGD) through assisted reproductive 
technology (ART) to avoid subsequent miscarriage. There are some other structural 
abnormalities associated with RPL such as chromosomal inversions, insertions, and 
mosaicism. There might be some association with RPL including some single gene 
defects such as cystic fibrosis or sickle cell anemia. Parental karyotyping should be 
performed to evaluate RPL with genetic counseling. Appropriate genetic counseling 
is indicated in all cases of RPL associated with parental chromosomal abnormali-
ties. Definitive treatment may need ART with PGD depending on the particular 
diagnosis. Preimplantation genetic screening (PGS) is explained in the following 
explanations in details. Application of donor gametes on treatment may be sug-
gested in cases involving genetic anomalies that always result in embryonic aneu-
ploidy such as Robertsonian translocations involving homologous chromosomes.

11.3  Anatomic Factors

Approximately 10–15% of causes of RPL are derived from anatomical malformation 
of female reproductive organs and are generally thought to induce miscarriage by 
insufficient vasculature of the endometrium, prompting abnormal and inadequate pla-
centation. There are some suggested causes which are congenital uterine anomalies, 
intrauterine adhesions, and uterine fibroids or polyps. These abnormalities are thought 
to be potential causes of RPL through interruption of vascular supply of the endome-
trium. The most closely linked to RPL is uterine septum, congenital uterine anomaly, 
with as much as a 76% risk of spontaneous pregnancy loss among affected patients. 
Other Müllerian anomalies, including unicornuate, didelphic, and bicornuate uteri, 
have been associated with smaller increases in the risk for RPL. Arcuate uterus may or 
may not be causing RPL. The presence of intrauterine adhesions, sometimes associated 
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with Asherman syndrome, may significantly impact placentation and result in early 
pregnancy loss. Intramural fibroids larger than 5 cm, as well as submucosal fibroids of 
any size, may be associated with RPL. Myomectomy should be considered in cases of 
submucosal fibroids or any type of fibroids larger than 5 cm, especially in the patient 
under infertility treatment. Significantly, improvement of live birth rates has been 
shown by myomectomy from 57 to 93% [4]. Myomectomy could be performed via 
open laparotomy, laparoscopy, or hysteroscopy. Congenital anomalies caused by pre-
natal exposure to diethylstilbestrol (DES) are well known with reference to 
RPL. However, influence of DES administration is becoming less clinically significant 
since most affected patients move beyond their reproductive ages. Uterine anatomic 
anomalies should be evaluated by either office hysteroscopy or hysterosalpingography 
(HSG). If these abnormalities are determined, resection of intrauterine adhesions or 
intrauterine septa should be performed hysteroscopically. Successful hysteroscopic 
septum resection brings the patients nearly normal pregnancy outcomes, with term 
delivery rates of around 75% and live birth rates of around 85% [5].

11.4  Endocrine Factors

Endocrine disorders such as luteal insufficiency, polycystic ovary syndrome 
(PCOS), diabetes mellitus, thyroid gland disease, and hyperprolactinemia might be 
associated with RPL in approximately 17–20% [6]. Luteal insufficiency has been 
identified to be an inadequate progesterone production by the corpus luteum and 
insufficient endometrial maturation for implantation. However, definite influence of 
luteal insufficiency on RPL is controversial, and endometrial biopsies for diagnosis 
of luteal insufficiency are getting less performed. Insulin resistance with resultant 
hyperinsulinemia may play a role on RPL of the patients complicated with PCOS as 
well as type II diabetes mellitus, because treatment of those patients with insulin- 
sensitizing drug, metformin, decreased the rate of spontaneous pregnancy loss [7]. 
There is an evidence of PCOS in at least 40% of women with RPL. Poorly con-
trolled type I diabetes mellitus is also associated with an increased risk of spontane-
ous abortion. Untreated hypothyroidism is clearly associated with spontaneous 
miscarriage and RPL, but the relation between antithyroid antibodies and RPL in 
euthyroid patients is currently under investigation. There are data to suggest that 
euthyroid women with antithyroid antibodies, especially those undergoing infertil-
ity treatment, are likely to become clinically hypothyroid when they achieved preg-
nancy. Because pregnancy outcomes in these women may improve with early 
(possibly prenatal) thyroid hormone replacement, similar approaches are presently 
being studied among women with RPL [8, 9]. Evaluation of endocrine disorders 
should include measurement of the thyroid-stimulating hormone (TSH) level. Other 
testings that might be indicated based on the patient’s presentation include insulin 
resistance testing, ovarian reserve testing, serum prolactin in the presence of irregu-
lar menses, antithyroid antibody testing, and, very rarely, luteal phase endometrial 
biopsies. Therapy with insulin-sensitizing agents for the treatment of RPL that 
occurs in the presence of PCOS has recently gained popularity.
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11.5  Infections

The role of infectious diseases in RPL is not clarified yet, but proposed an incidence 
of 0.5–5% [6, 10]. There are some candidate infectious diseases such as Listeria 
monocytogenes, Toxoplasma gondii, rubella, herpes simplex virus (HSV), measles, 
cytomegalovirus, and coxsackie viruses. Infectious diseases may cause pregnancy 
loss by the following mechanisms such as direct infection of the uterus, fetus, or 
placenta, placental insufficiency, chronic endometritis/endocervicitis, amnionitis, 
or intrauterine miscellaneous infections. Infections of mycoplasma, ureaplasma, 
Chlamydia trachomatis, L. monocytogenes, and HIV are speculated to play a role in 
RPL. Chronic infection is the most pertinent risk for RPL secondary to acute stage 
in an immunocompromised patient. Evaluation for chronic infections may be war-
ranted for those patients. Overall, prevention of infectious diseases is not necessary, 
but favorable for the patient of RPL to relieve their anxiety.

11.6  Immune Factors

11.6.1  Alloimmune (Histocompatibility) Disorder

It is reasonable to infer that there are immunologic events that must occur to allow the 
mother to carry the fetus throughout gestation without rejection, because a fetus is not 
genetically identical to its mother. Therefore, there may be abnormalities within these 
immunologic mechanisms that could lead to both sporadic and recurrent pregnancy 
loss. In spite of the intense interest in this potential etiology for RPL, there is no con-
sensus on appropriate diagnostic workup or therapy. Therapies such as paternal leuko-
cyte immunization, intravenous immune globulin, third-party donor cell immunization, 
and trophoblast membrane infusions have been shown to provide no significant 
improvement in live birth rates and are only available for use in some areas [11].

11.6.2  Antiphospholipid Antibody Syndrome (APS)

Antiphospholipid antibody syndrome (APS) is characterized by the presence of at 
least one clinical and one laboratory criterion [12]. If you need details of APS, 
please refer to the literature. APS has strong association with RPL, but particularly 
in the second trimester. The relation of APS on RPL is not clarified yet, but is throm-
bophilia which is the most frequently acquired risk factor. There is a risk of throm-
bophilia with a prevalence of 3–5% in the general population. Evaluation for RPL 
related to APS should include testing for anticardiolipin antibodies and lupus anti-
coagulant at least. Treatment recommendations include low-dose aspirin (LDA: 
81–100 mg/d) and/or low-molecular-weight heparin. LDA should be started before 
conception or with a positive pregnancy test, but heparin should be started with a 
positive pregnancy test. Heparin is safe during pregnancy because of large complex 
of molecules that do not cross the placenta.

11 Genomic Approach for Recurrent Pregnancy Loss: Prevention Feasible?



170

11.7  Non-APS Thrombophilia

This problem happens mainly in Caucasian people. Inherited and combined inher-
ited/acquired thrombophilias are common with more than 15% of the white popula-
tion carrying an inherited thrombophilic mutation. The factor V Leiden mutation is 
the most common. This is the mutation in the promoter region of the prothrombin 
gene and mutations in the gene encoding methylenetetrahydrofolate reductase 
(MTHFR). These common mutations are associated with mild thrombotic risks, and 
it remains controversial whether homozygous MTHFR mutations are associated 
with vascular disease at all. The potential association between RPL and heritable 
thrombophilias is based on the theory that impaired placental development and func-
tion. This mechanism causes venous and/or arterial thrombosis and thereafter induces 
miscarriage. Pregnancy losses by this type of thrombophilia take place at greater 
than 10 weeks of gestation rather than prior to 10 weeks of gestation, because mater-
nal blood begins to flow within intervillous spaces of the placenta at approximately 
10 weeks of gestation. Of course, the transfer of nutrition from the maternal blood to 
the fetal tissues depends on uterine blood flow regardless of gestational age. 
Therefore, thrombotic events occurring at any gestational age play a role for throm-
bophilias in pregnancy losses [13]. The heritable thrombophilias associated with 
RPL include hyperhomocysteinemia resulting from MTHFR mutations, activated 
protein C resistance associated with factor V Leiden mutations, protein C and protein 
S deficiencies, prothrombin promoter mutations, and antithrombin mutations. 
Acquired thrombophilias associated with RPL include hyperhomocysteinemia and 
activated protein C resistance. Definite causative links between these heritable and 
acquired conditions have yet to be solidified. However, testings for factor V Leiden 
mutation, protein S levels, prothrombin promoter mutations, homocysteine levels, 
and global activated protein C resistance are appropriate targets for the selection of 
treatments. Once diagnosis is determined, appropriate therapy for heritable or 
acquired thrombophilias should be initiated. Specific for individual disorder should 
be performed as follows: supplementation of folic acid for those patients with hyper-
homocysteinemia and prophylactic anticoagulation in cases of isolated defects with 
no personal or family history of thrombotic complications. Therapeutic anticoagula-
tion should be performed in cases of combined thrombophilia defects.

11.8  Unexplained Factors

11.8.1  Alcohol, Smoking, and Caffeine

Patients are often particularly concerned about the possibility that environmental expo-
sures may have caused their pregnancy losses, because of its propensity to result in 
feelings of responsibility and guilt. Association of RPL and occupational and/or envi-
ronmental exposures to organic solvents, medications, ionizing radiation, and toxins 
have been suggested as always, but it is difficult to draw strong conclusions from 
because they tend to be retrospective and confounded by alternative or additional 
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environmental exposures. Exposures such as smoking, alcohol, and caffeine are three 
major particular topics which are of widespread use and a modifiable issue. Maternal 
alcoholism (or frequent consumption of intoxicating amounts of alcohol) is known 
with higher rates of spontaneous pregnancy loss, but a connection with more moderate 
ingestion remains controversial [14, 15]. Cigarette smoking could apparently increase 
the risk of spontaneous abortion based on the ingestion of nicotine, a strong vasocon-
strictor that is known to reduce uterine and placental blood flow. Nevertheless, the 
relation between smoking and pregnancy loss remains still controversial [16, 17]. As to 
caffeine intake, there are some evidence that caffeine, even in amounts as low as three 
to five cups of coffee per day, may increase the risk of spontaneous pregnancy loss with 
a dose-dependent manner [18–20]. The association of caffeine, alcohol, and nicotine 
intake with RPL is even weaker than their associations with sporadic loss.

11.8.2  Miscellaneous Factors

Direct and indirect interventions for patients with RPL are outlined in the previous 
information. However, when all known and potential causes for RPL are screened, 
almost half of patients will remain without a definitive diagnosis. The optimal man-
agement of these patients is often as unclear as the etiology of their RPL. Progesterone 
has been shown to be beneficial in decreasing the miscarriage rate among women 
who have experienced at least three losses. Low-dose aspirin (LDA) therapy has 
also been investigated as a potential therapy for unexplained RPL. Its use prior to 
and during pregnancy has only been proven to increase live birth rates among those 
women with previous miscarriages beyond 13 weeks of gestation. Actually, the 
most effective therapy for patients with unexplained RPL is often the most simple: 
antenatal counseling and psychological support. These remedies have been shown 
to have subsequent pregnancy success rates of 86% when compared with success 
rates of 33% in women provided without additional antenatal care [21–24].

11.9  Aneuploid Embryo and RPL

Although exact causes of RPL have not been elucidated and still unexplained or 
idiopathic, some of the cause can be explained by various factors such as described 
above. Quintessential possibility of these causes for idiopathic RPL is that these 
couples are producing more aneuploid embryos, leading to higher miscarriage occur-
rence. The role of chromosomal abnormalities in miscarriage has been widely 
reported, with 50–70% of first-trimester miscarriages attributed to aneuploidy. 
Furthermore, it has been demonstrated that analyses of fetal chromosomes miscar-
ried could explain 80% of unexplained RPL in older women [25]. A higher rate of 
aneuploidy in RPL patients has been confirmed by many authors [10, 26–34]. 
Preimplantation genetic screening (PGS) has been proposed as a method for reduc-
ing miscarriage by selecting euploid embryos for transfer, because of the prevalence 
of aneuploidy in first-trimester losses and the increased prevalence of aneuploidy in 
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the RPL population. The current standard of care for patients with unexplained RPL 
espoused by the American Society for Reproductive Medicine is expectant manage-
ment [35]. However, the emotional trauma that can accompany clinical miscarriages 
and a perceived urgency to conceive felt by many RPL patients lead them toward 
alternative treatment options, including assisted reproductive technology, and spe-
cifically to in vitro fertilization (IVF) and PGS. Therefore, PGS for the indication of 
idiopathic RPL is that euploidy embryos could be selected for embryo transfer, lead-
ing to a decreased pregnancy loss rate in idiopathic RPL patients. All studies using 
PGS for this indication have evaluated that the miscarriage rate after this procedure 
has shown a decrease [36–39]. Again, it has been widely well accepted that aneu-
ploidy is the most common genetic abnormality in embryos and also the most com-
mon cause of miscarriage [40, 41]. No matter how good treatment the patient is 
offered, if the embryo implanted was aneuploidy, it never works.

11.10  Is PGS Really Helpful for RPL Patients?

A term, aneuploidy, has been used to describe a loss or gain of genetic material of a 
chromosome(s) since the first human with aneuploidy. Since then, aneuploidy has 
been demonstrated to be a very common cause, accounting for no less than 15–20% 
of all clinical pregnancies. The majority of aneuploid embryos will never result in a 
clinical pregnancies and live birth, making aneuploidy the leading cause of miscar-
riage, but some are compatible with live birth, making aneuploidy the leading cause 
of congenital malformations and mental retardation. Aneuploidy has been identified 
as a significant factor contributing to IVF cycle failures, specifically implantation 
failure and/or spontaneous miscarriage in the field of assisted reproductive technol-
ogy (ART) [42]. However, recent advances in reproductive medicine and molecular 
cytogenetics have completely changed the treatment protocol designed for infertile 
couples suffering from recurrent aneuploid losses. Genetic testings such as chori-
onic villus sampling, amniocentesis, and NIPT (noninvasive prenatal test) from 
maternal blood have been available prenatally. When these techniques are applied, 
if unfavorable results are revealed, a subsequent termination of living fetuses would 
still be necessary. Fluorescence in situ hybridization (FISH) was the main method-
ology of PGD or PGS over the past two decades, and aneuploidy detected by FISH 
technology with reference to infertility was reported in the beginning [43–45]. In 
spite of the confirmation of the high rate of aneuploidy in both repeated IVF failures 
and miscarriages, improvement of IVF outcomes with PGS by FISH was not dem-
onstrated successfully [46–49]. These earlier studies were typically performed with 
the use of FISH evaluation of cleavage-stage embryos and typically tested only 
7–12 chromosomes. In one meta-analysis [50], four observational studies [41, 51–
53] were evaluated in which fertile patients with RPL underwent day 3 cleavage- 
stage biopsy of 1–2 cells and were compared with natural conception RPL patients. 
All four studies performed FISH screening 3–9 chromosomes. The spontaneous 
abortion rate (SABR) ranged from 0 to 10% (mean 9%) in RPL patients with PGS 
compared with 14–52% (mean 28%) with natural conception (P = 0.0013). 
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Thereafter, array CGH technology appeared by analyzing all 24 chromosomes, as 
opposed to FISH, allowing more accurate results when detecting for aneuploidy. 
There are several methods of comprehensive chromosome screening (CCS), includ-
ing single nucleotide polymorphism (SNP) array, CGH, and quantitative poly-
merase chain reaction (PCR) [50]. Comparison of FISH with SNP array showed up 
to a 60% false-positive rate with FISH. When FISH was compared to CCS, it was 
found that mosaicism was three times more common in FISH [54]. Therefore, the 
European Society of Human Reproduction (ESHRE) recently recommended that 
this technique should be replaced by comprehensive methods of screening [55]. In 
conclusion, PGS by CCS should be applied to RPL patients in modern ART era.

11.11  Application of PGS on RPL Patients

It is difficult to find the ideal control group for RPL studies to determine if PGS is 
beneficial to reduce miscarriage. It is the question if the RPL couple should be com-
pared with other couples undergoing PGS, with or without infertility, or only those 
with a history of RPL when PGS is applied and found that PGS using FISH signifi-
cantly reduced miscarriage rates, from 36% expected rate to 13%. Patients that were 
offered PGS but rejected it had a 44% miscarriage rate, which is also another way to 
compare RPL patients using PGS with an appropriate control. This beneficial effect of 
PGS for RPL was observed in both fertile and infertile RPL patients undergoing IVF 
[40]. However, these studies used FISH, evaluated a limited number of chromosomes, 
and used day 3 embryo biopsy, which very recent evidence suggests it can negatively 
affect the implantation potential of the biopsied embryo, whereas blastocyst biopsy 
does not seem to be detrimental [56]. The clinical effectiveness of IVF and PGS com-
pared with expectant management, which is the current standard of care in the treat-
ment of RPL patients, has not been investigated with longitudinal prospective studies 
or randomized clinical trials. Furthermore, IVF–PGS is an expensive treatment option, 
and the cost-effectiveness of IVF–PGS compared with expectant management needs 
to be investigated. However, recent following report demonstrated the beneficial 
effect of PGS on RPL patients. It concluded that patients with RPL initiating PGS 
have a significantly higher LBR compared to expected management with no signifi-
cant difference in miscarriage rate. Miscarriage rate would likely be lower if all IVF 
patients intending PGS completed the cycle as intended since aneuploidy is a com-
mon cause of first-trimester miscarriage. Of course, further studies are needed to 
investigate the cost-effectiveness of this treatment strategy for fertile RPL patients.

11.12  Justification of Applying PGS on RPL

It is widely recognized that aneuploidy is the leading cause of implantation failure 
and miscarriage in both fertile and infertile couples seeking to achieve a pregnancy. 
Cytogenetic analysis of previous miscarriages is an important component in the 
assessment of couples with a history of pregnancy loss because it can guide 

11 Genomic Approach for Recurrent Pregnancy Loss: Prevention Feasible?



174

subsequent treatment. Furthermore, the field of PGS for aneuploidy screening has 
also provided an opportunity to understand cell division errors, which has elimi-
nated a potential implantation failure due to aneuploidy. Additionally, the use of 
PGS has created a positive impact on IVF success rates in certain cases, a world-
wide push toward single-embryo transfer, and a reduction in multiple births after 
ART. The most common numerical chromosomal abnormality (NCA) occurs both 
before implantation after IVF/PGS and after implantation (D&C) in an infertile 
population pursuing pregnancy (Fig. 11.2).

Although the incidence of monosomies and trisomies was observed before 
implantation, it was rarely observed in these embryos implanted. These results 
advocate PGS technology as an advantageous facilitator that helps circumvent the 
inheritance of aneuploidy. Performing PGS will significantly reduce the incidence 
of NCA, thereby decreasing the likelihood of implantation failure and/or miscar-
riage after IVF. With this knowledge, implantation and pregnancy rates per transfer 
can be expected to be increased after an IVF cycle(s) by means of excluding unnec-
essary embryo transfer, preventing both implantation failure and early miscarriages. 
Many researchers have analyzed the frequency of NCA among human fetuses by 
analyzing chorionic villi after a miscarriage and report an incidence of NCA rang-
ing between 40 and 80%. However, in general, these reports are biased by the high 
spontaneous loss rate of chromosomally abnormal pregnancies before a pregnancy 
is clinically recognized, as well as the lack of patients universally electing for cyto-
genetic analysis of their POCs. Remarkably, when these results were compared with 
tissue collected after D&C, monosomies were rarely observed, and trisomies most 
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Fig. 11.2 This comparison shows how much percentage of miscarried abnormality overlaps the 
disorders of PGS samples (figure from Fertil Steril. 2015;104:1460–1466.e12 with permission)
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frequently were shown in chromosomes 22, 16, 21, 15, and 19 (order reflects fre-
quency). NCAs are present at a high frequency, rooting from early development. 
Previous molecular genetic analyses of chromosome abnormalities occurring in 
miscarriages have revealed that most aneuploid events arise during female meiosis, 
usually as a consequence of nondisjunction in the first meiotic division. Direct 
observation of female meiotic divisions (via polar body analysis) and early embry-
onic stages has shown that, before implantation, a wide range of aneuploidies are 
present. Historically most investigations have focused on trisomies, especially those 
compatible with live birth. On the basis of those analyses, three “rules” of human 
nondisjunction were formulated: first, regardless of the specific chromosome, most 
trisomies originate during oogenesis; second, for most chromosomes, maternal MI 
errors are more common than maternal meiosis II (MII) errors; and third, the pro-
portion of cases of maternal origin increases with age [57]. PGS continues to evolve, 
but the current PGS technique does not detect certain polyploidies. The efficacy of 
genomic technologies could identify abnormal embryos that otherwise could appear 
to be morphologically normal. PGS assists the decision process before embryo 
transfer by detecting for any NCA, which potentially avoids early pregnancy loss. 
Discreet application of embryonic screening could maximize implantation and live 
birth rates and minimize the incidence of miscarriages related to chromosomal 
abnormalities [58, 59]. Moreover, understanding of the etiology of reproductive loss 
can alleviate the feelings of guilt or irresponsibility in the patient under infertility 
treatment [60]. Nevertheless, further studies may provide guidance into optimizing 
or even improving oocyte quality, such as pronuclear transfer, maternal spindle 
transfer, or nuclear genome transfer, and into noninvasive ways to identify repro-
ductively competent embryos to improve clinical outcome [61, 62].

11.13  Summary

 1. Etiology of recurrent pregnancy loss is not well identified, but there are some 
candidates with effective treatment. However, any treatment cannot overcome 
aneuploid embryo.

 2. Chromosome errors, aneuploidy, in human embryos are a major cause of ART 
failure, miscarriage, obstetric complications, stillbirth, and infertility and result 
in the birth of affected children.

 3. Accurate technology for detecting chromosomally normal, euploid embryos 
exists and is now available for clinical use.

 4. Recent technologies such as array CGH, qPCR, and NGS can detect all 24 chro-
mosomes with high accuracy and should be applied for PGS in the patients suf-
fering IVF failure and/or recurrent pregnancy losses.

 5. PGS can reduce the time to a live birth by selecting only euploid embryos and 
reduce the incidence of miscarriage.

 6. PGS makes it possible to perform a single euploid embryo transfer that maxi-
mizes a chance of live birth without the risk of a multiple pregnancy.

 7. Any treatment plan for RPL cannot prevail over aneuploid embryos.
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 8. The patients have no embryo transfer because no euploid embryos prefer to 
know the reality. They can move on for the future rather than wait for failure or 
possible miscarriage or the birth of an affected child.

 9. Yes, PGS is feasible for prevention of recurrent pregnancy loss; however, ART is 
necessary for the patient who conceived naturally.
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12Prenatal Diagnosis of the Human 
Embryo and Fetus
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Abstract
During the prenatal period, several approaches, such as imaging and genetic 
tests, can be used to identify diagnostic clues. Owing to recent progress in imag-
ing modalities, we can now image smaller embryos and fetuses with a higher 
resolution. Here, we describe the diagnostic imaging modalities for living or 
dead embryos and fetuses. In addition, we provide information on the latest 
genetic testing methods with a focus on both the technical and ethical aspects.
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12.1  Imaging of the Human Embryo and Fetus

12.1.1  Prenatal Imaging of Human Embryos and Fetuses

Fetal ultrasound was developed in the late 1950s as A-mode, in the 1970s as B-mode, 
in the 1980s as real-time imaging, and in the 1990s as 3D imaging [1, 2]. Currently, 
ultrasonography is commonly performed throughout pregnancy. The gestational sac 
at approximately 5 weeks, the yolk sac at 5.5 weeks, flickering cardiac motion at 
6 weeks, etc. are observed by transvaginal ultrasonography. Embryos and early 
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fetuses within 12 weeks of gestation are usually examined by transvaginal ultrasonog-
raphy, and fetuses more than 12 weeks are examined by transabdominal ultrasonog-
raphy. Ultrasonography plays several roles in the examination of embryos and fetuses. 
One of its roles is the measurement of embryos and fetuses to determine gestational 
age and estimate fetal weight. A formula to estimate fetal weight was first suggested 
in the late 1970s [3]. Several formulas have been proposed and are widely used since 
then [4–8] (Table 12.1), and new formulas for estimating fetal weight are also fre-
quently suggested [9, 10]. Detection (including assessment) of congenital fetal anom-
alies is also another role of ultrasonography. The first application of ultrasonography 
to the diagnosis of congenital disease is to evaluate anencephaly [11], and various 
anomalies can currently be detected using ultrasonography. For effective screening of 
morphological anomalies, a definition of optimal fetal anatomy survey has been pub-
lished in the guidelines from the International Society of Ultrasound in Obstetrics and 
Gynecology (ISUOG) [12]. During the 1980s and 1990s, certain studies found that 
soft markers in ultrasonography, which are not harmful themselves, indicate an ele-
vated risk of chromosomal abnormalities [13–15]. At present, soft markers combined 
with maternal serum can achieve a high detection rate for aneuploidy [16].

When an abnormality is detected during prenatal US examination or when there 
is an increased risk for neurodevelopmental disabilities, MRI is the next imaging 
choice for further examination. Fetal MRI can reveal abnormalities of the central 
nervous system that are not apparent on prenatal US in approximately 20% of cases 
[17]. If an atrial width of ≥10 mm is detected at the glomus of the choroid plexus 
on an axial ultrasound image at the level of the thalamus, it is considered to repre-
sent ventriculomegaly [18]; thus, an MRI scan would be performed for further 
diagnosis. Fetal MRI reveals additional abnormalities in up to 50% of ventriculo-
megaly cases identified in US images [19, 20]. Commonly associated anomalies 
include agenesis of the corpus callosum, migrational anomalies, and ventricular 
hemorrhage. Holoprosencephaly (HPE) can also be detected by ultrasound and 
MRI; however, milder cases of lobar HPE can be difficult to detect considering the 
wide spectrum of HPE symptoms. Cortical malformations are characteristics of 

Table 12.1 Representative formula for estimation of fetal weight

Name (year) Formula Ref.
Warsof (1977) log10BW =  −1.599 + (0.144 × BPD) + (0.032 × AC) − 

 (0.000111 × BPD2 × AC)
[3]

Shepard (1982) log10BW =  −1.7492 + (0.166 × BPD) + (0.046 × AC) −  
[(2.646 × AC × BPD)/1000]

[4]

Hadlock (1985) log10BW =  1.335 − (0.0034 × AC × FL) + (0.0316 × BPD)  
+ (0.0457 × AC) + (0.1623 × FL)

[5]

Aoki (1985) EFBW = (1.25647 × BPD3) + (3.50665 × FTA × FL) + 6.30994 [6]
Shinozuka (1987) EFBW = (1.07 × BPD3) + (3.42 × APTD × TTD × FL) [7]
Modified 
Shinozuka (2000)

EFBW = (1.07 × BPD3) + (0.30 × AC2 × FL) [8]

AC abdominal circumference, APTD anterior-posterior trunk diameter, BPD biparietal diameter, 
BW body weight, FL femur length, FTA fetal trunk cross- sectional area, TTD transverse trunk 
diameter
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target diseases in fetal MRI, although the normal smoothness of the cortex in the 
second trimester makes it difficult to be distinguished from that in migrational dis-
orders [21]. Intracranial tumors are quite rare and can be detected by fetal MRI, 
mostly as a supratentorial lesion with mixed/high signal intensity on T2-weighted 
sequences.

MRI is also effective for other congenital anomalies. For congenital diaphrag-
matic hernia (CDH), which occurs in 1 in 4000 live births, fetal MRI is superior to 
US in distinguishing the subtypes of CDH [22]. The analysis of fetal lung volume is 
important in CDH for evaluation of prognosis, and MRI is commonly used to calcu-
late the volume during evaluation. This function of MRI can also be applied to other 
diseases involving lung mass, such as pulmonary sequestrations, congenital pulmo-
nary airway malformations, and, very rarely, neoplasms. Furthermore, MRI is used 
in the diagnosis of ventral abdominal wall defects such as gastroschisis and ompha-
locele. Axial T2-weighted sequences are the most helpful for revealing defects in 
the abdominal wall and the position of the umbilical cord, whereas T1-weighted 
sequences are useful in tracing the bowel [23, 24]. Musculoskeletal system evalua-
tion is still one of the challenging aspects of using fetal MRI. Diffusion tensor imag-
ing (DTI) has recently been applied in clinical MRI, and muscle fibers can be 
imaged by DTI in adults [25]. Although fetal muscle imaging using DTI has started 
only in experimental animals [26], it will be applied for fetal MRI in the near future.

Despite the risk to the fetus by exposure to ionizing radiation, X-ray com-
puted tomography (CT) plays an important diagnostic role during the prenatal 
period, especially for fetal skeletal diseases (SDs). The sensitivity to SDs in 
ultrasonography screening is limited, ranging between 40 and 60% [27, 28], and 
diagnostic three-dimensional ultrasonography offers a better sensitivity of 
around 80% [29–31]. MRI is no more effective than ultrasonography for further 
diagnosis of SDs [32]. In recent years, fetal skeletal CT has been used for visu-
alizing the fetal skeleton [33, 34]. A low-dose CT protocol with 3D reconstruc-
tion has been suggested for decreasing the adverse effects of X-ray, and fine 
images can be obtained for accurate diagnosis [32, 35].

12.1.2  Autopsy Imaging of Human Embryos and Fetuses

For dead human embryos and fetuses, additional imaging modalities can be applied. 
Classically, solid reconstruction and fine drawing have been the primary approaches 
used, for example, the wax plate technique using serial histological sections of 
human embryos was the first 3D morphological imaging technique developed by 
Gustav Born [8]. Recently, the 3D reconstruction of serial sections is performed 
using computer graphic methods; therefore, the 3D reconstruction becomes easier 
and quicker than before [36]. The 2D image stacks generated from serial sections 
have a high resolution; however, they have issues of section registration and distor-
tion. A solution to this problem is by using episcopic fluorescence image capture 
(EFIC), a novel imaging modality for the generation of high-resolution 3D recon-
structed images [37]. In EFIC imaging, tissue autofluorescence is used to image the 
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block face prior to cutting each section. Although the samples are sliced and lost 
during the procedure, the optical resolution of EFIC has been reported to reach 
approximately 5–6 μm [38].

MRI is a useful imaging modality not only for living prenatal embryos and 
fetuses but also for dead embryos and fetuses as autopsy imaging. Since it takes a 
longer time to capture images, images with a higher resolution can be obtained. 
The imaging time for high-resolution images ranges from several hours to several 
days. MR devices should be selected depending on the sample size; MR micros-
copy, clinical MRI, and experimental MRI are suitable for small-sized embryos, 
larger fetuses, and embryos or fetuses with an intermediate size, respectively 
(Fig. 12.1a–c) [39, 40].

X-ray imaging is also used for dead embryos and fetuses. Since there is no need 
to consider the influence of radiation exposure, it is possible to devote a longer time 
to imaging. Conventional (absorption-contrast) X-ray CT (cCT) is used for fetal 
skeletal imaging (Fig. 12.1d). Phase-contrast X-ray CT (pCT) is another method of 
X-ray imaging [40]. Owing to the characteristics of X-rays as electromagnetic 
waves, phase-contrast X-ray imaging is able to visualize the phase shift of X-rays 
passing through the samples and reconstruct 2D or 3D images of the samples in 
combination with CT. An embryo or early fetus is mostly composed of soft tissue 
because of the absence of a bony structure and thus is suitable for pCT (Fig. 12.1e).

Ultrasonography of living embryos and fetuses is now commonly performed, 
and many malformations can be diagnosed during the early prenatal period. In cases 
of pregnancy termination, not all of the aborted fetuses are dissected and pathologi-
cally diagnosed because it is technically difficult to dissect small fetuses. The imag-
ing modalities presented here can be used for autopsy imaging of embryos and 
fetuses in the future. If clues for diseases the fetus may have had can be identified 
by imaging, the appropriate genetic tests can be performed, and a final accurate 
diagnosis can be obtained. With the final diagnosis, parents would have sufficient 
information about their lost pregnancy and can receive appropriate genetic counsel-
ing for the next pregnancy.

a b c d e

Fig. 12.1 (a) MR microscopy at 2.34 T; digital resolution is 40 μm3. (b) Clinical MRI at 3 T; digi-
tal resolution is 200 μm3. (c) Experimental MRI at 7 T; digital resolution is 35 μm3. (d) Conventional 
(absorption-contrast) X-ray CT; digital resolution is 200 μm3. (e) Phase-contrast X-ray CT; digital 
resolution is 6.5 μm3
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The imaging modalities described in this section are summarized in Fig. 12.2. 
The appropriate modalities for imaging of dead embryo or fetus should be used 
depending on the period of the pregnancy.

12.2  Genetic Analysis of the Human Embryo and Fetus

The amniotic fluid, chorionic villi, and umbilical cord blood have been used for 
genetic analyses of human embryos and fetuses. Recently, DNA fragments derived 
from villus cells have been identified in the maternal blood [41, 42], and the genetic 
information of the fetus could be determined from maternal blood analysis; this 
approach is called noninvasive prenatal genetic testing (NIPT). In comparison with 
maternal serum analysis, NIPT for aneuploidy has considerably higher sensitivity 
and specificity [43]. However, NIPT is a screening test with the potential for false- 
positive and false-negative results because cell-free DNA (cfDNA) could also be 
derived from multiple sources such as placental mosaicism, maternal conditions 
including cancer, or fetal and/or maternal copy number variation (CNV) [44].

The cell samples obtained from the amniotic fluid and chorionic villi are used for 
both screening and diagnostic tests. Several laboratory techniques can be used for 
prenatal genetic diagnosis. Traditional karyotype analysis is most commonly used 
to examine cells obtained by chorionic villus sampling (CVS) and amniocentesis 
(AC). This method is appropriate for the diagnosis of aneuploidies and large rear-
rangements. The diagnostic accuracy of traditional karyotype analysis is greater 
than 99% for aneuploidy and chromosomal abnormalities larger than 5–10 Mb [45]. 
Fluorescence in situ hybridization (FISH) analysis can detect specific chromosomes 
or chromosomal regions by using fluorescently labeled probes. The turnaround for 
FISH results (usually within 2 days) is faster than that for conventional karyotyping 

Histology

pCT

EFIC

MRM

Clinical USG

Clinical MRI

cCT

Embryo Fetus Newborn

Fig. 12.2 Relationship between sample size and 3D imaging techniques for the human embryo, 
fetus, and newborn. pCT phase-contrast X-ray computed tomography, cCT conventional 
(absorption- contrast) X-ray computed tomography, EFIC episcopic fluorescence image capture, 
MRM magnetic resonance microscopy, clinical MRI magnetic resonance imaging for routine clini-
cal use, clinical USG ultrasonography for routine clinical use
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results (7–14 days, including the cell culture period). FISH is commonly used as a 
screening panel for chromosomes 13, 18, 21, X, and Y. It is considered a screening 
test because false-positive and false-negative results have been reported with FISH 
[46–48]. Therefore, clinical diagnosis using FISH results should be supported with 
other clinical and laboratory analyses, such as abnormal ultrasonography, positive 
screening test using maternal serum and/or soft markers, or confirmatory traditional 
metaphase chromosome analysis or chromosomal microarray analysis (CMA), as 
described in the next paragraph.

CMA can detect small chromosomal aneuploidies that cannot be identified by 
conventional karyotyping [49]. The duplicated or deleted regions of DNA are called 
CNV. CMA can be performed without cell or tissue culture; thus, the results are 
obtained in approximately 3–7 days. Since CMA can also be performed with nonvi-
able cells, which are not suitable for conventional karyotyping analysis, cases of 
fetal death or stillbirth can be examined by this technique [49]. CMA can identify 
nearly all abnormalities except for balanced translocations and triploidy. When 
CMA is compared with conventional karyotyping in the detection of structural 
abnormalities by prenatal ultrasonography, approximately 6% of the fetuses were 
identified with chromosomal abnormalities by CMA; however, conventional karyo-
type analysis presented normal results [50, 51]. Therefore, CMA should be the pri-
mary test if a structural abnormality is detected by fetal ultrasonography, as 
recommended by the American Congress of Obstetricians and Gynecologists 
(ACOG) [49].

In the late 1980s, single-gene disorders were diagnosed using fetal samples. At 
first, prenatal diagnosis of β-thalassemia was performed using amplified fetal DNA 
[52], and then the number of diagnosable diseases or genes has increased. Whole- 
genome sequencing using DNA samples from the amniotic fluid was performed in 
the next-generation sequencing (NGS) era [53]. Whole-exome sequencing (WES) is 
also a choice for fetal genetic analysis because coding exons sequenced in WES are 
only 2% of the genome but contain 85% of disease-coding mutations. Prenatal WES 
using fetal blood samples has been performed since 2013 [54]. In the late 2000s, 
massive parallel sequencing (MPS) using NGS opened the way to NIPT [55]. Now, 
NIPT for aneuploidy is widely used in the world [56], and some fetal single-gene 
diseases can also be detected using cell-free fetal DNA (cffDNA) obtained from 
maternal blood [57, 58]. Although the number of diseases that can be detected using 
cffDNA is gradually expanding, cffDNA analyses are screening tests and do not 
replace diagnostic testing, as mentioned in the guidelines of professional societies 
[59–64].

12.3  Ethical Issue of Prenatal Diagnosis

Prenatal diagnosis involves certain ethical issues, and recent progress in fetal genetic 
testing also presents additional ethical challenges. The four principle-based ethics are 
(1) respect for autonomy, (2) beneficence, (3) non-maleficence, and (4) justice. All 
women have reproductive rights to make the final reproductive decision following 
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appropriate counseling or advice based on these principles. Respect for autonomy 
requires that parents are given accurate information so they can make a properly 
informed decision [65]. For example, the specific steps in genetic counseling for pre-
NIPT include pretest education, counseling, and informed consent; the screening or 
testing procedure; a laboratory component that includes test interpretation; and, 
finally, the disclosure of results to the patient within a context that includes the appro-
priate education, counseling, and follow-up [64]. Moreover, since termination for 
fetal abnormality can have long-lasting psychological consequences, identifying 
women vulnerable to poor psychological adjustment and promoting coping strategies 
associated with lower levels of grief may be beneficial [66]. In Japan, prenatal genetic 
screening and testing are offered to women whose child is at risk for severe child-
onset diseases and/or chromosomal abnormalities, in accordance with criteria pro-
vided by Japanese professional societies. Some people claim that the detection of 
congenital anomalies should reduce cases of disabilities; the response of the WHO to 
this claim is that the availability of genetic tests must not be allowed to create an illu-
sion that most disabilities are preventable and therefore unacceptable to society [67].

In the near future, we should be able to detect the whole genomic information, 
epigenetic condition, and molecular structure of a fetus with ease. The analysis 
results would contain information about not only life-threatening diseases but also 
the general phenotype. Furthermore, fetal therapy and genome editing will be prac-
tically performed. In the context of prenatal diagnosis, we should consider our ethi-
cal responsibilities to two patients: the mother and the fetus. The more we possess, 
the harder quandaries lead.

References

 1. Rao R, Platt LD. Ultrasound screening: status of markers and efficacy of screening for struc-
tural abnormalities. Semin Perinatol. 2016;40(1):67–78.

 2. Benson CB, Doubilet PM. The history of imaging in obstetrics. Radiology. 2014;273(2 
Suppl):S92–110.

 3. Warsof SL, Gohari P, Berkowitz RL, Hobbins JC. The estimation of fetal weight by computer- 
assisted analysis. Am J Obstet Gynecol. 1977;128(8):881–92.

 4. Shepard MJ, Richards VA, Berkowitz RL, Warsof SL, Hobbins JC. An evaluation of two equa-
tions for predicting fetal weight by ultrasound. Am J Obstet Gynecol. 1982;142(1):47–54.

 5. Hadlock FP, Harrist RB, Sharman RS, Deter RL, Park SK. Estimation of fetal weight with the 
use of head, body, and femur measurements—a prospective study. Am J Obstet Gynecol. 
1985;151(3):333–7.

 6. Aoki M. Fetal weight calculation; Osaka University method. In: Ciba Y, editor. Ultrasound in 
obstetrics and gynaecology. Kyoto: Kinpoudo; 1990. p. 95–107.

 7. Shinozuka N, Okai T, Kohzuma S, Mukubo M, Shih CT, Maeda T, et al. Formulas for fetal 
weight estimation by ultrasound measurements based on neonatal specific gravities and vol-
umes. Am J Obstet Gynecol. 1987;157(5):1140–5.

 8. Shinozuka N, Akamatsu N, Sato S, Kanzaki T, Takeuchi H, Natori M, et al. Ellipse tracing 
fetal growth assessment using abdominal circumference: JSUM standardization committee for 
fetal measurements. J Med Ultrasound. 2000;8(2):87–94.

 9. Schild RL, Fell K, Fimmers R, Gembruch U, Hansmann M. A new formula for calculating 
weight in the fetus of < or = 1600 g. Ultrasound Obstet Gynecol. 2004;24(7):775–80.

12 Prenatal Diagnosis of the Human Embryo and Fetus



188

 10. Kalantari M, Negahdari A, Roknsharifi S, Qorbani M. A new formula for estimating fetal 
weight: the impression of biparietal diameter, abdominal circumference, mid-thigh soft tissue 
thickness and femoral length on birth weight. Iran J Reprod Med. 2013;11(11):933–8.

 11. Cunningham ME, Walls WJ. Ultrasound in the evaluation of anencephaly. Radiology. 
1976;118(1):165–7.

 12. Salomon LJ, Alfirevic Z, Berghella V, Bilardo C, Hernandez-Andrade E, Johnsen SL, et al. 
Practice guidelines for performance of the routine mid-trimester fetal ultrasound scan. 
Ultrasound Obstet Gynecol. 2011;37(1):116–26.

 13. Benacerraf BR, Frigoletto Jr FD, Greene MF. Abnormal facial features and extremities in 
human trisomy syndromes: prenatal US appearance. Radiology. 1986;159(1):243–6.

 14. Benacerraf BR, Frigoletto Jr FD, Cramer DW. Down syndrome: sonographic sign for diagno-
sis in the second-trimester fetus. Radiology. 1987;163(3):811–3.

 15. Benacerraf BR, Nadel A, Bromley B. Identification of second-trimester fetuses with autoso-
mal trisomy by use of a sonographic scoring index. Radiology. 1994;193(1):135–40.

 16. Dey M, Sharma S, Aggarwal S. Prenatal screening methods for aneuploidies. N Am J Med Sci. 
2013;5(3):182–90.

 17. Rossi AC, Prefumo F. Additional value of fetal magnetic resonance imaging in the prenatal 
diagnosis of central nervous system anomalies: a systematic review of the literature. Ultrasound 
Obstet Gynecol. 2014;44(4):388–93.

 18. Cardoza JD, Goldstein RB, Filly RA. Exclusion of fetal ventriculomegaly with a single mea-
surement: the width of the lateral ventricular atrium. Radiology. 1988;169(3):711–4.

 19. Salomon LJ, Ouahba J, Delezoide AL, Vuillard E, Oury JF, Sebag G, et al. Third-trimester 
fetal MRI in isolated 10- to 12-mm ventriculomegaly: is it worth it? Br J Obstet Gynaecol. 
2006;113(8):942–7.

 20. Morris JE, Rickard S, Paley MN, Griffiths PD, Rigby A, Whitby EH. The value of in-utero 
magnetic resonance imaging in ultrasound diagnosed foetal isolated cerebral ventriculomeg-
aly. Clin Radiol. 2007;62(2):140–4.

 21. Lyons K, Cassady C, Jones J, Paldino M, Mehollin-Ray A, Guimaraes C, et al. Current role of 
fetal magnetic resonance imaging in neurologic anomalies. Semin Ultrasound CT MR. 
2015;36(4):298–309.

 22. Mehollin-Ray AR, Cassady CI, Cass DL, Olutoye OO. Fetal MR imaging of congenital dia-
phragmatic hernia. Radiographics. 2012;32(4):1067–84.

 23. Shinmoto H, Kashima K, Yuasa Y, Tanimoto A, Morikawa Y, Ishimoto H, et al. MR imaging 
of non-CNS fetal abnormalities: a pictorial essay. Radiographics. 2000;20(5):1227–43.

 24. Shinmoto H, Kuribayashi S. MRI of fetal abdominal abnormalities. Abdom Imaging. 
2003;28(6):877–86.

 25. Longwei X. Clinical application of diffusion tensor magnetic resonance imaging in skeletal 
muscle. Muscles Ligaments Tendons J. 2012;2(1):19–24.

 26. Zhang L, Allen J, Hu L, Caruthers SD, Wickline SA, Chen J. Cardiomyocyte architectural 
plasticity in fetal, neonatal, and adult pig hearts delineated with diffusion tensor MRI. Am 
J Physiol Heart Circ Physiol. 2013;304(2):H246–52.

 27. Doray B, Favre R, Viville B, Langer B, Dreyfus M, Stoll C. Prenatal sonographic diagnosis of 
skeletal dysplasias. A report of 47 cases. Ann Genet. 2000;43(3–4):163–9.

 28. Parilla BV, Leeth EA, Kambich MP, Chilis P, MacGregor SN. Antenatal detection of skeletal 
dysplasias. J Ultrasound Med. 2003;22(3):255–8.

 29. Garjian KV, Pretorius DH, Budorick NE, Cantrell CJ, Johnson DD, Nelson TR. Fetal skeletal 
dysplasia: three-dimensional US—initial experience. Radiology. 2000;214(3):717–23.

 30. Krakow D, Williams 3rd J, Poehl M, Rimoin DL, Platt LD. Use of three-dimensional ultra-
sound imaging in the diagnosis of prenatal-onset skeletal dysplasias. Ultrasound Obstet 
Gynecol. 2003;21(5):467–72.

 31. Ruano R, Molho M, Roume J, Ville Y. Prenatal diagnosis of fetal skeletal dysplasias by com-
bining two-dimensional and three-dimensional ultrasound and intrauterine three-dimensional 
helical computer tomography. Ultrasound Obstet Gynecol. 2004;24(2):134–40.

S. Yamada and H. Miyake



189

 32. Victoria T, Epelman M, Coleman BG, Horii S, Oliver ER, Mahboubi S, et al. Low-dose fetal 
CT in the prenatal evaluation of skeletal dysplasias and other severe skeletal abnormalities. Am 
J Roentgenol. 2013;200(5):989–1000.

 33. Sohda S, Hamada H, Oki A, Iwasaki M, Kubo T. Diagnosis of fetal anomalies by three- 
dimensional imaging using helical computed tomography. Prenat Diagn. 1997;17(7):670–4.

 34. Bonnefoy O, Delbosc JM, Maugey-Laulom B, Lacombe D, Gaye D, Diard F. Prenatal diagno-
sis of hypochondroplasia: three-dimensional multislice computed tomography findings and 
molecular analysis. Fetal Diagn Ther. 2006;21(1):18–21.

 35. Adler-Levy Y, Yagel S, Nadjari M, Bar-ziv Y, Simanovsky N, Hiller N. Use of low dose com-
puted tomography with 3D reconstructions for the prenatal evaluation of suspected skeletal 
dysplasia. Isr Med Assoc J. 2015;17(1):42–6.

 36. Born G. Die Plattenmodelliermethode. Arch Mikrosk Anat. 1883;22:584–99.
 37. Yamada S, Itoh H, Uwabe C, Fujihara S, Nishibori C, Wada M, et al. Computerized three- 

dimensional analysis of the heart and great vessels in normal and holoprosencephalic human 
embryos. Anat Rec (Hoboken). 2007;290(3):259–67.

 38. Weninger WJ, Mohun T. Phenotyping transgenic embryos: a rapid 3-D screening method 
based on episcopic fluorescence image capturing. Nat Genet. 2002;30(1):59–65.

 39. Yamada S, Samtani RR, Lee ES, Lockett E, Uwabe C, Shiota K, et al. Developmental atlas of 
the early first trimester human embryo. Dev Dyn. 2010;239(6):1585–95.

 39. Yamaguchi Y, Miyazaki, R Kamatani M, Uwabe C, Makishima H, Nagai M, et al. Three-
dimensional models of the segmented human fetal brain generated by magnetic resonance 
imaging. Congenital Anomalies, in press.

 40. Matsuda Y, Ono S, Otake Y, Handa S, Kose K, Haishi T, et al. Imaging of a large collection of 
human embryo using a super-parallel MR microscope. Magn Reson Med Sci. 
2007;6(3):139–46.

 41. Momose A, Takeda T, Itai Y, Hirano K. Phase-contrast X-ray computed tomography for 
observing biological soft tissues. Nat Med. 1996;2(4):473–5.

 42. Yoneyama A, Yamada S, Takeda T. Fine biomedical imaging using x-ray phase-sensitive tech-
nique. In: Gargiulo GD, McEwan A, editors. Advanced biomedical engineering, vol. 2. Rijeka, 
Croatia: InTech; 2011. p. 107–28.

 43. Palomaki GE, Deciu C, Kloza EM, Lambert-Messerlian GM, Haddow JE, Neveux LM, et al. 
DNA sequencing of maternal plasma reliably identifies trisomy 18 and trisomy 13 as well as 
Down syndrome: an international collaborative study. Genet Med. 2012;14(3):296–305.

 44. Snyder MW, Gammill HS, Shendure J. Copy-number variation and false positive results of 
prenatal screening. N Engl J Med. 2015;373(26):2585.

 45. Jackson LG, Zachary JM, Fowler SE, Desnick RJ, Golbus MS, Ledbetter DH, et al. A random-
ized comparison of transcervical and transabdominal chorionic-villus sampling. The 
U.S. National Institute of Child Health and Human Development Chorionic-Villus Sampling 
and Amniocentesis Study Group. N Engl J Med. 1992;327(9):594–8.

 46. Toutain J, Epiney M, Begorre M, Dessuant H, Vandenbossche F, Horovitz J, et al. First- 
trimester prenatal diagnosis performed on pregnant women with fetal ultrasound abnormali-
ties: the reliability of interphase fluorescence in situ hybridization (FISH) on mesenchymal 
core for the main aneuploidies. Eur J Obstet Gynecol Reprod Biol. 2010;149(2):143–6.

 47. Tepperberg J, Pettenati MJ, Rao PN, Lese CM, Rita D, Wyandt H, et al. Prenatal diagnosis 
using interphase fluorescence in situ hybridization (FISH): 2-year multi-center retrospective 
study and review of the literature. Prenat Diagn. 2001;21(4):293–301.

 48. Bryndorf T, Lundsteen C, Lamb A, Christensen B, Philip J. Rapid prenatal diagnosis of chro-
mosome aneuploidies by interphase fluorescence in situ hybridization: a one-year clinical 
experience with high-risk and urgent fetal and postnatal samples. Acta Obstet Gynecol Scand. 
2000;79(1):8–14.

 49. American College of Obstetricians and Gynecologists Committee on Genetics. Committee 
Opinion No. 581: the use of chromosomal microarray analysis in prenatal diagnosis. Obstet 
Gynecol. 2013;122(6):1374–7.

12 Prenatal Diagnosis of the Human Embryo and Fetus



190

 50. Baer RJ, Flessel MC, Jelliffe-Pawlowski LL, Goldman S, Hudgins L, Hull AD, et al. Detection 
rates for aneuploidy by first-trimester and sequential screening. Obstet Gynecol. 
2015;126(4):753–9.

 51. Aagaard-Tillery KM, Malone FD, Nyberg DA, Porter TF, Cuckle HS, Fuchs K, et al. Role of 
second-trimester genetic sonography after Down syndrome screening. Obstet Gynecol. 
2009;114(6):1189–96.

 52. Pirastu M, Ristaldi MS, Cao A. Prenatal diagnosis of beta thalassaemia based on restriction 
endonuclease analysis of amplified fetal DNA. J Med Genet. 1989;26(6):363–7.

 53. Talkowski ME, Ordulu Z, Pillalamarri V, Benson CB, Blumenthal I, Connolly S, et al. Clinical 
diagnosis by whole-genome sequencing of a prenatal sample. N Engl J Med. 
2012;367(23):2226–32.

 54. Yang Y, Muzny DM, Reid JG, Bainbridge MN, Willis A, Ward PA, et al. Clinical whole-exome 
sequencing for the diagnosis of mendelian disorders. N Engl J Med. 2013;369(16):1502–11.

 55. Chiu RW, Chan KC, Gao Y, Lau VY, Zheng W, Leung TY, et al. Noninvasive prenatal diagno-
sis of fetal chromosomal aneuploidy by massively parallel genomic sequencing of DNA in 
maternal plasma. Proc Natl Acad Sci U S A. 2008;105(51):20458–63.

 56. Hui L, Bianchi DW. Recent advances in the prenatal interrogation of the human fetal genome. 
Trends Genet. 2013;29(2):84–91.

 57. Lench N, Barrett A, Fielding S, McKay F, Hill M, Jenkins L, et al. The clinical implementation 
of non-invasive prenatal diagnosis for single-gene disorders: challenges and progress made. 
Prenat Diagn. 2013;33(6):555–62.

 58. Lewis C, Hill M, Chitty LS. Non-invasive prenatal diagnosis for single gene disorders: experi-
ence of patients. Clin Genet. 2014;85(4):336–42.

 59. Benn P, Borrell A, Chiu RW, Cuckle H, Dugoff L, Faas B, et al. Position statement from the 
Chromosome Abnormality Screening Committee on behalf of the Board of the International 
Society for Prenatal Diagnosis. Prenat Diagn. 2015;35(8):725–34.

 60. Practice Bulletin No. 163 Summary: screening for fetal aneuploidy. Obstet Gynecol. 
2016;127(5):979–81.

 61. Wilson KL, Czerwinski JL, Hoskovec JM, Noblin SJ, Sullivan CM, Harbison A, et al. NSGC 
practice guideline: prenatal screening and diagnostic testing options for chromosome aneu-
ploidy. J Genet Couns. 2013;22(1):4–15.

 62. Gregg AR, Gross SJ, Best RG, Monaghan KG, Bajaj K, Skotko BG, et al. ACMG statement on 
noninvasive prenatal screening for fetal aneuploidy. Genet Med. 2013;15(5):395–8.

 63. Committee Opinion Summary No. 640: cell-free DNA screening for fetal aneuploidy. Obstet 
Gynecol. 2015;126(3):691–2.

 64. Gregg AR, Skotko BG, Benkendorf JL, Monaghan KG, Bajaj K, Best RG, et al. Noninvasive 
prenatal screening for fetal aneuploidy, 2016 update: a position statement of the American 
College of Medical Genetics and Genomics. Genet Med. 2016;18(10):1056–65.

 65. Howe D. Ethics of prenatal ultrasound. Best Pract Res Clin Obstet Gynaecol. 
2014;28(3):443–51.

 66. Lafarge C, Mitchell K, Fox P. Perinatal grief following a termination of pregnancy for foetal 
abnormality: the impact of coping strategies. Prenat Diagn. 2013;33(12):1173–82.

 67. Wertz DC, Fletcher GF, Berg K, WHO Human Genetics Programme. Review of ethical issues 
in medical genetics: report of consultants to WHO/DC. Wertz, J.C. Fletcher, K. Berg. Geneva: 
World Health Organization; 2003. p. 102.

S. Yamada and H. Miyake



191© Springer Science+Business Media Singapore 2017
I. Konishi (ed.), Precision Medicine in Gynecology and Obstetrics, 
Comprehensive Gynecology and Obstetrics, DOI 10.1007/978-981-10-2489-4_13

S. Minamiguchi, M.D., Ph.D. (*) 
Department of Diagnostic Pathology, Kyoto University Hospital,  
54 Shogoin Kawahara-cho, Sakyo-ku, Kyoto 606-8507, Japan
e-mail: minami@kuhp.kyoto-u.ac.jp 

J.M. Lage, M.D. 
Department of Pathology, The University of Mississippi Medical Center, Jackson, MS, USA

13Pathology and Genomics in Gestational 
Trophoblastic Neoplasia
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Abstract
Gestational trophoblastic diseases (GTDs) originate from placental tissue and 
are rare tumors with a current cure rate of greater than 90% with the right diag-
nosis and clinical management. GTDs are generally divided into two categories: 
(1) hydatidiform moles, presenting abnormal villous proliferation with chromo-
somal aberrations, and (2) rare gestational trophoblastic neoplasms (GTNs) 
including choriocarcinoma, placental site trophoblastic tumor, and epithelioid 
trophoblastic tumor. Persistent gestational trophoblastic disease/tumor most 
commonly occurs following molar pregnancy; however, it may follow any GTD.

Hydatidiform mole was previously diagnosed in the second trimester; how-
ever, it is now diagnosed in first trimester specimens, based on the availability 
of accurate and sensitive tests for the detection of hCG and on the use of early 
ultrasonographic examination. Often, a diagnosis is made before classical clini-
cal signs and symptom develop. In daily practice, histological diagnosis of GTD 
continues to have some degree of diagnostic misclassification with a fairly high 
degree of inter- and intraobserver variability. Studies evaluating the concomitant 
use of histology with p57KIP2 immunohistochemistry, and/or genotyping, have 
further refined diagnoses of hydatidiform mole. Beyond hydatidiform mole, the 
even rarer tumors of the GTN family require broad knowledge of the clinical and 
histological features, as well as the application of immunohistochemical markers 
directed toward the various types of trophoblast, to arrive at the correct diagnosis.
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This chapter focuses on recent advances in the pathogenesis; pathological 
diagnostic features, including immunohistochemistry; and genetic findings, of 
GTD, along with a review of the clinical management.

Keywords
Hydatidiform mole • Choriocarcinoma • PSTT • ETT

13.1  Molar Pregnancies

WHO classification (the 4th edition, 2014) of gestational trophoblastic disease 
(GTD) includes neoplasms, molar pregnancies, nonneoplastic lesions, and abnor-
mal (non-molar) villous lesions [1] (Table 13.1). Molar pregnancies include com-
plete hydatidiform mole (CM), partial hydatidiform mole (PM), and invasive mole. 
Hydatidiform mole is an abnormal placenta with villous hydrops and variable 
degrees of abnormal trophoblastic hyperplasia which can be distinguished by means 
of gross morphologic and histopathological examination along with cytogenetic 
analyses.

The prevalence of hydatidiform mole varies by country, with the highest incidence 
in Southeast Asia (3.8–13/1000 pregnancies) and the lowest incidence in the USA 
and Europe (0.5–1.84/1000 pregnancies) [1–3]. In Japan, the incidence is decreasing 
from 2.5/1000 pregnancies in 1974 to 1.65/1000 pregnancies in 2000 [4].

Significant risk factors are maternal age >40 years, previous spontaneous abor-
tion and previous history of hydatidiform mole, and Asian ethnicity and genetics. 
Some studies suggest that vitamin A deficiency and nutritional and socioeconomic 
factors may increase the risk of molar pregnancy [1, 3, 5].

Persistent GTD is determined by hCG values that have plateaued or are increas-
ing after curettage for hydatidiform mole. Further clinical and imaging studies are 
indicated to exclude invasive mole or high-risk GTD including choriocarcinoma 
[5–7]. The incidences of persistent GTD are 15–29% following CM and 0–4% after 
PM [1, 6]. It is crucial to diagnostically separate the non-molar, hydropic abortions 
from hydatidiform moles for prognostic and clinical management purposes.

Table 13.1 Classification of gestational trophoblastic disease (WHO classification, 2014)

Neoplasms Choriocarcinoma
Placental site trophoblastic tumour
Epithelioid trophoblastic tumour

Molar pregnancies Hydatidiform mole
• Complete
• Partial
• Invasive

Non-neoplastic lesions Exaggerated placental site
Placental site nodule and plaque

Abnormal (nonmolar) villous lesions

S. Minamiguchi and J.M. Lage



193

The clinical presentation of a CM has changed considerably over the past three 
decades. CM was once easily diagnosed in the second trimester, and certain symp-
toms were common at the time of presentation, including prominent uterine enlarge-
ment, anemia, toxemia, hyperemesis, hyperthyroidism, and respiratory failure. 
However, the diagnosis is now typically made in the first trimester often before 
classic clinical symptoms develop. This is based on the availability of accurate and 
sensitive tests for hCG and the widespread use of both transabdominal and trans-
vaginal ultrasonographies [5, 6].

Although abortion specimens with hydropic chorionic villi are routinely encoun-
tered in general and gynecological pathology practice, the histological features of 
early CM (at less than 12-week gestational age), PM, and hydropic abortus often 
overlap and have a low sensitivity and specificity, especially for PM [8].

The development of ancillary diagnostic testing methods, including immuno-
histochemical detection of imprinted genes/products, DNA ploidy analysis, and, 
most recently, DNA short tandem repeat (STR) genotyping, has advanced the study 
of GTD during the past three decades [9–11]. Diagnostic algorisms have been 
proposed in pathological diagnosis of PTD with the concomitant use of traditional 
histopathological assessment and ancillary studies for higher diagnostic accuracy 
[9, 10].

Clinical and pathological diagnostic features of hydatidiform moles and non- 
molar hydropic abortus are summarized in Table 13.2.

13.1.1  Compete Hydatidiform Mole

WHO classification (2014) defines CM as a nonneoplastic, proliferative disorder of 
the placenta, resulting in villous hydrops and trophoblastic hyperplasia without 
embryonic development and having androgenic diploid karyotype (diploid paternal- 
only genome) [1].

Clinical findings are vaginal bleeding in the second trimester, prominent uterine 
enlargement, and marked elevation of serum hCG (>100 × 103 mIU/mL). 
Ultrasonography shows the absence of fetus and “snow storm” pattern. These are 
characteristic features of well-developed, classic CM [6].

Genetically, the majority of CM cases have a diploid, paternal-only genome with 
the karyotypes of 46XX or 46XY. Two paternal haploid chromosome sets consist of 
either monosomic/homozygous (80–90%) or dispermic/heterozygous (10–20%) 
origin (Fig. 13.1) [1, 3]. Rarely, tetraploid CM may exist with four paternal haploid 
sets in the genome.

Macroscopically, classic CM consists of bulky, bloody tissue with uniformly 
hydropic “grapelike” villi (Fig. 13.2) [1, 5, 6]. The edematous villi range from a few 
millimeters to over 10 mm in diameter. Fetal and normal placenta are absent apart 
from rare exceptions [12, 13]. Early complete mole (ECM) of 6.5 to 12 weeks of 
gestational age is typically normal grossly [6].

Histological features of classic CM differ from those of ECM. Knowledge of the 
gestational age is useful in determining the appropriate histological criteria to be 
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applied. Classic CM presents with diffuse villous enlargement and edema, frequent 
cistern formation, and conspicuous trophoblastic hyperplasia. Cistern formation is 
cavitation in the center of the villi produced by necrosis of the mesenchyme 
(Fig. 13.3a). Villous stromal vessels are usually absent. The villi are usually round to 

Table 13.2 Diagnostic features of hydatidiform moles

Features CM

ECM (6.5–
12 weeks of 
gestation) PM

Hydropic 
abortus

Karyotype 46XX, 46XY 
(paternal- only)

46XX, 46XY 
(paternal-only)

69XXX, 69XXY, 
69XYY

46XX, 46XY

Pretreatment 
hCG (mIU/mL)

>100 × 103 Normal or 
<100 × 103

Normal or <100 × 103 Normal

Ultrasound Snow storm 
pattern

– Focal cystic change –

Gestational sac 
and fetus

Absence Absence Rarely presence Presence

Macroscopy Overall 
hydropic 
change

No gross 
abnormality

Focal hydropic change No gross 
abnormality

Villous shape
Outline Round to oval Polypoid Scalloped with 

pseudo-inclusionfjord- 
like invagination

Round to 
ovalCauliflower 

shapes
Crab-shaped

Enlargement Marked Normal size Some enlarged, but 
often not prominent

Often marked

Cistern Prominent Uncommon Variable, usually not 
prominent

Variable, 
usually not 
prominent

Trophoblastic hyperplasia
Extent Multifocal Circumferencial Focal, 

syncytiotrophoblast 
knuckles (sprouts)

None

Amount Abundant Increase Minimal None
Atypia Marked Mild to moderate Limited to mild None
Normal villi None or few Some Numerous Sometimes
Apoptosis in 
villous stroma

Marked Marked to mild Rare None

Vasculature and 
nucleated RBCs

Absent, 
generally

Absent, capillary 
may be present

Common Absent, 
generally

p57KIP2 
immunostain in 
cytotrophoblast 
and villous 
stromal cells

Negative Negative Positive Positive

Persistent 
trophoblastic 
disease

15–29% 15–29% 0–4% 0%

CM complete hydatidiform mole, ECM early complete hydatidiform mole, PM partial hydatidi-
form mole, HA hydropic abortus, hCG human chorionic gonadotropin
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oval. Trophoblastic hyperplasia is circumferential, and significant cytological atypia 
of all three trophoblasts is almost always present (Fig. 13.3b). Mitotic figures are usu-
ally found. There are no fetal tissue and normal placental structures excluding very 
rare exceptions. In contrast, ECM shows minimal hydropic change and cistern forma-
tion is rare [14, 15]. The villi have irregular shapes called polypoid, cauliflower-like, 
or crab-shaped (Fig. 13.3c). Trophoblastic hyperplasia is mild to moderate in degree, 
and trophoblast shows circumferential or random distribution on the villi. An exag-
gerated placental site (molar implantation site) with atypical trophoblast is often pres-
ent. The villous stroma is abnormally cellular with prominent apoptosis (karyorrhexis) 

Complete hydatidiform mole

Diploid diandric paternal-only genome 

Monospermic/homozygous 
or dispermic/heterozygous 

46XX 

46XY

Empty egg

Partial hydatidiform mole

Triploid diandric-monogynic genome 

69XXY 

69XXX

69XYY

Normal egg

dispermic haploid

Fig. 13.1 Pathogenesis of complete hydatidiform mole and partial hydatidiform mole

Fig. 13.2 Gross 
appearance of complete 
hydatidiform mole 
presenting diffuse 
grapelike villous swelling
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and myxoid change (Fig. 13.3d) [14, 15]. Capillary vessels can be seen in the stroma 
with or without nucleated red blood cells. Stromal fibrosis is absent.

The prevalence of persistent gestational trophoblastic disease is 15–29%, and 
2–3% of the patients develop choriocarcinoma after CM [1, 3, 6]. The risk of subse-
quent CM is 1–1.8% and 10–18% after two consecutive CMs [16, 17]. The rare case 
of recurrent, familial, and biparental CM develops as a result of abnormal imprint-
ing and overexpression of the paternal genome related to maternal mutation of 
NALP7/NLRP7 and more rarely KHDC3L [3, 18].

13.1.2  Partial Hydatidiform Mole (PM) 
(Figs. 13.5, 13.6 and 13.7a–d)

PM is defined as a hydatidiform mole with a spectrum of villous populations rang-
ing from normal size to substantial hydrops with mild, focal trophoblastic hyperpla-
sia. Most cases present diandric-monogynic triploid genome [1, 3, 5, 6, 19].

Clinical presentations are vaginal bleeding, missed or incomplete abortion in the 
late first or early second trimester, normal to mild elevated serum hCG 
(<100 × 103 mIU/mL), and a focal cystic change in the placenta on ultrasound. Fetal 
tissues or gestational sac can be seen [19].

*

a b

c d

Fig. 13.3 Histological appearance of complete hydatidiform mole. (a) Swollen villi with necrosis 
of the mesenchyme produce cistern (*), and left lower side villi show polypoid, crab-shaped irreg-
ular outline. (b) The implantation site trophoblast presenting conspicuous trophoblastic atypia. (c) 
Early complete hydatidiform mole. Characteristic irregular villous contour resembling cauliflower- 
like shape. (d) Early complete hydatidiform mole. Hypercellular myxoid villous stroma with kary-
orrhexis (apoptosis) accompanied by modest circumferential trophoblastic proliferation
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Genetically, PM has a triploid diandric-monogynic genome with karyotype of 
69XXY (70%), 69XXX (27%), and 69XYY (3%) (Fig. 13.1) [1, 3, 19].

Grossly, hydropic vesicles admixed with normal placental tissue are characteris-
tic features (Fig. 13.4). Gestational sac, abnormal fetus, and normal fetus might be 
found.

Histological features are hydropically enlarged villi with occasional central cistern 
and oval or irregular outline, called “fjord-like” or “scalloping” (Fig. 13.5a). 
Trophoblastic stromal inclusions are commonly found and the result of villous irregu-
lar shape (Fig. 13.5b). Circumferential trophoblastic hyperplasia is not conspicuous; 
however, focal mild syncytiotrophoblastic hyperplasia called “knuckles” or “sprouts” 

a b

c d

Fig. 13.5 Histologic appearance of partial hydatidiform mole. (a) A mixed population of villi 
with shape differences in villous size. (b) Trophoblastic inclusions and villous stromal fibrosis. (c) 
“Fjord-like” irregular-shaped villi with predominantly mild syncytiotrophoblastic proliferation 
like “sprouts”. (d) Pseudoangiomatous change showing dilated vessels in the villous stroma

Fig. 13.4 Gross appearance 
of partial hydatidiform mole, 
25 weeks of gestation with 
triploidy revealed by DNA 
genotyping. Scattered 
hydropic vesicles are seen in 
normal placental villi
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is a characteristic feature (Fig. 13.5c). Cytologic atypia is minimal to mild. Villous 
stroma sometimes contains pseudoangiomatoid change (Fig. 13.5d). Stromal fibrosis 
and nucleated red blood cells in villous stromal vessels, which are less common, but 
present, in CM, are commonly found in PM [1, 3, 15, 19].

The prevalence of persistent GTD is 0.5–5% in PM, especially in the case of 
invasive PM [16, 17]. The risk of developing choriocarcinoma is 0–0.5% [1, 3, 
20]. Differentiating PM from CM is important because CM has higher risk (15–
29%) of persistent GTD. There are cases in which the morphological distinction 
between PM and CM, especially ECM, may be difficult because of inter-observer 
variation of commonly observed features, for example, edematous villi with irreg-
ular outline, mild trophoblastic hyperplasia, cistern formation, and trophoblastic 
pseudo-inclusions.

13.1.3  Invasive Hydatidiform Mole

Invasive hydatidiform mole is defined as CM or PM that invades the myometrium 
and/or uterine vessels (Fig. 13.6) [1, 21]. Clinically, these cases present with vaginal 
bleeding with persistent elevation of serum hCG after primary evacuation of a hyda-
tidiform mole. Uterine perforation caused by invasive hydatidiform mole has been 

Fig. 13.6 Invasive complete hydatidiform mole. Molar tissue is identified in the myometrium

S. Minamiguchi and J.M. Lage



199

reported. Histologically, molar villi invading into myometrium are the diagnostic 
requirement. Histological features of CM or PM are same in the case of invasive hyda-
tidiform mole. The finding of extravillous trophoblast (mainly intermediate tropho-
blast) without villi invading into superficial myometrium and maternal spiral artery is 
commonly seen in noninvasive moles and does not form the basis for a diagnosis of 
invasive hydatidiform mole. The incidence of invasive CM is higher than that of PM.

13.1.4  Ancillary Studies for the Diagnosis of Hydatidiform Mole

13.1.4.1  Immunohistochemistry
p57KIP2 is an effective marker for differentiating CM from partial hydatidiform mole 
(PM) and hydropic abortus [3, 9–11]. p57KIP2 is a cyclin-dependent kinase inhibitor 
encoded by the paternally imprinted and maternally expressed gene CDKN1C on 
chromosome 11p15.5. Due to its preferential expression from the maternal allele, 
the gene is silent in androgenic CM, PM, hydropic non-molar abortuses, and triso-
mies. These latter cases all show normal p57 protein expression pattern: positive 
nuclear staining in cytotrophoblast and villous stromal cells. In contrast, CM shows 
absent nuclear p57KIP2 staining in cytotrophoblast and villous stromal cells because 
CM has only paternal genome, without any maternal genome (Fig. 13.7a, b). It is 
important to mention that the syncytiotrophoblast is negative and intermediate 

a b

Fig. 13.7 Immunohistochemical staining of p57. (a) Complete hydatidiform mole. Absence of 
nuclear staining in cytotrophoblast and villous stromal cells. (b) Partial hydatidiform mole. 
Presence of nuclear staining in cytotrophoblast and villous stromal cells
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trophoblast is positive for p57KIP2 in all CM, PM, and non-molar villi. This may be 
a pitfall for the reviewer due to inexperience in recognizing the different types of 
trophoblast, especially the cytotrophoblast and intermediate trophoblast, resulting 
in inaccurate interpretation of immunohistochemical staining pattern. It is important 
to carefully note which cell types show nuclear-positive staining for p57KIP2. Studies 
have revealed that p57 expression is highly correlated with DNA genotyping and it 
is a reliable marker for the diagnosis of CM. However, there are some exceptions of 
CM showing normal p57 pattern. For example, twin gestation with CM and normal 
fetus, rare CM of mosaic androgenic/biparental mosaic/chimeric gestations, and 
CM with retained maternal chromosome 11 are included. On the other hand, PM 
with p57-negative pattern based on loss of maternal chromosome rarely occurs [10]. 
Cell cycle proteins or proliferation markers (Ki-67, PCNA, ESF-1, CDK2, cyclin E) 
of molar pregnancies have also been studied and show variable results; however, 
none of them demonstrate the high sensitivity and specificity of p57 for use in rou-
tine diagnosis of hydatidiform mole [9].

13.1.4.2  Ploidy Analysis
Ploidy analysis has been used for decades in determining the number of hap-
loid sets of chromosomes [9]. Karyotype analysis by chromosome G-band can 
also rule out chromosomal trisomy syndromes presenting with histological find-
ings mimicking a molar gestation. The problems of ploidy analysis are: (1) it is 
unable to identify the paternal origin and cannot differentiate triploid PM from 
non-molar digynic triploidy; (2) fresh tissue is needed for karyotyping, whereas 
ploidy analysis can be performed on both fresh and fixed tissues; and (3) the 
rate of correct diagnosis of CM by FISH is only 38.5% because of technical 
difficulties.

13.1.4.3  Short Tandem Repeat (STR) Genotyping
Short tandem repeats (STRs) are prevalent, genetically stable, and repetitive non-
coding DNA sequences. The number of repeats at each STR locus differs between 
individuals, and this feature is used for comparing the allelic profiles of maternal 
and molar tissue. Unstained tissue section from formalin-fixed paraffin-embedded 
tissue block(s) of maternal tissue and the chorionic villi are used to analyze the 
DNA genotype. After DNA extraction, PCR amplification using a commercially 
available kit is performed. By comparing the alleles of maternal and villous tissue 
at each STR locus, the presence and copy number of maternal and paternal alleles 
in the villi can be detected. With this technique, CM contains only paternal alleles 
of either homozygous or heterozygous pattern in at least two STR loci. One mater-
nal allele and a duplicate quantity of one paternal allele at every STR locus are 
present in homozygous PM, and two different paternal alleles in addition to one 
maternal allele in at least two loci are detected in heterozygous PM [9–11]. 
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Diagnostic algorithm of hydatidiform moles presented by Banet et al. is shown in 
Fig. 13.8 [10].

STR genotyping has the advantage of being able to precisely distinguish the 
paternal origin of DNA material in molar gestation. As such, it can accurately cat-
egorize the genotypes of molar pregnancies, for example, it can separate diandric 
triploid PM from non-molar digynic triploidy. In addition, genotyping does not 
require fresh tissue and can be performed retrospectively using formalin-fixed 
paraffin- embedded tissue.

Studies of DNA genotyping for CM by using STR loci detected by PCR have 
been reported in the USA [9, 11]; however, it has never been reported in Japan, 
while analysis of CM by using single-nucleotide polymorphism (SNP) genotyping, 
which is the measurement of genetic variations of SNPs, between maternal and vil-
lous tissues has been reported [22].

13.2  Gestational Trophoblastic Neoplasms

Gestational trophoblastic neoplasms (GTNs) include choriocarcinoma, placental 
site trophoblastic tumor (PSTT), and epithelioid trophoblastic tumor (ETT). GTNs 
arise from different subtypes of trophoblast and have unique clinical, pathological, 
and genetic features. Clinical and histological features are summarized in Table 13.3.

Histological features
Suspicious for hydatidiform mole 

Suspicious for CM Suspicious for PM

p57 immunohistochemistry

Abnormal
(p57-negative*)

Normal
(p57-positive**)

CM Molecular
genotyping 

to rule out PM  

Molecular genotyping 

Androgenic
Diploidy 

CM

Diandric
Triploidy

PM

Biparental
Diploidy

Non-molar

Fig. 13.8 Diagnostic algorithm for hydatidiform moles integrating immunohistochemistry and 
molecular genotyping [10]
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Table 13.3 Diagnostic features of gestational trophoblastic tumors

Features Choriocarcinoma PSTT ETT
Age Reproductive age 

(ave. 30 y.o.)
20–63 y.o. 
(ave. 30 y.o.)

15–48 y.o. 
(ave.36 y.o.)

Antecedent pregnancy Term pregnancy Term pregnancy Term pregnancy
CM

Interval time from 
index gestation

A few months to 
14 years (ave.: 
2 months after term 
pregnancy and 
13 months after CM)

2 weeks to 17 years 
(median: 
12–18 months)

1–25 years 
(ave. 6.2 years)

Clinical presentation Vaginal bleeding Missed abortion Vaginal bleeding
Persistent GTD Amenorrhea

Pretreatment hCG 
(mIU/mL)

>10 × 103 <1 × 103 <3 × 103

Gross appearance Circumscribed or 
Invasive hemorrhagic 
mass

Expansile to infiltrative 
solid large mass

Expansile solid mass

Tumor location Corpus Corpus Cervix, Lower 
uterine segment, 
Corpus

Tumor border Infiltrative Infiltrative Pushing
Tumor cells and 
cytologic atypia

Villous IT, ST and 
CT with marked 
atypia

Implantation site type 
IT, sometimes enlarged 
cells with moderate to 
marked atypia

Chorionic type IT, 
with mild to 
moderate atypia

Tumor growth pattern Prominent 
hemorrhage and 
necrosis, trimorphic 
pattern of all three 
types of trophoblast

Tumor cells split 
myometrial smooth 
muscle fibers at tumor 
periphery and replacing 
vascular wall

Sheets, nests and 
cords, Geographic 
necrosis, Colonizing 
mucosal surface 
epithelium

Hyaline-like material Absence Presence, sometimes Prominent
Stroma No intrinsic tumor 

stroma or vasculature
Intimately infiltrates 
muscle fibers

Presence of nearby 
decidualized stromal 
cells

Immunohistochemistry hCG, hPL, Ki-67 
labeling index of 
>90%

hPL Mel-CAM, hCG 
(focal), Ki-67 labeling 
index of <10%

p63, hPL (focal), 
MEL-CAM (focal), 
Ki-67 labeling index 
of >10%

PSTT placental site trophoblastic tumor, ETT epithelioid trophoblastic tumor, ave. average, y.o. 
years old, CM complete hydatidiform mole, GTD gestational trophoblastic disease, CT cytotro-
phoblast, ST syncytiotrophoblast, IT intermediate trophoblast

13.2.1  Choriocarcinoma (Fig. 13.9a–d)

Choriocarcinoma is defined as a malignant tumor which consisted of mononuclear 
intermediate trophoblast or cytotrophoblast and multinucleated syncytial tropho-
blast without villi [1, 3, 5, 9].
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Incidence of choriocarcinoma is 2–7/100,000 pregnancies in the USA and 
Europe and higher in Asia with 5–63/100,000 pregnancies. These rates are 1/20–
1/40 of hydatidiform mole. In Japan, the incidence of choriocarcinoma as well as 
hydatidiform moles is decreasing. The risk of complete hydatidiform mole (CM) 
progress to choriocarcinoma is 2–3% and that of partial hydatidiform mole (PM) 
is 0–0.5%. Antecedent pregnancies include CM in 50%, missed abortion in 25%, 
and term pregnancy in 25% [1, 3, 5, 6]. Histological diagnosis of postmolar chorio-
carcinoma has been less common because treatment is administered based on only 
serological and imaging studies before hysterectomy. Interval time from index ges-
tation is a few months to 14 years (average after normal pregnancy, 2 months; after 
CM, 13 months) [1, 3, 5]. Rarely intraplacental or in situ choriocarcinoma develops 
in full-term placentas with occasional concurrent metastatic disease. Marked fetal 
anemia caused by fetomaternal transfusion based on intraplacental choriocarcinoma 
has been reported [23].

Choriocarcinoma occurs in women of reproductive age with average of 30 years 
of age. Most common symptoms are vaginal bleeding and/or extrauterine hemor-
rhage caused by metastasis. Marked elevation of serum hCG, more than 
10 × 103 mIU/mL, is always present. Persistent gestational trophoblastic disease 

a b

c d

Fig. 13.9 Histologic appearance of choriocarcinoma. (a, b) The tumor cells invade into the myo-
metrium with hemorrhage and necrosis. High-power view shows biphasic atypical trophoblast 
consisting of syncytial trophoblast (b, right upper side) and intermediate trophoblast or cytotro-
phoblast (b, left lower side). (c) Intraplacental choriocarcinoma in term placenta. Biphasic atypical 
trophoblast and nonneoplastic villi in the background. The fetus presented severe anemia caused 
by fetomaternal transfusion. (d) Immunohistochemical staining of hCG

13 Pathology and Genomics in Gestational Trophoblastic Neoplasia



204

progressing to choriocarcinoma after CM is detected by persistent elevation of 
serum hCG [1, 3, 5].

Grossly, the tumor is typically a bulky, destructive red mass with prominent hem-
orrhage and necrosis. The tumor invades into the myometrium and occasionally 
multiple tumor nodules exist. In the case of choriocarcinoma after an ectopic preg-
nancy, tumor may develop in the extrauterine adnexa. Even in metastatic sites, 
marked hemorrhage and necrosis are common. Intraplacental choriocarcinoma 
presents typically with white nodules simulating placental infarction and may be 
quite difficult to recognize as a tumor [23].

Microscopically, choriocarcinoma presents with marked hemorrhage and necro-
sis in the center of the tumor, and tumor cells exist at the peripheral part of the mass 
and invade into the myometrium and vessels. The tumor cells are composed of 
malignant syncytiotrophoblast and intermediate trophoblast or cytotrophoblast with 
striking cytologic atypia (Fig. 13.9a, b) [1]. This pattern is called “biphasic pattern,” 
although trimorphic proliferation of all three trophoblasts commonly occurs. 
Syncytiotrophoblast is a hyperchromatic, multinucleated cell, with polymorphic, 
relatively broad, and eosinophilic cytoplasm. Intermediate trophoblast or cytotro-
phoblast is a hyperchromatic mononuclear cell with prominent nucleoli and fre-
quent mitotic figures showing solid and sheet-like proliferation patterns [1, 3, 9]. 
Normal or abnormal chorionic villi are absent, except in the case of intraplacental 
choriocarcinoma (Fig. 13.9c) [23].

Immunohistochemically, all tumor cells strongly express cytokeratin, hCG 
(Fig. 13.9d), and high rate of Ki-67 labeling index with more than 90% positivity. 
Intermediate trophoblast is positive for Mel-CAM (CD146) and MUC-4 [1, 9].

Differential diagnoses include exaggerated placental site, invasive CM, PSTT, 
ETT, and poorly differentiated carcinoma with trophoblastic differentiation. 
Exaggerated placental site is a nonneoplastic implantation site change consisting of 
intermediate trophoblast. It is occasionally similar to choriocarcinoma, especially in 
curettage specimens. The cells of exaggerated placental site have mild to moderate 
cytologic atypia and rare mitosis. Ki-67 labeling index of less than 1% in exagger-
ated implantation site reaction is helpful to differentiate it from choriocarcinoma. 
Invasive CM can be excluded when hydropic villi are not found; however, distin-
guishing these entities can become problematic when only scant tissue samples are 
available [1, 9].

Untreated choriocarcinoma frequently metastasizes to the vagina, lung, liver, brain, 
and kidney. Scores categorizing the severity of disease based on FIGO/WHO classifi-
cation system (Table 13.4) including various factors from the history and clinical 
examination give a combined score that predicts the potential of resistance to single-
agent chemotherapy [1, 24]. Most patients with GTN following a hydatidiform mole 
have a FIGO/WHO score of 0–6, indicating low risk of developing GTN resistant to 
single-agent chemotherapy with methotrexate or actinomycin D, and high-risk GTN 
(score ≥7) cases are considered clinically as choriocarcinoma. Patients with high-risk 
score or resistance with single-agent therapy are treated with combination-agent che-
motherapy, generally methotrexate, actinomycin D, and etoposide [3]. Over 90% of 
patients are cured by combined and sequential chemotherapy [1, 3, 5].
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13.2.2  Placental Site Trophoblastic Tumor (PSTT)

Placental site trophoblastic tumor (PSTT) is a rare trophoblastic tumor consisting of 
neoplastic implantation site intermediate trophoblast [1, 25, 26]. The incidence of 
PSTT in gestational trophoblastic disease is 0.23–3%. The patient’s age in PSTT 
ranges from 20 to 63 years, with mean age of 30 years. In most cases, the antecedent 
pregnancies are term pregnancies, and interval time to diagnosis for the index gesta-
tion ranged from 2 months to 17 years (mean, 12–18 months). The fetus of anteced-
ent pregnancy of PSTT tends to be overwhelmingly female (M:F = 2:11). The most 
common clinical presentation is vaginal bleeding. Pretreatment serum hCG is usu-
ally less than 1000 mIU/mL. Eighty percent of reported cases are FIGO stage I, and 
10–20% of cases are FIGO stage II with metastasis to the lung, adnexa, pelvic 
lymph node, and parametrium.

Cytogenetically, the absence of the Y chromosome in PSTT with a haploid pair 
of X chromosomes has been reported, and the paternal X chromosome is considered 
to be related to tumorigenesis of PSTT [27].

Macroscopically, PSTT presents as an endomyometrial nodular mass of 
1–10 cm in diameter. The tumor is relatively well circumscribed and white-tan 
to light yellow in color and invades into the myometrium in 50% of the cases. 
Focal hemorrhage and necrosis are present in nearly half of the cases 
(Fig. 13.10a).

Histologically, the tumor cells have an infiltrative growth pattern with cords or 
sheet-like aggregates (Fig. 13.10b). The most charachteristic features of PSTT are 
infiltrative tumor cells splitting individual myometrial smooth muscle fibers at the 
peripheral part of the tumor and replacing the vascular wall of myometrial  vessels. 
These cells are neoplastic implantation site intermediate trophoblast with abun-
dant eosinophilic or clear cytoplasm and marked hyperchromatic, convoluted 
large nuclei. Syncytiotrophoblast with multinucleated cells is commonly scat-
tered; however, mononuclear monotonous intermediate trophoblast forms the vast 
majority of the tumor. Mitotic activity is relatively low ranging from 2 to 4 per 10 

Table 13.4 FIGO/WHO scoring system of prognostic and predictive parameter for trohpblastic 
tumours

Prognostic factor 0 1 2 4
Age <40 ≥40
Antecedent pregnancy Mole Abortion Term pregnancy
Interval, months from index gestation <4 4–6 7–12 >12
Pretreatment hCG (mIU/mL) <103 103–104 104–105 >106

Largest tumor size, including uterus <3 cm 3–5 cm >5 cm
Site of metastasis Lung Spleen, kidney GI tract Brain, liver
Number of metastasis 1–4 5–8 >8
Previous failed chemotherapy Single agent Two or more 

agents
Total score

Low-risk, score ≤6; high-risk, score ≥7; hCG human chorionic gonadotropin
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high-power fields; however, cases with higher mitotic activity are found occasion-
ally. Hemorrhage and necrosis are not uncommon [9, 25, 26].

Immunohistochemically, tumor cells are diffusely positive for Mel-CAM 
(CD146) (Fig. 13.11a), hPL, MUC-4, and HLA-G and negative for p63 (Fig. 13.11b). 
Expression of hCG (Fig. 13.11c) and inhibin is focal (Fig. 13.11a, b). Ki-67 labeling 
index is 10–30% in most of the cases (Fig. 13.11d) [28].

Differential diagnoses include exaggerated placental site, choriocarcinoma, ETT, 
epithelioid leiomyoma/leiomyosarcoma, and poorly differentiated carcinoma. 
Differentiation from exaggerated placental site is the most frequent problem on 
routine pathological diagnosis. Exaggerated placental site is also composed of 
implantation site-type intermediate trophoblast with cytomorphological similarities 
with PSTT. However, exaggerated placental site does not present as a nodular lesion 
with increased mitotic activity. Ki-67 labeling index is an effective marker with 
0–2% positivity in exaggerated placental site and 10–30% in PSTT.

Most patients are cured by hysterectomy [3]. The previously described scoring 
systems are not used for PSTT. The recurrence rate is 25–30% and half of these 
patients may die of PSTT. Histological parameters of worse prognosis are tumor 
cells with clear cytoplasm, depth of invasion, tumor size, necrosis, and high mitotic 
count (>5 per 10 HPF) [26].

a b

c d

Fig. 13.10 Placental site trophoblastic tumor (PSTT). (a) Gross appearance of PSTT. Discrete 
solid mass in the endomyometrium presenting focal hemorrhage. (b) Sheet of atypical intermedi-
ate cells with eosinophilic abundant cytoplasm and large convoluted nuclei. (c) Tumor cells infil-
trate and split existing smooth muscle fibers at the tumor periphery. (d) Tumor cells replacing the 
vascular wall of the myometrial vessel
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13.2.3  Epithelioid Trophoblastic Tumor

Epithelioid trophoblastic tumor (ETT) is defined as a trophoblastic tumor consisting 
of neoplastic intermediate trophoblast arising from the chorion laeve [1, 9, 29, 30]. 
The patient ages range from 15 to 48 years (mean of 36 years). Common symptom 
is vaginal bleeding. In most cases, antecedent pregnancy is term pregnancy, and 
interval time ranges from 1 to 1.5 years with average of 6.2 years. Serum hCG level 
shows only a mild to moderate elevation of less than 2500 mIU/mL. Thirty-five 
percent of reported cases already had metastases at the time of initial diagnosis.

Genetically, the absence of a Y chromosome with a haploid pair of X chromo-
somes in ETT as well as PSTT has been reported [31].

ETT is distributed as follows: 30% in the uterine corpus, 50% in the fundus or 
cervix, and 20% in extrauterine sites including the small intestine and lung. The 
tumor size is 0.5–4 cm in diameter, forming discrete nodule or a cystic hemorrhagic 
mass. The tumor cells deeply invade into the myometrium. The cut surface of the 
tumor is solid and has white-tan to brown color with various amounts of hemor-
rhage and necrosis [1, 9, 29, 30].

Histologically, ETT is a nodular lesion of medium-sized mononuclear tumor 
cells arranged in nests or cords to a sheet-like appearance. The tumor cells are rela-
tively uniform with small, round to oval nuclei, eosinophilic or clear cytoplasm, and 

a b

c d

Fig. 13.11 Immunohistochemical staining for PSTT. (a) Mel-CAM (CD146). The tumor cells 
diffusely express. (b) p63, negative. (c) hCG. Most of the tumor cells are negative with scattered 
positive cells. (d) Ki-67 labeling index is about 30%
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distinct cell membranes. Cytologic atypia is mild to moderate and mitotic rate is 
0–9/10 HPF. Hyaline-like material in the center of the tumor or between tumor cells 
is the most characteristic feature. Extensive geographic necrosis is also a common 
feature (Fig. 13.12a–c). Histological findings are occasionally similar to squamous 
cell carcinoma. In cases of cervical involvement of ETT, a cervical mucosal lesion 
simulating high-grade squamous intraepithelial lesion is often seen [1, 9, 29, 30].

Immunohistochemistry is very helpful in differentiating ETT from its mimics, 
squamous cell carcinoma, PSTT, and placental site nodule [9, 28]. ETT is diffusely 
positive for p63 (Fig. 13.12d), HLA-G, and inhibin-alpha. Mel-CAM (CD146) and 
hPL are expressed focally, whereas PSTT is p63 negative and shows diffuse strong 
positive with Mel-CAM and hPL. Squamous cell carcinoma is positive for p63 and 
negative for trophoblastic markers. ETT shows Ki-67 labeling index higher than 
10%, whereas Ki-67 labeling index of placental site nodule is less than 10%.

The main treatment for ETT is surgical, and the FIGO/WHO scoring system is not 
used for ETT. The prognosis of ETT is similar to that of PSTT. The rate of metastasis 
is 25%, and 10% of these patients may die of disease. The survival rates are 100% in 
patients without metastasis and 50–60% in patients with metastasis [3]. Histological 
predictor of a worse prognosis is higher mitotic counts (> 6/10 HPF) [1, 29, 30].

a

c d

b

Fig. 13.12 Epithelioid trophoblastic tumor. (a) The tumor is characterized by geographic necro-
sis. (b) A nest of tumor cells with a relatively uniform populations of mononuclear intermediate 
trophoblastic cells with necrosis and fibrinoid deposition. (c) The tumor cells with eosinophilic to 
clear cytoplasm and moderate nuclear atypia. Deposition of hyaline-like material in the back-
ground. (d) The tumor cells express nuclear positivity for p63. (b, d, courtesy of Dr. Takako 
Kiyokawa; c, courtesy of Dr. Yuichiro Sato)
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14Pathogenesis of Preeclampsia

Eiji Kondoh

Abstract
Preeclampsia is a leading cause of maternal and neonatal morbidity and mortal-
ity. Preeclampsia is typified by a systemic inflammatory state and impaired endo-
thelial function. As a systemic inflammation increases with advancing gestation 
even in normal pregnancy, pregnancy is thought to be a “stress test for endothe-
lial function” for women. The etiology of preeclampsia remains largely unknown, 
and a number of theories have been proposed to explain its cause. It has been 
postulated that poor placentation results in the release of factors that lead to 
excessive maternal inflammatory response and endothelial dysfunction. However, 
the heterogeneous clinical manifestations of the disease suggest multifactorial 
pathogenesis of preeclampsia, such as poor placentation, oxidative stress, inflam-
mation, immune maladaptation, and angiogenic imbalance. This chapter covers 
recent progress in molecular studies of the pathogenesis of preeclampsia.
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14.1  Introduction

Preeclampsia is the most common hypertensive disorder of pregnancy, affecting 
2–8% of pregnant women [1]. Preeclampsia is a syndrome of new-onset hyperten-
sion and proteinuria typically presenting after 20 weeks of gestation. Preeclampsia 
can lead to serious maternal complications, such as pulmonary edema, HELLP 
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syndrome, placental abruption, eclampsia, and intracerebral hemorrhage. 
Preeclampsia is also associated with adverse fetal conditions such as growth restric-
tion, oligohydramnios, and absent or reversed end-diastolic velocity in the umbilical 
artery. Consequently, preeclampsia is a leading cause of maternal and neonatal mor-
bidity and mortality [1]. While it is well known that the placenta is essential to the 
development of preeclampsia, the heterogeneous clinical manifestations of the dis-
ease suggest multifactorial pathogenesis of preeclampsia. Because the pathogenesis 
has not been fully elucidated, prevention is not possible, and, even today, the funda-
mental therapy is to terminate the pregnancy. However, recent progress on genomic 
analyses using the placenta has gradually revealed molecular mechanisms underly-
ing the pathogenesis of preeclampsia.

14.2  Two-Stage Hypothesis

The etiology of preeclampsia remains unknown, and a number of theories have been 
proposed to explain its cause. Zweifel described preeclampsia as a “disease of theo-
ries” [2]. Preeclampsia is clinically heterogeneous in its manifestation including the 
onset of the disease and the fetal growth. Abnormal trophoblast invasion with insuf-
ficient uterine spiral artery remodeling often occurs in early-onset preeclampsia and 
fetal growth restriction [3]. In contrast, normal spiral artery remodeling is usually 
observed in late-onset preeclampsia with normal fetal growth. So, Ness and Roberts 
hypothesized that there are distinct origins of preeclampsia, and both poor placenta-
tion (placental preeclampsia) and latent vascular dysfunction (maternal preeclamp-
sia) are attributed to the development of preeclampsia [4]. Abnormal placentation is 
hypothesized to be associated with early-onset preeclampsia with fetal growth 
restriction. It has been postulated that poor placentation (stage 1) results in the 
release of factors that lead to excessive maternal inflammatory response and endo-
thelial dysfunction (stage 2) [5, 6]. Thus, in early-onset preeclampsia, the sequence 
of abnormal trophoblast invasion to systemic endothelial dysfunction has been pro-
posed to occur in two stages. On the other hand, preexisting maternal endothelial 
dysfunction (as with chronic hypertension, obesity, or diabetes mellitus) is thought 
to predispose to late-onset preeclampsia, which is more often linked to a normal 
placenta and normal fetal growth [5, 6]. As a systemic inflammation increases with 
advancing gestation even in normal pregnancy, pregnancy is a “stress test for endo-
thelial function” for women. This burden to latent vascular dysfunction is enough to 
induce a severe systemic inflammatory response and subsequent endothelial dys-
function that is characteristic of preeclampsia [6].

14.3  Abnormal Trophoblast Invasion

Poor placentation is typified by insufficient remodeling of spiral arteries [7–9]. 
During normal placentation, extravillous trophoblasts (EVTs) invade into the 
decidua and the inner one third of the myometrium either interstitially or via spiral 
arteries. EVTs disrupt the endothelium and the smooth muscle layer and replace the 
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vascular wall. These conversions allow spiral arteries to get widely dilated indepen-
dently of vasomotor control, thereby providing enough blood supply in intervillous 
space (IVS) to meet the requirements of the fetus [7–9]. On the other hand, in pre-
eclampsia, endovascular trophoblast invasion is restricted to the decidual segments 
of the spiral arteries, resulting in less dilated vessels and intermittent hypoperfusion 
due to retention of vasoactive smooth muscle [7–9]. Burton proposed that the 
impaired vascular remodeling of the spiral arteries may not cause chronic placental 
hypoxia in itself, but that the retention of smooth muscle will increase the risk of 
spontaneous vasoconstriction and ischemia-reperfusion injury, leading to genera-
tion of oxidative stress [10]. Moreover, high-velocity and turbulent flow into the 
IVS will damage villous syncytiotrophoblast [10], which may enhance placentally 
derived stimuli, including pro-inflammatory cytokines, anti-angiogenic factors, and 
trophoblast microparticles.

14.4  Hypoxia

Early placental development occurs in a low-oxygen environment, which appears to 
prevent trophoblast differentiation. As maternal blood flow into the IVS is blocked 
by endovascular plugs of extravillous trophoblasts prior to 10 weeks’ gestation, the 
oxygen concentration within the IVS is approximately 20 mmHg (2–3%) [11–13]. 
Once the plugs are displaced after 10–12 weeks’ gestation, chorionic villi are bathed 
in maternal blood. As a result, the oxygen concentration rises to 40–80 mmHg 
(5–10%) in the second trimester [11–13]. The oxygen concentration in the IVS 
gradually decreases thereafter to the third trimester (40 mmHg) in response to 
increased fetal oxygen consumption [11–13]. In preeclamptic placenta, the oxygen 
concentrations in the IVS are generally thought to be low because of defective vas-
cular remodeling of the spiral arteries. However, to date there has been no direct 
evidence to support this assumption. Burton proposed that there was a slight altera-
tion of total blood flow in the IVS due to insufficient spiral artery remodeling [10]. 
Moreover, the impairment of villous syncytiotrophoblasts will result in reduced 
oxygen removal in the IVS, which leads to placental hyperoxia and fetal hypoxia. 
So, it is unclear whether preeclamptic placentas are actually hypoxic [12], and it is 
plausible that exaggerated oxidative stress in preeclampsia is secondary to intermit-
tent hypoperfusion rather than chronic placental hypoxia.

14.5  Hypoxia-Inducible Factors

The hypoxia-inducible factors (HIFs) are central mediators of cellular adaptation to 
low oxygen and regulate placental development and maturation [12, 14, 15]. For 
instance, HIF-1 regulates TGF-beta3, which inhibits trophoblast differentiation and 
invasion and is overexpressed in preeclamptic placentas [14]. Transcription of HIF- 
1alpha and HIF-2alpha is differentially regulated under hypoxia in neuroblastoma 
[16]. HIF-1alpha protein is transiently stabilized under hypoxia (1% O2), while 
HIF-2alpha protein gradually accumulates and controls prolonged hypoxic gene 
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activation. Moreover, HIF-2alpha is increased to a greater extent than HIF-1alpha 
under mild hypoxia (5% O2). In the placenta, inconclusive results have been reported 
regarding HIF regulation in response to acute versus prolonged hypoxia [12]. 
Intriguingly, HIFs are activated through oxygen-independent factors including hor-
mones (angiotensin II), cytokines (IL-1b, TNF-alpha, and NF-kB), and growth fac-
tors (TGF-b and IGF) [12, 15], and activation of HIFs during pregnancy is considered 
to play an important role in the pathogenesis of preeclampsia.

14.6  Oxidative Stress

Oxidative stress arises when the production of reactive oxygen species (ROS) exceeds 
the intrinsic antioxidant defenses [17]. ROS, such as superoxide anion, hydrogen per-
oxide, and hydroxyl radical, are chemically reactive molecules containing oxygen. 
ROS arise from the various sources such as mitochondria and cause cellular damage. 
The placenta is rich in mitochondria, is highly vascular, and is exposed to high mater-
nal oxygen partial pressure, therefore resulting in increased production of ROS [18]. 
Indeed, increased production of lipid peroxides and oxidative stress are observed in 
normal pregnant women compared with nonpregnant women [19]. Moreover, pre-
eclampsia is characterized by markedly decreased antioxidants such as glutathione or 
glutathione peroxidase activity, as well as increased oxidative stress [19, 20]. The 
higher production of oxidative stress in preeclampsia is probably due to insufficient 
remodeling of spiral arteries in the section of myometrial segments. Fluctuations in 
maternal blood flow to the placenta are thought to cause exaggerated oxidative stress. 
Consistently, labor, in which the placenta is exposed to repeated episodes of ischemia-
reperfusion, produces high levels of oxidative stress [17, 21, 22].

Oxidative stress is one of many forms of cellular stress. ROS can activate redox- 
sensitive transcription factors (i.e., NF-kB, p53, AP1) and protein kinases (i.e., 
ERK1/2, SAPK/JNK, p38 MAPK) as physiological adaptive changes to alterations 
in the environment aimed at restoring homeostasis [17]. At higher levels, ROS lead 
to more extensive and irreparable cell damage, resulting in apoptosis or necrosis. 
ROS induce release of Ca2+ from the endoplasmic reticulum (ER) and are closely 
associated with mitochondrial and ER function [17]. Thus, oxidative stress rarely 
occurs in isolation, but is usually accompanied with other forms of cell responses, 
such as ER stress and unfolded protein responses [17, 23]. Placental oxidative stress 
causes diverse stress responses of syncytiotrophoblast including increased apopto-
sis and secretion of anti-angiogenic and pro-inflammatory products [6] and is 
thought to be an intermediary step in the pathogenesis of preeclampsia.

14.7  Inflammation

Inflammatory response is already well developed in normal pregnancy [24], and pre-
eclampsia is a state of an exaggerated inflammatory response including abnormal 
cytokine production and neutrophil and endothelial cell activation [25]. Both normal 
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and preeclamptic pregnancies exhibit an increased inflammatory response with 
advancing gestation [26]. There is now ample evidence to support that increased 
inflammatory response is associated with clinical manifestations of preeclampsia in 
animal models. For instance, chronic administration of endotoxin [27], TNF-alpha 
[28], IL-6 [29], and LPS [30] into pregnant rats causes preeclampsia-like symptoms. 
Activated neutrophils could cause vascular damage with activation of coagulation 
and platelets [31]. In addition to neutrophils, other immune effectors that appear to 
play important roles in preeclampsia are cytokines, which are major initiators and 
mediators of inflammation and endothelial dysfunction [25, 32, 33]. Cytokines can 
be generally classified as pro- and anti-inflammatory. Cytokines such as IL-1, IL-2, 
IL-8, IL-18, TNF-alpha, and IFN-gamma are pro-inflammatory. The expression of 
IL-1, IL-2, IL-18, and TNF-alpha are elevated in the preeclamptic placentas [34–38]. 
The anti-inflammatory cytokines, IL-4 and IL-10, are also secreted by placental tis-
sues. IL-10 is a potent suppressor of pro-inflammatory cytokines such as TNF-alpha 
and IFN-gamma, and its placental production is decreased in the preeclamptic pla-
centas [39, 40]. Indeed, IL-10 knockout mice exhibit mild hypertension with fetal 
growth restriction [41], and hypoxia induces preeclampsia- like features in pregnant 
IL-10 knockout mice [42]. Although pro-inflammatory cytokines are produced by 
trophoblasts and also by macrophages and stromal cells of the placenta, the high pro-
inflammatory cytokine levels seen in peripheral blood in preeclamptic pregnancies 
are believed to be caused in great part by monocytes [25, 43, 44]. It has been pro-
posed that the syncytiotrophoblast microparticles (STBM) stimulate the production 
of the pro-inflammatory cytokines through the activation of monocytes [43, 44]. As 
markedly increased amounts of STBM are shed into the maternal circulation in pre-
eclampsia [45], STBM impairs maternal vascular endothelial function [46]. 
Cytokines may contribute to an increased release of STBM by stimulating enhanced 
trophoblast apoptosis [47], bringing about a vicious cycle of an excess of pro-inflam-
matory cytokines and the increased shedding of STBM.

14.8  Immune Maladaptation

Maternal-fetal immune maladaptation is believed to be one of the underlying mech-
anisms that contribute to the development of preeclampsia.

14.8.1  Uterine Natural Killer Cells

Uterine natural killer (uNK) cells comprise approximately 70% of the decidual leu-
kocyte population in early human pregnancy [48, 49]. uNK cells play a crucial role 
in trophoblast invasion and initiating spiral artery remodeling. uNK cells surround 
or infiltrate the vascular wall before trophoblast invasion, and the number of uNK 
cells is reduced in the second half of pregnancy [50]. uNK cells are a major source 
of IFN-gamma [51], which acts in an autocrine manner on uNK cells, stimulating 
further production of IFN-gamma, as well as angiogenic growth factors including 
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angiopoietin-1 (Ang-1), Ang-2, TGF-beta1, and VEGF-C [52]. IFN-gamma inhibits 
extravillous trophoblast cell invasion. uNK cell-derived factors, such as MMP-2, 
MMP-7, and MMP-9, urokinase plasminogen activator, and Ang-2 are thought to be 
involved in remodeling of spiral arteries, leading to extensive disorganization and 
apoptotic loss of vascular smooth muscle cells and endothelial cells [50, 53–55]. 
uNK cell supernatants from 12 to 14 weeks’ gestation, but not 8–10 weeks, stimu-
late extravillous trophoblast invasion, suggesting that regulation of extravillous tro-
phoblast invasion by uNK cells is dependent on gestational age [56].

14.8.2  Macrophages

Macrophages are the second most abundant leukocyte population in the decidua com-
prising approximately 20% of all decidual leukocytes [48]. The number of macro-
phages does not alter substantially with increasing gestational age. Decidual 
macrophages are thought to contribute not only to the process of apoptotic cell clear-
ance but also to immune tolerance at the maternal-fetal interface. Decidual macro-
phages produce IL-10 and indoleamine 2,3-dioxygenase (IDO) [57, 58] and suppress 
IFN- gamma production by T cells in early pregnancy [59]. On the other hand, decidual 
macrophages secrete pro-inflammatory cytokines such as IL-6, IL-8, and TNF- alpha 
through HLA-G receptors [60]. Moreover, activated macrophages produce TNF-alpha 
and inhibit human cytotrophoblast invasiveness [61]. In preeclampsia, myometrial spi-
ral arteries are surrounded by large numbers of macrophages in the absence of tropho-
blast invasion [62]. In contrast, in normal pregnancies, myometrial spiral arteries are 
surrounded by extravillous trophoblast cells with sparse macrophage infiltration. 
Because activated macrophages produce both TNF-alpha and IL-10, an imbalance of 
these opposing cytokines may be involved in the pathogenesis of preeclampsia [63].

14.8.3  Toll-like Receptors

Toll-like receptors (TLRs) play a key role in the innate immune system and appear 
to contribute to the development of preeclampsia. TLR4 expression is increased in 
interstitial trophoblasts of patients with preeclampsia [64]. In a rat model, TLR4 
activation in the placenta is associated with poor placentation and preeclampsia-like 
syndrome [65], which are improved by inhibiting the TLR4 signaling [66]. In addi-
tion, TLR3 activation during pregnancy causes preeclampsia-like symptoms, which 
are exacerbated in pregnant IL-10 knockout mice [67].

14.8.4  The Complement System

The complement system plays a crucial role in innate immunity. The complement 
cascade is activated in normal pregnancy, and excessive complement activation is 
observed in preeclampsia [68–71]. It was reported that eculizumab, a humanized 
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monoclonal antibody against terminal complement protein C5, was an effective 
treatment for a woman presenting with severe preeclampsia/HELLP syndrome at 
26 weeks’ gestation [72], indicating that complement inhibition may be an effective 
treatment for severe preeclampsia/HELLP syndrome. Apart from adverse effects of 
complement activation, C1q is widely distributed in human decidual stroma and 
plays an important role in promoting trophoblast invasion [73]. C1q-deficient mice 
exhibit impaired trophoblast invasion and preeclampsia-like features [74].

14.9  Angiogenic Imbalance

Preeclampsia can be thought of as a two-stage disorder, and the second stage is typi-
fied by the placenta-derived soluble angiogenic and anti-angiogenic factors into the 
maternal circulation [75].

14.9.1  Placental Growth Factor

Placental growth factor (PlGF) is predominantly expressed by syncytiotrophoblast 
and exerts its biological function through the binding and activation of VEGF recep-
tor 1 (also known as Flt-1), which is initially identified as a receptor for VEGF-A 
[76]. PlGF is expressed at a low level in endothelial cells and other organs including 
the heart, lung, thyroid, skeletal muscle, and adipose tissue [76]. In normal preg-
nancy, PlGF can be detected in the maternal circulation from 8 weeks’ gestation. 
Serum PlGF rises steadily to 29–32 weeks and falls thereafter until delivery [77]. 
The PlGF levels are significantly lower in the women who later develop preeclamp-
sia than in the controls [77]. Statins have been shown to reverse various pathophysi-
ologic pathways associated with preeclampsia, such as angiogenic imbalance and 
oxidative stress [78–80]. Pravastatin induces PlGF and improves features of pre-
eclampsia in a mouse model [80]. It was recently reported that treatment with 
recombinant PlGF ameliorates preeclampsia-like symptoms in a primate model, as 
well as a rat model of preeclampsia produced by reduced uterine perfusion pressure 
[81, 82].

14.9.2  Soluble Fms-like Tyrosine Kinase

Soluble Flt-1 (sFlt-1), an antagonist of VEGF and PlGF, is highly expressed in the 
placenta. The extraplacental sources of circulating sFLT-1 include endothelial cells, 
peripheral blood mononuclear cells, and adipose tissue [83, 84]. In normal preg-
nancy, the sFlt-1 levels are stable during the early and middle stages of gestation, 
and there is a slow and steady increase beginning at 33–36 weeks [77]. sFlt-1 is 
increased in the placenta and serum of women with preeclampsia [85]. Exogenous 
administration of sFlt-1 into pregnant rats induces major features of preeclampsia 
[85], and elevated levels of sFlt-1 and decreased levels of PlGF are observed in a rat 
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model of preeclampsia produced by reduced uterine perfusion pressure [86]. 
Extracorporeal removal of sFlt-1 contributes to a successful prolongation of preg-
nancy [87, 88]. The evidence suggests that excess circulating sFlt-1 is closely 
related to the pathogenesis of preeclampsia.

14.9.3  Soluble Endoglin

Endoglin (Eng) is a TGF-beta co-receptor that is expressed mainly on the surface of 
endothelial cells but is also expressed on placental syncytiotrophoblasts. Levels of 
soluble Eng (sEng), resulting from the cleavage of full-length Eng, are markedly 
elevated in preeclampsia [89]. sEng impairs binding of TGF-beta to its receptors 
and inhibits nitric oxide-dependent vasodilatation by the regulation of eNOS expres-
sion. Overexpression of sEng in pregnant rats induces preeclampsia-like syndrome, 
which is exacerbated by the coadministration of sFlt-1, leading to the development 
of HELLP syndrome and fetal growth restriction [89].

14.9.4  Angiogenic Biomarkers of Preeclampsia

An excess of sFlt-1 and sEng and lower PlGF are generally released into the 
circulation of preeclamptic patients. However, the altered levels of placenta-
derived angiogenic markers are more pronounced in early-onset rather than in 
late-onset preeclampsia [90]. On the contrary, angiogenic biomarker profile may 
not differ among late-onset preeclampsia, gestational hypertension, and normo-
tensive pregnancy [91]. These observations support that the angiogenic biomark-
ers can be used to predict early-onset preeclampsia, which develops differently 
from late-onset preeclampsia. With accumulating evidence that sFlt-1/PlGF ratio 
is a promising diagnostic and predictive biomarker, careful clinical examinations 
have been conducted to confirm their usefulness in the prediction of preeclamp-
sia [92–94].

14.10  Autoantibodies Against Angiotensin Type 1 Receptor II

The renin-angiotensin system is implicated in preeclampsia. Not a few preeclamptic 
patients have an IgG autoantibody that binds to angiotensin II receptor, type 1, or 
AT1 receptor [95, 96]. The agonistic autoantibodies to AT1, termed AT1-AAs, 
induce preeclampsia in pregnant mice [97]. AT1-AAs are produced by CD19(+)
CD5(+) cells, and the frequency of CD19(+)CD5(+) cells in peripheral blood of 
preeclamptic patients is strikingly increased compared with normal pregnant women 
[98]. AT1-AA stimulates sFlt-1 and sEng production in the placenta of pregnant 
mice through TNF-alpha pathways [99, 100]. As angiotensin II is known to increase 
vascular permeability and edema formation [101], AT-1-AA may be relevant to het-
erogeneity of clinical manifestation of preeclampsia.
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15Molecular Mechanisms of Preterm 
Delivery

Haruta Mogami

Abstract
Preterm delivery occurs in approximately 10% of all pregnancies and it is a lead-
ing cause of infant morbidity and mortality, risking lifelong health problems in 
those who survive. Spontaneous preterm delivery and preterm premature rupture 
of membrane (pPROM) result from multiple causes, such as infection or inflam-
mation, intrauterine bleeding, maternal stress and nutrition, and uterine overdis-
tension. Infection is a leading cause of preterm delivery. Bacteria are recognized 
by pattern recognition receptors—such as toll-like receptors, which induces the 
release of inflammatory chemokines and cytokines. Chemokines and cytokines  
also result in decline of progesterone receptor (PR) function and initiate myome-
trial contraction, and part of PR function is regulated by microRNAs. Maternal 
stresses increase hypothalamic corticotropin-releasing hormone (CRH) and 
plasma glucocorticoid, which in turn stimulate the release of placental CRH as 
“placental clock,” enhancing prostaglandin (PG) synthesis. Fetal fibronectin or 
thrombin increases matrix metalloproteinases and PGE2 synthesis in amnion 
mesenchymal cells, which lead to membrane rupture, cervical ripening, and 
myometrial contraction. Here, the current understanding of the molecular mech-
anisms of preterm delivery is summarized.
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15.1  Introduction

Preterm delivery occurs in approximately 5% of all births in Japan and in 10% of 
births in the United States [1]. The preterm delivery rate in developed countries has 
recently been increasing due to advanced maternal age and multiple pregnancies by 
assisted reproductive techniques. There are several risk factors of preterm delivery: 
infection, low socioeconomic status, low body mass index, previous preterm deliv-
ery, obesity, cigarette smoking, maternal poor nutrition, young or advanced age, 
periodontal disease, poverty, and genital bleeding in the first and second trimester 
[1]. Adenomyosis is also considered as a risk factor of preterm delivery due to 
increased synthesis of prostaglandins [2]. Recent advances of molecular biology 
have revealed the new mechanism of preterm delivery, but vast majority still remains 
unknown. This is evident from the fact that there are no newly developed drugs that 
efficiently prevent preterm delivery for decades, so the continuing pursuit of basic 
research is necessary.

15.2  Stress-Associated Preterm Delivery

Maternal stresses such as depression, anxiety, and chronic stress are associated 
with preterm delivery [3]. Moreover, the risk of preterm delivery is increased in 
women who work long hours [1]. In the hypothalamus, glucocorticoids inhibit 
release of corticotropin- releasing hormone (CRH). This decreases expression of 
adrenal glucocorticoid to establish classic negative feedback. During pregnancy, in 
contrast, glucocorticoids stimulate release of CRH from placenta and fetal mem-
brane, and increased CRH enhances production of prostaglandins from fetal mem-
brane [4, 5], which play pivotal roles in human parturition by stimulating cervical 
ripening, myometrial contraction, and fetal membrane rupture [6] (Fig. 15.1). 
Increase of fetal CRH also upregulates secretion ACTH from fetal pituitary, which 
enhances production of cortisol and dehydroepiandrosterone (DHEA) sulfate by 
the fetal adrenal. DHEA sulfate is subsequently metabolized to DHEA and aroma-
tized within the placenta to estrogens, which oppose the action of progesterone [7]. 
In addition, the rise in CRH expression also induces synthesis of surfactant protein, 
surfactant protein A (SP-A), by the fetal lung [8]. SP-A gene expression is also 
increased by proinflammatory stimuli such as interleukine-1 (IL-1) via activation 
of NF-κB [9]. Therefore, augmented surfactant production by the maturing fetal 
lung may serve as a fetal signal for the initiation of labor. Lockwood et al. observed 
an exponential increase in maternal levels of CRH during gestation, peaking at the 
time of delivery, and this maternal serum CRH is placental origin [5]. When mater-
nal plasma CRH level around 16–20 weeks of gestation is high, women are des-
tined to experience preterm delivery, whereas when maternal CRH is low, women 
go into post-term delivery [10]. Thus, placental secretion of CRH decides the tim-
ing of delivery, working as “placental clock” [10]. Increased adrenal release of 
glucocorticoids from maternal stress further releases placental CRH by positive 
feedback loop, which promotes preterm delivery. Maternal stress is derived from 
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social factors, so it might be possible to decrease the preterm delivery rate by 
improving the environment of low socioeconomic individuals, reducing working 
hours for pregnant women, and providing psychological assistance to alleviate 
maternal mental stress.

15.3  Infection-Related Preterm Delivery and  
Vaginal Microbiome

Intrauterine infection is an important cause leading to preterm delivery, which occu-
pies approximately 25% of preterm delivery cases [11]. Infection can occur between 
maternal decidua and fetal chorion (choriodecidual space) by bacteria ascending 
from vagina [12]. The most commonly identified bacteria are Ureaplasma urealyti-
cum, Mycoplasma hominis, Gardnerella vaginalis, Peptostreptococcus, and 
Bacteroides species—all vaginal organisms of relatively low virulence [12]. 

CRH
(Placental clock)

Maternal stress

Glucocorticoid

Prostaglandins

Surfactant

Labor

Cytokines

Fig. 15.1 Placental CRH decides the timing delivery as “placental clock”. Maternal plasma CRH 
levels exponentially increase during pregnancy, peaking at term. This reflects the enhanced CRH 
synthesis in placenta. In women of preterm delivery, this increase is more rapid. Placental synthe-
sis of CRH further increases glucocorticoid production in both mother and fetus in a manner of 
positive feed-forward loop. CRH stimulates prostaglandin production, which leads to cervical soft-
ening and myometrial contraction. The increase of CRH and glucocorticoid in fetus causes fetal 
lung maturation and surfactant synthesis. These surfactant proteins derived from fetus induce labor 
via upregulation of inflammatory cytokines
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Prevalence of a Lactobacillus-poor vaginal community is inversely correlated with 
gestational age at delivery [13]. Nearly one-third of women with Lactobacillus-poor 
vaginal community delivered very preterm infants. In contrast, at least three- quarters 
of women who carried their pregnancies to term had Lactobacillus-dominant vagi-
nal microbiota. Risk for preterm birth was more prominent for subjects with ele-
vated Gardnerella or Ureaplasma abundances [13]. Interestingly, hyaluronic acids 
play an important role in epithelial barrier protection of the lower reproductive tract 
from bacteria. Depletion of hyaluronic acids in the cervix and vagina resulted in 
increased epithelial and mucosal permeability of bacteria and increased preterm 
delivery rates in mice [14]. Thus, keeping healthy vaginal microbiota is a key for 
successful pregnancy.

The mechanisms by which intrauterine infections lead to preterm delivery are 
related to activation of the innate immune system (Fig. 15.2). Microorganisms are 
recognized by pattern recognition receptors—such as toll-like receptors (TLRs). 

Infection

Lactobacillus

TLRs

Cytokines
Chemokines

PR

Myometrial contraction

OXR, COX2,Connexin 43 

ZEB1/2

Fig. 15.2 Bacterial infections and myometrial contractions. Bacterial infections are recognized 
by pattern recognition receptors, such as toll-like receptors (TLRs). TLRs signaling activate 
inflammatory pathway as NFκB, which leads to induction of proinflammatory cytokines and che-
mokines. The inflammation induces decline of progesterone receptor (PR) and increases 
contraction- associated genes of uterus, oxytocin receptor, cylooxygenase-2 (COX2), and connexin 
43 through downregulation of transcriptional factors, ZEB1 and ZEB2, which eventually leads to 
myometrial contraction and labor
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TLRs are a family of transmembrane receptors that are involved in the regulation of 
the innate immune system [15]. TLR4 exists in both epithelial cells and mesenchymal 
cells of amnion [16]. TLR4-deficient mice are resistant to preterm delivery by intra-
uterine inoculation of heat-killed bacteria or LPS [17]. Activation of TLRs elicits the 
release of inflammatory chemokines and cytokines—such as IL-8, IL-1β, and tumor 
necrosis factor (TNF) α. Microbial endotoxins and proinflammatory cytokines stimu-
late the production of prostaglandins and matrix-degrading enzymes (matrix metal-
loproteinases, MMPs), which lead to preterm rupture of membrane. In the myometrium 
and cervix, proinflammatory cytokines activate inflammation-associated transcrip-
tional factors such as NFκB and AP-1, inhibiting progesterone receptor (PR) function, 
which induces the expression of myometrial contractile genes [18]. In the cases of 
preterm delivery, concentrations of proinflammatory cytokines increase in amniotic 
fluid and migration of neutrophils and macrophages into the myometrium, cervix, and 
fetal membranes is observed [8, 19, 20]. Thus, inflammation plays an important role 
in both term and preterm delivery. In addition, intra-amniotic infection also attacks a 
fetus, causing a fetal systemic inflammatory response (FIRS). The concept of FIRS is 
determined by elevated fetal plasma IL-6 level [21]. FIRS is a risk factor for severe 
neonatal morbidity such as respiratory distress syndrome, neonatal sepsis, pneumo-
nia, chronic lung disease, necrotizing enterocolitis, intraventriclular hemorrhage, and 
cerebral palsy [21]. Thus, although it is important to prevent intrauterine infection, 
immediate medical intervention to delivery is required once the sign of intra-amniotic 
infection appears to prevent a fetus from damage.

15.4  Myometrial Quiescence and Contraction

Throughout most of pregnancy, uterine quiescence is maintained by elevated pro-
gesterone acting through progesterone receptor (PR) [18]. In human, serum proges-
terone concentrations do not fall as labor approaches, so a decrease in local 
progesterone concentrations or number of receptors is a plausible mechanism of 
decline in PR function [22]. Progesterone antagonizes the inflammatory pathway 
such as NFκB and AP-1 by acting nuclear progesterone receptor (PR) and sup-
presses proinflammatory cytokines and chemokines. When pregnancy comes close 
to term, circulating estradiol-17β (E2) levels increases [23, 24], and enhanced estro-
gen receptor α (ERα) activity is enhanced [25, 26], which promote a proinflamma-
tory cascade that contribute to the decline in PR function and initiate myometrial 
contraction (Fig. 15.2). Estrogens also induce an influx of macrophages and neutro-
phils into the uterus and further enhance proinflammatory event [27]. ERα activa-
tion facilitates myometrial contraction by enhancing transcription of the 
contraction-associated genes of the uterus, such as oxytocin receptor, connexin-43, 
and COX2 [25, 28–30]. The expressions of these contraction-associated genes are 
low throughout most of pregnancy but are highly upregulated at term.

A microRNA is a small noncoding RNA molecule (containing about 22 nucleo-
tides) found in plants, animals, and some viruses, which functions in RNA silencing 
and posttranscriptional regulation of gene expression [31]. Recently, miR-200 
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family is found to be closely associated with labor. In both mouse and human uterus, 
miR-200 family (miR-200b and miR-429) is highly induced at term, whereas its 
target genes, ZEB1 and ZEB2, zinc finger E-box binding homeobox proteins, are 
downregulated [32]. ZEB1 and ZEB2 are transcriptional factors that are associated 
with epithelial mesenchymal transition. ZEB1 is directly upregulated by the action 
of P4/PR. ZEB1 and ZEB2 not only inhibit expression of the contraction- associated 
genes, oxytocin receptor and connexin-43, but also block oxytocin-induced contrac-
tility in human myometrial cells. The downregulation of ZEB1 and ZEB2 was 
observed in LPS- or RU486- induced mouse preterm delivery model. Thus, the 
miR-200 family and their targets, ZEB1 and ZEB2, are P4/PR-mediated regulators 
of uterine quiescence and contractility during pregnancy and labor.

15.5  Structure of Fetal Membrane and Preterm Premature 
Rupture of Membrane (pPROM)

Preterm premature rupture of membrane (pPROM) is associated with about one- 
third of preterm delivery cases and occurs in 1–3% of all pregnancies. The primary 
load-bearing structure of the fetal membranes is the amnion, which comprises a 
single layer of epithelial cells and an underlying layer of mesenchymal cells [33]. 
Mesenchymal cells are the primary source of collagen and matrix support in the 
amnion. Interstitial collagens (types I, III, and V) maintain the mechanical integrity 
of the amnion. Fetal membrane rupture is preceded by the degradation of collagen 
that is mediated primarily by matrix metalloproteinase (MMPs) in the amnion. 
Interstitial collagenase, MMP1, cleaves the triple helix of fibrillar collagen, which 
is then further degraded by the gelatinases, MMP2 and MMP9. pPROM and intera-
uterine MMPs activity is closely correlated. MMP1 in amniotic fluid and MMP9 in 
amniotic membranes are elevated in women with pPROM [34–37]. Ehlers-Danlos 
syndrome, inheritable connective tissue disorder, is a risk factor of PROM by a 
defect in the structure, production, or processing of collagen or proteins that interact 
with collagen [38, 39].

15.6  Fibronectin

Fibronectin (FN) is a large extracellular glycoprotein that helps cells attach to the 
matrix. Fetal FN (fFN) is one of the FN proteins produced by fetal cells. It is dif-
fusely distributed in the fetal membrane, from the amnion to decidua, providing 
structural support and adhesion of the fetal membranes to the uterine lining, and 
fFN in cervical and vaginal secretions has been used as a clinical marker of preterm 
delivery [40]. In vitro, fFN treatment results in increased expression of MMP1 and 
MMP9, mRNA, and enzymatic activity, as well as COX2 mRNA and PGE2 synthe-
sis in amnion mesenchymal cells, activating both NFκB and MAPK pathway [41] 
(Fig. 15.3). fFN has a unique alternatively spliced exon encoding extra domain-A 
(EDA) [42]. The treatment of amnion mesenchymal cells with recombinant EDA 
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also resulted in increases in MMP1 and MMP9 mRNA levels and enzymatic activ-
ity, as well as in the COX2 mRNA level and PGE2 synthesis, indicating that EDA is 
a functional domain of fFN, and function of EDA was mediated via TLR4 [41]. 
Thus, neutralization of fFN-EDA domain or antagonism of TLR4 may have thera-
peutic potential for preterm delivery and pPROM.

A question is how fFN is increased and released in preterm delivery. Fibronectin-1 
(FN1) protein and mRNA were dose-dependently increased by lipopolysaccharide 
(LPS) or TNF-α treatment in epithelial cells. This data show that epithelial cells of 
the amnion function as a sensor to harmful inflammatory stimuli and sends a “danger 
signal” by releasing fFN in the extracellular matrix. Then, mesenchymal cells receive 
the fFN danger signal from epithelial cells and begin producing MMPs and PGE2. In 
other words, fFN “amplifies” the dangerous signal produced by endotoxins and pro-
inflammatory cytokines in order to cause the rupture of the membrane or a preterm 
delivery via activation of MMPs and PGE2. This amplification of inflammation by 
fFN function would be evolutionally important because once infection has occurred, 
a fetus should be immediately released from harmful intrauterine inflammation by 

Amnion

Mesenchymal cells

Epithelial cells

fFN EDA

TLR4

NFκB ERK1/2

Cytokine
endotoxin

Cervical softening
Uterine contraction

Collagen degradation
Rupture of membrane

Preterm delivery

MMP1 MMP9

PGE2

COX-2

Thrombin

Bleeding
PAR-1

Fig. 15.3 fFN and thrombin signaling in the pathogenesis of pPROM and preterm delivery. LPS 
and proinflammatory cytokines such as TNF-α effect increased amounts of free fFN from amnion 
epithelial cells. Thrombin generated by intrauterine bleeding also increases free fFN in extracel-
lular matrix of amnion. Released fFN activates TLR4 receptor on mesenchymal cells through its 
EDA. Activation of TLR4 leads to intracellular signaling through NFκB and ERK1/2 to induce 
expression of COX2 and MMPs, thereby leading to cervical ripening, uterine contractions, and 
collagenolytic degradation of the fetal membranes. Thrombin also directly activates PAR-1 signal-
ing, which upregulates MMP9
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delivery. Moreover, the delivery of an already infected fetus is the only way to protect 
a mother from fatal inflammation such as maternal sepsis.

15.7  Intrauterine Bleeding, Thrombin, and Risk  
of Preterm Delivery

Intrauterine bleeding or hematoma during early pregnancy is correlated with an 
increased risk for adverse maternal and neonatal complications. Nagy et al. reported 
a 2-fold increase in preterm delivery in the hematoma group [43]. Moreover, 
pregnancy- induced hypertension, preeclampsia, placental abruption, and fetal 
growth restriction were also frequent in this group. Similarly, Tuuli et al. reported 
that subchorionic hematoma was associated with a 1.5-fold increase in preterm 
delivery and pPROM, a 2-fold increase in spontaneous abortion and stillbirth, and a 
5-fold increase in placental abruption [44]. These reports indicate that intrauterine 
bleeding during pregnancy is a strong risk factor of perinatal complications, espe-
cially of preterm delivery.

Thrombin is a trypsin-like serine proteinase, the most abundant enzyme associ-
ated with blood coagulation. In addition to its role in hemostasis, thrombin also 
influences normal and pathological processes, such as inflammation, tissue repair, 
embryogenesis, angiogenesis, and tumor invasion [45]. There is considerable clini-
cal evidence pointing to a role of thrombin in preterm delivery. Thrombin- 
antithrombin complexes, markers of in vivo generation of thrombin, are increased 
in the plasma [46, 47] and amniotic fluid [46] of women in preterm labor or 
pPROM. Placental abruption-induced thrombin generation has been associated with 
fetal membrane weakening and pPROM [47, 48], and treatment of amnion explants 
with thrombin results in increased levels of MMP9 and mechanical weakening [49]. 
In an animal model, intrauterine administration of whole blood to pregnant rats 
stimulates myometrial contractility, whereas blood containing heparin or a throm-
bin inhibitor does not [50].

Thrombin activity was significantly increased in amniotic membranes from 
women who delivered preterm [51]. Considering that the decidua is the primary 
source of thrombin [52], increased thrombin activity is probably due to the bleed-
ing from the decidua in the early stage of pregnancy, and thrombin activity would 
remain in the amnion for several months until the preterm delivery finally occurs. 
In primary amnion cells, thrombin treatment resulted in an increase of MMP1 
and MMP9 mRNA and enzymatic activity, conversion of MMP2 to its active 
form, and COX2 mRNA and PGE2 synthesis in amnion mesenchymal cells 
(Fig. 15.3). These activations were mediated by G protein-coupled thrombin 
receptor, protease- activated receptor-1 (PAR-1), and TLR4 [51]. When thrombin 
or PBS was locally injected into the uterus of pregnant mice, all thrombin-
injected mice delivered preterm, whereas PBS did not [51]. In these mice, col-
lagenase-2 (MMP8) and collagenase- 3 (MMP13), gelatinase MMP9 mRNA as 
well as PGE2 synthesis were all increased in fetal membranes. Thus, thrombin 
weakens the membrane by degrading collagen through upregulation of MMPs 
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and stimulates cervical ripening and myometrial contraction through the produc-
tion of PGE2.

 Conclusion
Bacterial infection, presumably due to Lactobacillus-poor vaginal community, 
activates pattern recognition receptors, which induces the release of inflamma-
tory chemokines and cytokines. Chemokines and cytokines result in decline of 
progesterone receptor (PR) function, and enhancement of estrogen receptor 
activity in uterus initiates myometrial contraction. Placental CRH exponentially 
increases during pregnancy, serving as a “placental clock,” which is further 
increased by maternal and fetal glucocorticoid as positive feedback loop. CRH 
enhances prostaglandin synthesis. Fetal fibronectin or thrombin increases matrix 
metalloproteinases and PGE2 synthesis in amnion mesenchymal cells. Together, 
these molecular events converge to membrane rupture, cervical ripening, and 
myometrial contraction of preterm delivery and pPROM. Continuing basic 
research is necessary to reduce the preterm delivery.
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16Developmental Origins of Health 
and Diseases (DOHaD): Perspective 
Toward Preemptive Medicine
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Abstract
Noncommunicable diseases (NCDs) are chronic, noninfectious, and non- 
transmissible diseases. The World Health Organization (WHO) estimated that 
63% of global deaths, approximately 36 million, were attributed to NCDs. The 
concept of the developmental origins of health and disease (DOHaD) revealed 
that undernourishment and overnourishment in utero are both causatively associ-
ated with the risk of NCDs in later life; a “U-shaped curve” was proposed for the 
relationship between nutritional conditions in utero and the risk of developing 
adult NCDs. The DOHaD concept of the “U-shaped curve” is assumed to explain, 
at least partly, why NCDs are becoming increasingly prevalent in both develop-
ing and developed countries because the former is expected to be related to 
undernourishment in utero and the latter overnourishment in utero. In this chap-
ter, a possibility was discussed that supports the promising future contribution of 
perinatal and neonatal care to the establishment of “preemptive medicine” 
against the rapid spread of adult NCDs.
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16.1  Introduction

Noncommunicable diseases (NCDs) are chronic, noninfectious, and non- 
transmissible diseases. The World Health Organization (WHO) has classified car-
diovascular disorders (myocardial infarction or stroke), diabetes, chronic respiratory 
diseases, and malignancy as the four major disease types of NCDs. Moreover, some 
investigators regard mental health disorders as NCDs [1, 2]. The WHO estimated 
that 63% of global deaths, approximately 36 million, were attributed to NCDs and 
also that NCDs are expected to exceed communicable, maternal, perinatal, and 
nutritional diseases as the most common causes of death worldwide by 2030 [3, 4].

Increasing evidence from humans and animal models has demonstrated that 
environmental factors, such as nutritional conditions in the preconception, embry-
onic, fetal, neonatal, and/or infantile periods, affect the developmental process of 
specific organs as well as the regulation of their networks to maintain biological 
homeostasis and are involved in the development of risk factors for NCDs in adult-
hood [5–7]. The concept of the developmental origins of health and disease 
(DOHaD) was consequently proposed [8, 9]. Since epidemiological studies have 
revealed that undernourishment and overnourishment in utero are both causatively 
associated with the risk of NCDs in later life, a “U-shaped curve” was proposed for 
the relationship between nutritional conditions in utero and the risk of developing 
adult NCDs [10–16] (Fig. 16.1). The annual number of deaths due to NCDs contin-
ues to increase in developing and developed countries [3, 4, 15]. The DOHaD con-
cept of the “U-shaped curve” is assumed to explain, at least partly, why NCDs are 
becoming increasingly prevalent in developing and developed countries because the 
former is expected to be related to undernourishment in utero and the latter over-
nourishment in utero [17] (Fig. 16.1).

The concept of “preemptive medicine” was recently proposed as a new preven-
tive strategy for the current prevalence of NCDs, i.e., the identification of high-risk 
populations and early interventions during a latent period before the onset of appar-
ent clinical symptoms [5, 18, 19]. The DOHaD concept, presumably associated 
with epigenetic modifications [20], highlights the promising future contribution of 
perinatal and neonatal care to the establishment of “preemptive medicine” against 
the rapid spread of adult NCDs [17]. In this chapter, a possibility was discussed that 
supports a nutritional imbalance in utero and/or in early postnatal life contributing 
to the recent epidemic of NCDs.
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Fig. 16.1 Energy supply in utero and the risk of NCDs in later life (a). The prevalence of NCDs 
in developing and developed countries may be associated with differences in energy supply in 
utero (b) [17]
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16.2  The DOHaD Theory

Three pioneering epidemiological studies, i.e., the Dutch famine during World War 
II [21–24], a British study in the county of Hertfordshire (Barker hypothesis) [25–
27], and the Helsinki Birth Cohort [28–32], indicated that a relationship exists 
between environmental aggression in the early developmental period and the inci-
dence of NCDs in later life. Subsequent epidemiological studies on different ethnic 
groups in different locations worldwide, together with excellent animal studies, 
revealed the novel concept of the early establishment of metabolic adjustments by 
interorgan communication networks that affect the morbidity of NCDs throughout 
life [33–35], leading to a new scientific theory, DOHaD [6, 8, 36].

16.3  Undernourishment In Utero and Developmental  
Risk of NCDs in Later Life

Two major parameters have been used in epidemiological studies to support the 
contribution of undernourishment in utero to the developmental risk of NCDs, i.e., 
maternal low-energy intake during pregnancy and a low birthweight less than 
2500 g. Maternal low-energy intake means a low-energy supply for the maintenance 
of mothers and fetuses, while a low birthweight less than 2500 g is one of the 
parameters of anthropometry of newborns, with neither being identical to under-
nourishment in utero.

Epidemiological evidence to connect undernourishment in utero to the develop-
ment of adult NCDs initially emerged in victims of the Dutch famine in 1944–1945 
during World War II. The adult and/or elderly offspring of women exposed to the 
famine in gestation were predisposed to NCDs, such as schizophrenia, antisocial 
personalities, cognitive decline, coronary heart disease, hypertension, an athero-
genic lipid profile, disturbed blood coagulation, obesity, impaired glucose toler-
ance, metabolic syndrome, increased stress responsiveness, obstructive airway 
disease, and decreased renal function [21–24]. Fetal exposure to the Chinese Famine 
in 1959–1961 also showed a similar trajectory toward a predisposition to NCDs 
[37–39]. The relationship between fetal exposure to the Chinese Famine and an 
increased risk of adult metabolic syndrome was stronger among subjects with a 
Western-style calorie-rich diet [40].

British studies by Barker et al. [25–27] and the Helsinki Birth Cohort study [28–
32] together revealed that individuals born with a low birthweight less than 2500 g 
were predisposed to NCDs in adulthood, including coronary heart disease, impaired 
glucose tolerance, hypertension, metabolic syndrome, dyslipidemia, and cognitive 
decline. However, it is important to note that the concept of a low birthweight less 
than 2500 g is different from that of fetal growth restriction (FGR), intrauterine 
growth restriction (IUGR), or small for gestational age (SGA). In perinatal medi-
cine, FGR or IUGR commonly means that the estimated fetal weight is less than the 
tenth percentile for gestational age as assessed through an ultrasound observation in 
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utero [41], whereas SGA generally means that a birthweight is less than the tenth 
percentile for gestational age [42]. Their reference charts differ among populations, 
localizations, and even generations. Mean birthweight is more than 3400 g in the 
United States [43] but is approximately 3000 g in Japan [44]. Therefore, caution is 
needed in the interpretation of etiological data based on a low birthweight less than 
2500 g because the basic characteristics of individuals with a low birthweight may 
differ among the populations studied. Furthermore, most premature newborns are 
classified as having a low birthweight even if their birthweight is within the normal 
range for their gestational ages. Thus, small babies are not always simply a result of 
undernourishment in utero. Nevertheless, significant relationships have been 
reported between a low birthweight and elevated adiposity in children [45, 46] and 
adults [29, 47, 48].

16.4  The Thrifty Phenotype Hypothesis

Although large numbers of theoretical models have been proposed to explain the 
mechanistic basis underlying possible associations between undernourishment in 
utero and obesity-related metabolic disorders in later life [49], the thrifty phenotype 
hypothesis by Hales and Barker [50] is the most promising model [13, 14, 51]. They 
proposed the concept of an adaptive response to undernourishment in utero that is a 
trade-off between saving energy consumption in utero and downsizing the fetal body. 
Embryonic and/or fetal predictive adaptive responses may adjust the development of 
their own metabolic regulation systems in response to the environmental characteris-
tics surrounding their mothers for the purpose of matching themselves to the pre-
dicted postnatal circumstances and improving survivability in life after birth [52] 
(Fig. 16.2). The optimization of fetal body growth in utero is hypothesized to lead to 
a distinct and permanent metabolic phenotype, the thrifty phenotype, of enhanced 
energy economy, similar to a hybrid electric vehicle, for the purpose of matching the 
predicted postnatal circumstances of long-lasting insufficient food supply and 
improving survivability through a life of incessant starvation [50, 51] (Fig. 16.2).

According to the “match” aspect of the thrifty phenotype hypothesis, a previous 
study reported that small babies in Gambia, including those born during a nutrition-
ally debilitating hunger season, maintained healthy metabolic as well as cardiovas-
cular conditions into adulthood with the complete absence of metabolic syndrome 
if they retained their frugal lifestyle in rural areas [53] (Fig. 16.2).

As for the mismatch feature of the thrifty phenotype, it was hypothesized that the 
thrifty phenotype may become disadvantageous for the survival of the fittest when 
nutrition is more abundant in the postnatal environment than had been expected 
from the prenatal environment of undernourishment because the enhanced energy 
economy of the thrifty phenotype may cause a mismatch to the excess energy supply 
associated with the modern lifestyle of overeating, thereby predisposing adults to 
NCDs, particularly those related to obesity and/or diabetes [12–14, 50, 54–56] 
(Fig. 16.2).
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16.5  Mismatch in Developing Countries and Japan

Developing countries have been undergoing rapid and prominent economic 
improvements over the past few decades, and generations that experienced a low- 
energy supply during fetal life due to maternal poverty and/or political turmoil have 
now shifted to a life with an obesogenic diet [17] (Fig. 16.1). Therefore, individuals 
expected to have acquired the thrifty phenotype in utero encounter a mismatch to the 
excess energy supply provided by a calorie-rich obesogenic diet and develop a risk 
of NCDs, particularly those related to obesity and/or type 2 diabetes [54] (Figs. 16.1 
and 16.2). The prevalence of diabetes has been rapidly increasing in developing 
countries, such as China, India, and Malaysia [57–59].

In Japan, the prevalence of obesity or being overweight has consistently increased 
among adult males as well as mature and elderly women, whereas 

Maternal malnutrition Maternal complications,
placental insufficiencies, etc. 

Development of the ‘thrifty phenotype’
as a permanent adaptation to 
low energy supply 

Overeating after birth 

 

High risk of NCDs especially
those associated with 
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‘catch-up growth’
after birth 

Undernourishment in utero 

Fetal growth restriction as an adaptation
to low energy supply in utero  

Starvation after birth 

 

Advantageous for the
survival of the fittest  

‘Match’ ‘Mismatch’

 soon

Fig. 16.2 Schematic illustration of undernourishment in utero, the thrifty phenotype, catch-up 
growth, and the risk of NCDs [17, 27, 50]
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undernourishment is common among young women of childbearing age because of 
their strong desire to be thin [60]. A decrease in the body mass index of young 
Japanese women has been followed by an increase in low birthweight neonates as 
well as a decrease in mean birthweight [56, 61, 62]. The mean total caloric intake of 
the Japanese population has continuously decreased since 1970 [56, 61], suggesting 
that the incidence of obesity has increased despite a reduced energy supply. This 
paradoxical shift toward a possible obesity-prone phenotype in a relatively short 
period, less than half a century, in middle-aged and elderly Japanese populations 
argues against the major contribution of a Western lifestyle with a calorie-rich diet 
and insufficient exercise due to the widespread use of cars in favor of a presumed 
increase in the number of individuals with the thrifty phenotype due to undernour-
ishment in utero. Kubota et al. reported that mean energy intake in pregnant Japanese 
women was less than 1600 kcal/day through pregnancy, 30% (second trimester) and 
37% (third trimester) below the recommendations of the Ministry of Health, Labour, 
and Welfare in Japan [63], which suggests large numbers of relatively undernour-
ished fetuses due to insufficient maternal energy intake. Thus, it is plausible that a 
nutritional imbalance in pregnant Japanese women may have established the thrifty 
phenotype in a large proportion of the next generation, thereby contributing, at least 
partly, to the development of obesity and/or type 2 diabetes with less energy intake 
[56, 62].

16.6  Risk Accumulation of NCDs by Catch-Up Growth

A systematic review revealed that small babies were more predisposed to adult obe-
sity if they showed rapid catch-up growth soon after birth [64] (Fig. 16.2). The 
interaction between a prenatal low-energy supply and subsequent rapid catch-up 
growth soon after birth, presumably being equal to a rapid encounter with a postna-
tal high-energy supply, i.e., immediate and drastic mismatch, appeared to increase 
the risk of obesity and its associated metabolic disorders [10, 12, 65–68]. However, 
controversy surrounds the critical window or period of catch-up growth. Settler 
et al. suggested the importance of the first few weeks of postnatal life [69, 70]. 
Botton et al. showed that neonates with a faster weight gain velocity during the first 
3 months showed a greater weight gain velocity after 3 years of age, leading to a 
larger fat mass in adolescence [71]. Ong et al. demonstrated the importance of 
growth until 2 years of age [64]. In contrast, several studies have reported that low 
birthweight children who grew excessively in later childhood were also at a higher 
risk of adult obesity [29, 72].

16.7  Overnourishment In Utero and the Risk  
of NCDs in Later Life

Obesity has prevailed in developed countries, particularly in North America, 
over the past several decades as a result of the oversupply of nutrients relative to 
the amount required to meet normal metabolic demands, and this has mainly 
been attributed to lifestyle such as the excess consumption of energy-rich meals 
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and declines in physical activity. However, the DOHaD theory proposes an alter-
native explanation for the increasing prevalence of obesity, i.e., a transgenera-
tional negative chain by overnourishment in utero and/or in the early postnatal 
period, namely, fetuses and/or infants who experienced an early environment of 
excessive nutrients are predisposed to obesity and associated metabolic disorders 
in later life [9]. Salsberry et al. showed that maternal prepregnancy obesity was 
a significant risk factor for overweight adolescent offspring [73]. Maternal pre-
pregnancy obesity and excessive weight gain during pregnancy have been causa-
tively associated with the incidence of large-for-gestational-age infants [74–77] 
who are at high risk of childhood and adolescent obesity [74, 77, 78]. On the 
other hand, fetal exposure to diabetes or gestational diabetes during pregnancy, 
which may be linked to fetal exposure to high glucose levels, has been reported 
to increase the risk of childhood and adult obesity, diabetes, metabolic syndrome, 
and cardiovascular diseases [79, 80]. Human and animal studies revealed that an 
intrauterine high-energy supply consistently elevated the risk of NCDs in later 
life [81–83].

Recent human and animal studies have suggested that paternal obesity also 
induces the programming of offspring phenotypes related to the risk of NCDs via 
genetic and/or epigenetic changes in spermatozoa [84, 85].

Since not only undernourishment in utero but also overnourishment in utero have 
been causatively associated with the risk of NCDs in later life, a “U-shaped curve” 
has been proposed for the relationship between nutritional conditions in utero and 
the risk of developing adult NCDs [10–16] (Fig. 16.1). In developed countries, par-
ticularly those in which obesity is prevalent, the transgenerational risk of early 
exposure to an excess energy supply in the pre-contraceptive period and/or intra-
uterine period has been proposed to play a crucial role in increasing the risk of 
NCDs in addition to the simple lifestyle of an obesogenic diet and reduced physical 
activity [17] (Fig. 16.1). The rate of increases in the number of NCD patients in 
developing countries is distinctly higher than that in developed countries [15, 16]; 
therefore, the sequence of prenatal undernourishment and subsequent postnatal 
overnourishment may be a stronger risk factor for the development of adult NCDs 
in neonates undernourished in utero than continuous exposure to overnourishment 
throughout the entire life including the fetal period. Humans have struggled to adapt 
to starvation for millions of years; however, those in developed countries now need 
to adjust to an opposite environment, i.e., excess energy supply, throughout life even 
before birth.

Pathophysiological theories have been proposed for undernourishment in utero, 
such as a predictive adaptive response, the thrifty phenotype, and a mismatch; how-
ever, a pathophysiological theory has not yet been well established explaining the 
contribution of overnourishment in utero to the prevalence of NCDs in adulthood. It 
has not yet been fully clarified whether permanent phenotypic changes in response 
to overnourishment in utero are advantageous for the survival of the fittest in later 
life with an excess energy intake.
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16.8  Perspective Toward Preemptive Medicine 
from Perinatal Care

The core concepts of preemptive medicine are the early identification of high-risk 
populations and early interventions during a latent period without symptoms or 
notable abnormalities in routine laboratory and physical examinations [5, 18, 19]. 
Evidence for the protective efficiency of such early interventions against the inci-
dence of NCDs as well as medical economic cost performance is extremely limited. 
We propose the following candidates as realistic early interventions: (1) preparation 
of home and school educational programs on lifestyle based on scientific evidence, 
particularly lifelong benefits including the next generation [86]; (2) educational 
interventions before conception concerning nutritional aspects for fertile women, 
including the transgenerational negative chain according to the DOHaD theory [10–
16, 87]; (3) nutritional interventions for lean and obese pregnant women, if effective 
[88, 89]; and (4) providing appropriate management of gestational diabetes [79, 80].

Since catch-up growth has been reported to increase the risk of NCDs [10, 12, 29, 
64–67, 69–72], nutritional interventions for nursing women and/or bottle feeding neo-
nates may be candidates for early interventions. Nevertheless, a previous study 
reported that children born small for their gestational age without catch-up growth 
were at high risk of a short stature in adulthood and need to be referred for growth 
hormone treatment [90]. Therefore, establishing standard methods to achieve optimal 
growth in neonates and/or infants is challenging because numerous factors, including 
genetic and epigenetic backgrounds, may be involved in their growth patterns.

One of the important concepts of preemptive medicine is identifying high-risk 
individuals in early life [5, 18, 19]. A simple assessment of birthweight is not suf-
ficiently specific to clearly identify high-risk individuals. Extensive efforts have 
been made over the past few decades to establish effective biomarkers for the use in 
clinical practice with the ability to identify individuals at high risk of developing 
NCD [91–96]. The application of “omics” technologies has generated hundreds to 
thousands of biomarker candidates; however, very few of these have been translated 
into clinical care [95, 96]. The identification of useful biomarkers, their authoriza-
tion, and governmental approval followed by translation into clinical settings will 
be long and difficult. Nevertheless, the rewards will be fruitful not only for individu-
als but also for socioeconomic contributions.

 Conclusions
The rapid prevalence of NCDs has markedly increased healthcare and social 
security costs. In view of the pathogenesis of NCDs from the DOHaD theory, the 
perinatal care of fetuses as well as neonates has an important impact on the risk 
of NCDs in adulthood. An investigation of interventions from the viewpoint of 
perinatal care may provide useful insights for the development of preemptive 
medicine that targets NCDs.
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