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Abstract

:

Life expectancy has gradually grown over the last century. This has deeply affected healthcare costs, since the growth of an aging population is correlated to the increasing burden of chronic diseases. This represents the interesting challenge of how to manage patients with chronic diseases in order to improve health care budgets. Effective primary prevention could represent a promising route. To this end, precision, together with personalized medicine, are useful instruments in order to investigate pathological processes before the appearance of clinical symptoms and to guide physicians to choose a targeted therapy to manage the patient. Cardiovascular and neurodegenerative diseases represent suitable models for taking full advantage of precision medicine technologies applied to all stages of disease development. The availability of high technology incorporating artificial intelligence and advancement progress made in the field of biomedical research have been substantial to understand how genes, epigenetic modifications, aging, nutrition, drugs, microbiome and other environmental factors can impact health and chronic disorders. The aim of the present review is to address how precision and personalized medicine can bring greater clarity to the clinical and biological complexity of these types of disorders associated with high mortality, involving tremendous health care costs, by describing in detail the methods that can be applied. This might offer precious tools for preventive strategies and possible clues on the evolution of the disease and could help in predicting morbidity, mortality and detecting chronic disease indicators much earlier in the disease course. This, of course, will have a major effect on both improving the quality of care and quality of life of the patients and reducing time efforts and healthcare costs.
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1. Introduction


Over the last century, there has been a gradual increase in average life expectancy [1].



Today, for the first time in history, most people can expect to live into their sixties and beyond. Population aging represents one of the most important demographic features worldwide [2] and it is poised to become one of the most significant social transformations of the twenty-first century, with implications in all aspects of society [3,4]. One of the major consequences of a rapidly aging population [5] is the increasing burden of chronic diseases associated with age and related healthcare costs [6]. The most common chronic diseases linked to an aging society are the following: cardiovascular disease; diabetes; neurodegenerative diseases; most cancers [7]. The management of complex chronic diseases is becoming a serious social and economic trouble for the world’s elderly population and represents a huge challenge for national and international health care budgets [8].



The general consensus is that these types of disorders can be best tackled by effective primary prevention, demonstrating that pathological processes begin years before the appearance of clinical symptoms. Effective primary prevention can be challenging. The growing investment in genomic research has raised great expectations concerning its effects on biomedicine to study susceptibility to cancer and other chronic diseases and to promote new preventive interventions [9]. An ambitious challenge for medicine is to guarantee targeted care paths beginning with more personalized approaches. To achieve this goal, in the genomic era we have already approached an exciting period of medicine, where a convergence of genomics, bioinformatics and new molecular techniques, promises to improve our understanding of the genetic basis of many diseases, as shown in Figure 1. With this greater understanding comes the possibility of redefining disease mechanisms at higher resolutions and, along with this, targeting with more precise therapy [10] (e.g., preventing its onset and enabling early detection, as well as tailoring therapy to patients’ characteristics [11]).



Among age-related degenerative conditions, cardiovascular and neurodegenerative diseases account for the majority of hospitalizations, healthcare spending and mortality worldwide. Due to the large number of people who are potentially affected by these conditions, this puts pressure on health systems, increasing the demand for care, services and technologies to prevent and treat these types of non-communicable diseases [12].



What these conditions have in common is their relatively slow development, occurring over the course of many decades. Due to this, they need a long-term and complex response, coordinated by different health professionals with access to the necessary drugs and equipment [13], but, at the same time, this could provide ample opportunities to identify those at risk, offer preventative strategies, and start therapies early in the course of the disease mechanism [14].



To this purpose, the present review has been thought to discuss the main components, which may be part of precise and specific individual treatment programs applied to neurodegenerative and cardiovascular disorders. We focus on this new approach, with precision medicine defined as “an emerging approach for disease treatment and prevention that takes into account individual variability in genes, environment, and lifestyle for each person” [15].



The application of precision medicine to cardiovascular diseases, as in many other diseases linked to high mortality risk in the population, holds the promise of improving health as well as revolutionizing prevention and treatment options, similar to what has occurred in the field of oncology. The clinical translation and application of precision medicine can be achieved by developing the personalized treatment of patients based on the premise that prevention is better than treating [16]. Furthermore, we also want to outline the difference between personalized medicine (PeM) and precision medicine (PM) into managing these complex chronic disorders by demonstrating the potential benefits of precision medicine novel technologies demonstrated to date in order to offer insights into routine clinical practice.




2. What Is the Difference between Personalized Medicine and Precision Medicine


Precision vs. Personalized Medicine: What Is the Difference?


To better understand how precision medicine can be applied to personalized treatments for the management of patients with cardiovascular and neurodegenerative disorders, it is first necessary to clarify the difference between personalized medicine and precision medicine. A minimum common denominator characterizes biomedical research today—finding causes, focusing on the individual and clarifying the details. This has been defined as the personalized medicine (PeM) approach, and more recently as precision medicine (PM).



According to the National Research Council, “personalized medicine” is an older term with a closer meaning to “precision medicine” [10]. It first appeared in published works in 1999; however some of the field’s core concepts have been in existence since the early 1960s [17].



Although it is not uncommon that the two terms are often used interchangeably, there is a conceptual distinction between personalized medicine and precision medicine that refers to a different approach to patients [10].



Hippocrates introduced a personalized medicine approach for patient care thousands of years ago [17]. He wrote about the individuality of disease and the necessity of giving “different drugs to different patients, for the sweet ones do not benefit everyone, nor do the astringent ones, nor are all the patients able to drink the same things” [17,18,19].



In general, it is accepted that personalized medicine is a medical treatment to improve the delivery of drug therapy or preventive care, tailored to the needs of individual patients [20]. It refers to an approach involving the use of an individual’s genetic and epigenetic information [21], with particular attention to their preferences, beliefs, attitudes, knowledge and social contexts.



This approach is based on the use of new technologies and relies on individuals’ unique molecular profiles and plays an important role in response to what makes them vulnerable to certain diseases [22].



Together with research and clinical care progress, the policy enabling personalized medicine has changed the medical approach and consequently transformed the health care system too [23]. The creation of collaborative networks, among medical centers and highly qualified specialists who are equipped with more precise tools, can develop therapy protocols that are targeted to patient groups that do not respond to medications as intended and for whom the traditional health systems have otherwise failed [24].



This has led to an improvement in our ability to predict which medical treatments will be safe and effective for each patient, and which ones will not be because it may not only minimize harmful side effects and ensure a more successful outcome, but can also help contain costs compared with a “trial-and-error” approach to disease treatment [24].



Until now, one major limitation of standard medical treatment is that most of them have been designed for the “average patient” [20], assuming that all patients with the same symptoms of disease share a common patho-phenotype and, therefore, should be treated similarly [25]. As a result of this “one-size-fits-all” approach [26], treatments can be very successful for some patients but not for others, as shown in Figure 2.



Although the term precision medicine has become very popular only recently, enabled by scientific as well as political initiatives [27], the concept has been part of health care for many years.



The President’s Council of Advisors on Science and Technology, Executive Office of the President of the United States, with a report in September 2008 [10], has specified that the term Personalized Medicine “does not literally mean the creation of drugs or medical devices that are unique to a patient, but rather the ability to classify individuals into subpopulations that differ in their susceptibility to a particular disease or their response to a specific treatment [28]



In January 2015, when President Barak Obama launched the Precision Medicine Initiative [29], it was the first time that the general population was exposed to the greater concept of precision medicine [14,30] as a bold new effort to revolutionize how to improve, health care and “help people live longer, happier, and healthier lives.”



In “Precision medicine” the focus is on identifying optimal care based on a unique personal profile (i.e., individual differences in genetics, exposures, lifestyle and health factors) in order to determine disease susceptibility, understand the clinical course of the disease and prescribe appropriate drugs or other therapies in defined subpopulations of patients, rather than on the average population [25].



The expansion of precision medicine is based on using multiple sources from genomics, biological data, transcriptomics and proteomics crucial for prediction, in order to be more precise and accurate in diagnoses, definitions and treatments of disease subtypes [31].



Therefore, precision medicine is a new medical strategy that defines a disease at a higher resolution to enable the more precise targeting of subgroups of disease with new therapies; prominent examples include cystic fibrosis and cancer [32].



The discovery of biomarkers that can be identified before the emergence of overt clinical symptoms, together with technological development, have paved the way for rapid genomic discovery, thereby transforming the current healthcare approach from one centered on precision medicine to a more comprehensive focus on precision health [33], offering the possibility of preventing disease altogether [34].



The future of precision medicine will enable health care providers to tailor treatment and prevention strategies to people’s unique characteristics, including their genome sequence, microbiome composition, health history, lifestyle and diet.





3. Brief View of Sequencing Eras


Historically, the concept of the DNA sequencing method was introduced in 1975 by Sanger, opening a new paradigm of research and medical genomics. For many years, the Sanger method has been the principal method used among the sequencing procedures, also playing a key role in the completion of the Human Genome Project, which lasted 13 years and ended in 2003 [35,36]. Nowadays, this technology is still a gold standard approach used in diagnostic procedures of single-gene testing, but the limitations of high cost, reduced sensitivity and time demand have determined the passage from low- to high-throughput sequencing, starting Second Generation Sequencing (2ndGS), also known as Next Generation Sequencing (NGS) or the massively parallel sequencing era [37].



NGS transformed our ability to study the human genome or any organism of interest thanks to the reduction in costs and the possibility of obtaining thousands or millions of DNA sequences in a high-throughput and efficient manner and producing unachievable results with the traditional Sanger procedure [37]. The main companies that participated in the development of NGS technologies were Illumina, Roche 454 and Ion Torrent (Thermo Fisher, Waltham, MA, USA) through two different methods based on Sequencing by Synthesis (SBS). Roche 454 and Ion Torrent approaches provides the clonal amplification of DNA fragments ligated on beads by “emulsion PCR”, generating thousands of copies of the same molecules [38]. Instead, the solid-phase amplification by Illumina is based on oligonucleotide anchorage, previously amplified by PCR on the surface of a flow cell, starting cluster generation by the “bridge amplification” process [39].



In the last few years, MGI Tech Co., Ltd. (MGI) became a new competitor producer of high-throughput sequencers. MGI technologies are based on Combinatorial Probe-Anchor Ligation (cPAL) [40] sequencing, based on rolling circle DNA amplification (RCA), forming a final structure of concatemer sequences, called DNA nanoballs (DNBs).



The advances in sequencing technologies had a strong impact on genetic studies, improving the knowledge of genetic variations of human genomes and their effects on health and disease. This new approach in the study of genetic disease has elicited a revolution in the understanding of the complex biological networks associated with multifactorial and polygenic diseases, such as diabetes, cancer and cardiovascular and neurological disorders [41,42,43]. All of that determined a rapid advancement in the field of genomics and biological research and medical diagnostics, allowing for the translation of these technologies in a “bench to bedside” manner. The individual genome profile is one of the key components of precision medicine and it can be used to customize diagnosis and predict therapy patient responsiveness.




4. NGS Applications in Precision Medicine


The benefits of NGS technologies in the diagnostic procedure is the speed, accuracy and increasing reliability of data, even if the difficulty of managing and interpreting a large amount of information is still an unresolved problem in genotype–phenotype correlation. NGS includes different applications, such as Whole Genome Sequencing (WGS), Whole Exome Sequencing (WES) and Targeted Sequencing capable of identifying variants from different DNA sources, such as body fluids (e.g., blood, saliva, cerebrospinal fluid) or tissue biopsy, as shown in Table 1. Moreover, NGS-based detection methods allow for the identification of rare and low-frequency variants on a massive scale and enable higher analytical sensitivity in samples with low input DNA, a particularly important challenge in the case of poor availability of starting material, such as tissue or biologic fluid [44].



WGS currently represents the most comprehensive strategy with the potential to identify every genetic variation that plays a role in human disease. The data generated are extended to the entire genome (~3 billion bases), including coding and non-coding regions, providing additional information on mutations in regulatory regions, such as promoters, UTRs, enhancer elements and chromatin marks, as well as the solid identification of large structural variants, copy number variants (CNVs), gene fusions, inversions and deletions (indel) [45]. Usually, in WGS experiments about 3–4 million variants per individual are identified [46,47], although currently it is still very difficult to interpret the variants outside the protein-coding regions.



Although WGS provides a more exhaustive point of view of the genome variations, target-enrichment strategies offer a suitable alternative, balancing cost and benefit and becoming, in the last few years, a popular method for identifying many driving genes and pathways involved in genetic disease, such as congenital heart and neurodegenerative diseases [48,49]. Targeted sequencing allows for the capturing of specific genomic regions from a DNA sample before sequencing, which increases coverage, facilitates the multiplexing of samples and simplifies analysis. These procedures are based on two different selection strategies: amplicon-based assays and hybridization capture.



The multiplex PCR is an amplicon-based target enrichment reaction, where multiple primers directed to specific and targeted regions are used, allowing for multiple long-range PCRs in parallel in one PCR reaction tube [50]. Some limitations of this method, given to the possibility to produce unspecific amplicon or primer interference, has been recently overcome by RainDance Technologies (Hercules, CA, USA), through the introduction of Digital PCR in droplets (ddPCR). This method generates millions of microdroplets containing a single primer pair that allow a single PCR reaction [51], but has some limitations, such as the impossibility of evaluating the presence of multiple mutations in the same amplicon. An alternative target procedure includes the use of molecular Inversion Probes (MIP), a single-stranded DNA able to anneal the flanked region of the target DNA. Once the DNA polymerase fills the gap between target and MIP sequence, the amplicon is ligated and circularized, allowing the sequencing of only the circularized fragments [52].



Hybridization capture strategies are the basis of target enrichment technologies, such as SureSelect and HaloPlex (Agilent Technologies, Santa Clara, CA, USA), Nextera (Illumina, San Diego, CA, USA), and SeqCap (Roche, Basilea, Switzerland) [53]. These capture methods use DNA or RNA 5′ biotin-modified oligonucleotide probes (baits) in solution, which selectively hybridize target regions in the DNA sample, previously fragmented. The magnetic streptavidin beads allow for the binding of the biotinylated probes and the selected regions are enriched by PCR reaction before sequencing [54].



The target enrichment strategy, based on Array Hybrid Capture, was originally used for sequencing the entire human exome. Nowadays, WES sequencing is mainly performed by in-solution hybridization capture because it is more rapid and convenient than PCR and, therefore, performs better with large quantities of data belonging to the exome.



WES allows for the focusing of the sequencing on the protein-coding regions that constitute 2% of the human genome (∼20,000 genes) but it should contain approximately 85% of the disease-associated mutations that affect the function of individual proteins [55]. WES data typically identify ∼25,000 coding variants per individual [56]. This technique also has some limitations, due to the protein not annotated in the human genome and the impossibility to detect structural variants and potentially non-coding element variations. Despite these limitations, WES is widely used in research and clinical application because it allows the parallel screening of a large number of samples, offering rapid and reliable methods used in prenatal diagnosis, in the detection of driving mutations causing heterogeneous disorders, in screening procedures and in the management of patient treatments [57].



The evolution of targeted NGS sequencing allows these technologies to become a fundamental part of clinical practice, thanks to the implementation of hotspot or multigene customized panels, which overcome the elevated cost problem, reduce the risk of incidental findings, and delete all the unused sequence information, as with the non-annotated protein-coding regions. Nowadays, many panels are available that collect well-studied genes commonly involved in several diseases. These panels are used for diagnostic/prognostic procedures, pharmacogenomics, the screening of associated mutation diseases and the selection of molecular target drugs for individual therapies [58]. As an example, NGS-based gene panel-based tests are among the main choices for diseased-patient medical investigations in daily practice. In this context, one of the more comprehensive panels—the TruSight Cardio Panel—is designed to measure the genetic profiling of 174 genes and validate relations to 17 different inherited cardiac conditions, such as cardiomyopathies, arrhythmias and aortopathies [59]. Over the last few years, greater attention and investment in sequencing technology development led to the advent of third-generation methods and, consequently, the beginning of Third Generation Sequencing (3rdGS), based on single DNA molecule sequencing and the ability to detect the nucleotide sequence in real-time, overcoming the PCR amplification step required in NGS technologies and decreasing the error insert in amplified DNA fragments [60]. Moreover, 3rdGS is characterized by the generation of long reads by high processive DNA polymerase, increasing genome alignment resolution, especially in repetitive regions. The first (3rdGS) commercialized platform, proposed by Pacific Biosciences, uses the Single-molecule real-time (SMRT) sequencing [61], based on the fluorescence detection of labeled nucleotides during the replication process. The nucleotide incorporation occurs in wells, called zeromode waveguides (ZMWs), containing a single-strand DNA template and DNA polymerase, the latter directly fixed at the bottom of the well. Once emitted light is recorded, the polymerase cleaves the dNTP-bound fluorophores, which was turned away, allowing for the addition of the next labeled dNTP.



Recently, Oxford Nanopore Technologies(Oxfors, UK) (ONT) introduced nanopore technologies in TGS by the development of MinIOn platform. Nanopore sequencing directly detects current variation generated by native DNA or RNA passing in the hole of nanopore membrane immersed in an electrolyte solution, when a potential difference has previously been applied. The detection of the feature disruption of current, due to the passage of several combinations of nucleotide bases, makes it possible to identify the sequence of analyzed molecules.



The improvements associated with 3rdGS technologies have led to advances in read quality but significant advances are required to overcome some limitations, such as fresh starting material or intact cells and, moreover, issues associated with high sequencing error rate



Long-read sequencing technologies are particularly efficient in de novo genome assembly [62] or complex structural genomic sequencing. SMRT, for example, allowed the sequencing of long stretches of CGG as a Mycobacterium tuberculosis genome, characterized by high redundancy (∼65.6% of GC bases) or short tandem repeats (STPs) implicated in X fragile syndrome (FXS) [63,64].



The feasibility and versatility of the NGS approach make this technology suitable for fields of clinical and diagnostic applications, which tend to the development of precision medicine. Nevertheless, there are still many challenges to overcome by NGS to become a standard investigation procedure in patient diagnosis and therapeutic investigations, such as the management and interpretation of the enormous amount of data produced and the necessary implementations of the results, the reduction in the hands-on time for sample preparation and the development of user-friendly analysis software.



4.1. Neurodegenerative Diseases


Neurodegenerative diseases (NDs) are a broad group of chronic disorders that lead to a progressive loss of neuronal functions and gradually compromise the normal activities of the human brain. Patients affected by these types of disorders display variable clinical features, including memory loss, speech difficulties and motor impairment [65].



It has been estimated that such brain disorders have afflicted almost 7 million people over 65 years in Europe, but considering the general aging of the human population, the number of cases is expected to increase even more in the next year [66,67].



Usually, neurodegenerative processes start some years before the appearance of clinical symptoms, after which patients need special therapies to face the disabilities. As a consequence, it is necessary to counteract the pathological mechanisms as soon as possible, before the manifestation of clinical evidence [68].



Recently biomedical research has made many steps forward and all of the mechanisms at the base of the pathologies are still not well deciphered and a unique therapy does not seem to be the winning approach to solve the problem.



Indeed, many neurodegenerative diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD), are clinically heterogeneous disorders with a strong genetic component that can present variable clinical courses, which prevent the application of the same treatment to all patients, even when they have the same pathology [69,70,71]. In particular, these subgroups present various molecular characteristics, so the goal of researchers and clinicians now is to discover and catalogue all these variants. The ultimate objective is then to be able to understand the molecular causes of neurodegenerative diseases and to find effective targeted therapies. In short, it is necessary to discover biomarkers that, similar to biological labels, allow for identifying and cataloguing each subtype. Once this result is obtained, it will be possible to understand, with certainty, which sub-variant the individual patient is affected by and make the treatment personalized, modelling it on the basis of this information [34].



Another important aspect to consider is that not only the genetic component, but also epigenetic modifiers and non-genetic factors, such as nutrition, smoking habits, physical exercise, family history, chemical exposure, microbiome or the concomitant presence of other pathologies, can influence the dynamic of neurodegenerative evolution [72].



In recent years, the application of new technologies has provided a more complete view with respect to the complexity of these pathologies, highlighting the presence of different susceptibility factors with a specific impact on the development and progression of the disorder, hence encouraging the development of a precision medicine approach [73].



In this context, NGS technologies, by allowing for collecting a huge amount of digital genetic data, can help to define not only the complete molecular signatures of the disease, but also the cascade of events that induce or maintain such signatures. For example, differential transcriptome analyses of pathological vs. healthy brain tissue allow for the examination of protein-coding genes, non-coding RNAs or splicing events that are differentially expressed in the two conditions [74,75,76,77]. Thanks to the combination of all these data, it is possible to provide an “omic” profile of the patients, discover networks and possibly contribute to better understand the neurological disease mechanisms at 360°.



Indeed, the prospect of broadly applying a precision medicine approach has been dramatically improved by the recent development of large-scale biological databases, powerful methods for characterizing patients, such as proteomics [78], and computational tools for the analysis of large sets of data. It is therefore desirable that genome-wide association studies (GWAS) and NGS allow us to identify preclinical disease stages, formulate an adequate differential diagnosis and provide early and optimized therapeutic strategies to replace classical treatments [71].



Even though there is still much to understand, encouraging improvements in sequencing technologies has driven new and hopeful discoveries in the field of neurodegeneration. After cancer, in fact, neurological diseases offer the most compelling opportunities to achieve precision medicine with innovative approaches in which the health care of the individual is developed “tailored-based” on factors such as genetics and lifestyle [79].



From a historical point of view, precision medicine fully enters the world of neurodegenerative diseases thanks to the largest European network known as “Joint Program Neurodegenerative Disease Research” (JPND), active since 2011, which involves around 30 different countries aimed at tackling the challenge of neurodegenerative diseases—in particular AD.



This large network has launched a EUR 30 million call for proposals about precision medicine projects on neurodegenerative diseases, with the goal of finding out the causes and better treating those pathologies, such as AD and other forms of dementia, for which there are still no cures. Researchers are, therefore, working to also bring molecular medicine into the research of neurodegenerative diseases in order to make progress similar to those already made in oncology [80].



To make the potential of precision medicine in neurological disease realistic, however, it is necessary that many distinct areas of basic and translational research collaborate, in order to implement the precision medicine strategies across different specialized centers. The development of these networks will be able to facilitate the collection of data and to share the information derived from different studies. In this context, the involvement of a large number of samples from healthy individuals, who can provide control data to compare with those of patients, is also essential. By combining genetic information, clinics and patient images together, it will be possible to gradually solve the puzzle, which will lead to a clearer picture of the disease.



In this regard, a great example of a web-based platform is represented by the “Italian IRCSS Network of Neuroscience and Neurorehabilitation”, whose purpose is to standardize and optimize patients’ clinical care and the therapeutic strategies applied to neurodegenerative diseases [81].



Another important objective, pursued by the European network, concerns the ability to standardize the way in which diagnoses are made, across international guidelines. Indeed, it is not enough for the diagnosis of a neurodegenerative disease to be correct, but until it is achieved identically in all European countries, it will not be possible to have sufficient cases of study with homogeneous data to catalogue each disease and its numerous subtypes. The aim is, therefore, to be able to find a common code that will help both research and patient.



Collectively, these findings could lead researchers to focus on rare variants in neurological diseases in parallel to the developments of new NGS technologies that facilitate the complete investigation of the human genome.



As President Obama pointed out in the “Precision Medicine Initiative”, continuous efforts are necessary to transform information into knowledge so that neurological patients can receive better treatments by using their individual genome characteristics [29], as shown in Figure 3.



Although the road is still long, recent advances in some neurodegenerative diseases testify the potential of precision medicine approaches in this field.



Recent progress related to microRNA (miRNA) pharmaco-epigenomics, defined as the use of drugs to treat epigenetic defects connected to a disease, offers new strategies for the development of more effective treatments [82]. The implication of miRNAs in several brain disorders has, indeed, been extensively studied and many authors reported evidence of drug response regulated by miRNA-mediated mechanisms. In particular, in two independent studies, Alieva et al., and Margis et al., reported that the expression levels of some specific miRNAs (i.e., miR-7, miR-9-3p, miR-9-5p, miR-129 and miR-132) can be restored in patients affected by PD through the treatment of L-dopa, a dopamine receptor antagonist [83,84].



Additionally, concerning AD, although to date there is no cure, the treatment of patients with some drugs seems to improve or stabilize some common symptoms, such as memory deficit. About that, the use of specific drugs, such as cholinesterase inhibitors or dopamine agonists, seems to ameliorate memory deficits and inflammation via modulating the expression of miR-206 [85], known to target the BDNF (brain derived neurotrophic factor) transcript, a known neuroprotective factor against neuron cell death and various brain insults [86].



However, although these advances provide a more comprehensive picture of the complexity of neurodegenerative pathologies, the use of miRNAs as potential therapeutic targets still remains controversial and need to be further investigated, especially with regard to the methods of delivery and the target specificity.



Regarding personalized medicine in the field of neurodegeneration instead, a greater number of studies with encouraging results have been conducted. In fact, thanks to the great advances in sequencing technologies, it is now possible to obtain, quickly and at low cost, a large amount of information on the individual genetic profile to do prevention or direct targeted clinical studies.



About that, WGS or WES approaches testify the importance of identifying novel rare genetic variants that led to a better understanding of the pathology and the development of new therapies. For example, concerning AD, the majority of variants in the sequence of the genome that seem to markedly affect the risk of disease are mostly present in three main genes encoding for APP (amyloid precursor protein), PSEN1 and PSEN2 (PRESENILIN 1, and PRESENILIN 2) [87]. However, although these variants appear to be fully penetrant in cases before the age of 60 years, they do not clarify the late-onset form of AD (LOAD) that seems to be instead strongly connected with rare variants.



To mention some studies about this topic, Cruchaga and colleagues reported the discovery by exome-sequencing of a rare variant in PLD3, a gene codifying for a phospholipase highly expressed in brain regions that are vulnerable to AD, which seems to double the risk for that pathology in seven independent cases of LOAD [88].



With the whole-genome sequencing approach, Jonsson and colleagues identified a rare missense mutation (rs75932628-T) in TREM2 gene encoding for the triggering receptor expressed on myeloid cells 2, which confers a significant risk of AD in Icelanders [89].



Moreover, the recent advance of NGS technologies, coupled with the development of resources, such as the Human Genome Project and the International Human Haplotype Map Project, have provided the basis for genome-wide association studies (GWAS) in neurological diseases, as shown in Table 2.



The targeted sequencing approach of confirmed GWAS loci, such as ABCA7, BIN1, CD2AP, CLU, CR1, EPHA1, MS4A4A/MS4A6A and PICALM, identified an excess of rare deleterious mutations in three independent LOAD cohorts. The high coverage of sequencing allowed for the identification of these variants that could not have been detectable by WES or WGS [96].



Similar progress has also been obtained concerning precision medicine in the PD field.



GWAS have allowed the identification of multiple loci associated with PD48. However, in this case, the presence of rare variants within these loci may also contribute to an increase in the susceptibility to the disease.



In 2019, Germer et al. used the WES approach in a German cohort to verify the presence of rare mutations in genetic loci, previously associated with PD by GWAS. The study evidenced the presence of 54 potential disease-relevant variants in 71 genes, suggesting that some of the associations identified could refer to rare variants with probable functional effects that modify the PD risk [97].



Interesting studies have been conducted about PD in Black South African and Nigerian patients, in which the disease seems to have quickly increased in recent years. However, a large number of PD cases still remains genetically unexplained, since no common mutations have been detected in the key genes responsible for PD in this population, while target sequencing permitted the identification of rare sequence variants. As a consequence, the limited number of variations in these patients suggests that the well-known PD genes may play a minor role in causing the disorder in these populations and that other genes are likely to be involved [98,99].



In Gialluisi et al., an exploratory WES analysis of 123 PD patients from Italy and an exome-wide association study of motor and non-motor PD phenotypes to test genetic associations with neurological disabilities were reported. The study evidenced a new variant associated with PD (rs201330591) in the GTF2H2 gene, previously implicated in spinal muscular atrophy (SMA), which was not replicated in other independent European cohorts [100,101].



Previously described examples of high-throughput sequencing of patient genomes are useful approaches of patient genomes for the sub-classification of phenotypically similar but genetically heterogeneous diseases, such as AD or PD, and allow for the identification of new causative alleles which could facilitate precise disease diagnosis and the treatment of rare diseases.




4.2. Cardiovascular Diseases


Cardiovascular diseases consist of a range of diseases related to the circulatory system that could appear suddenly and unexpectedly and lead to death, or could represent the initial stage for a long-term condition that has a profound impact on healthcare costs.



Despite many efforts and progress made towards the eradication of CVDs, such as modification of lifestyle, as well as evidence-based therapies, CVDs still remain the leading cause of death in western countries, accounting for ~32% of all global deaths. Unfortunately, the projection is even worse, as this trend seems to be increasing and it has been estimated that the number of deaths will rise to >23.6 million annually by 2030 [25]. These projections, together with an increment of global health burden and total cost of medical care, contributed to increasing research funding on CVDs.



There are different approaches and technologies aiming to treat or prevent CVDs. By way of the Human Genome Project (HGP), new strategies based on genome-wide predisposition markers, pharmacogenetics and genomic signatures have been developed. HGP opened the research to a new route to investigate cellular mechanisms, offering detailed information about the structure, organization and function of human genes.



Progress in CVD, providing novel insights into genetic architecture (genetics variants, frequency, magnitude of effect), derived from Genome-Wide Association Studies (GWAS), as shown in Table 3. These studies led to the identification of many loci associated with CVDs and risk factors [102,103]. Furthermore, GWAS identified novel pathways and improved treatments evaluating novel drug targets and developing personalized approaches for individual patients [104].



In cardiovascular medicine, the personalized medicine approach is an innovative tool that could be applied to all stages that characterize disease development, including risk prediction, preventative measures and targeted therapeutic approaches.



Among CVDs, coronary artery disease and dilated cardiomyopathy are of particular interest to personalized medicine approaches. In these conditions, different factors contribute to the onset of pathologies, as well as to a precise diagnosis of such conditions, ranging from genetics to epigenetics and proteomics.




4.3. Calcific Disease of Aortic Valve


The calcific disease of the aortic valve (CAVD) can be asymptomatic (aortic sclerosis) or bring about the remodeling of the valve tissue, leading to hemodynamic problems in the aortic valve, such as aortic stenosis (AS). The echocardiogram is currently the golden standard in CAVD diagnostics [117] but does not allow for the evolutionary prediction of the disease and, consequently, does not allow for the possibility of intervention in the early stages of the disease [118]. Computed tomography increasingly represents a useful tool for the classification and quantification of the calcification of the aortic valve [119] but it also only allows for a prediction on the severity and not on the evolution of the disease [120]. The role of biomarkers representing a predictive value in the development of cardiovascular events has been widely studied in cardiovascular atherosclerosis. Although some biomarkers have been identified as causal disease factors, the identification of their relationship with genetic factors in CAVD is still ongoing [118].



In a clinical study with a population of 5201 subjects over the age of 65, the authors identified the correlation between Lp (a) lipoprotein and low density cholesterol (LDL) with CAVD [121]. Another smaller clinical study (101 cases of CAVD) highlighted the existence of the relationship between high levels of Lp (a) > 48 mg/dl with a high risk of aortic stenosis [122]. These data confirm the results of a previous study, published in 2003, where there was a relationship between a SNP (single nucleotide polymorphisms) in the Lp (a) locus (rs10455872) and the calcification of the aortic valve. This same study also showed that elevated levels of genetic Lp (a) are associated with an increased risk of CAVD [123]. More recently, researchers reported that a genetically low determination of Lp (a) levels reduces the risk of CAVD by approximately 37% [124] and that patients with elevated plasma Lp (a) levels and phospholipids, oxidized in apolipoprotein B (OxPl-apoB), have a greater propensity for the development of aortic stenosis [121]. The role of genetics on valvular pathology is becoming increasingly evident. A relationship between NOTCH1 mutations and the severe calcification of the aortic valve has been identified in animal models [125]. The deregulation of the NOTCH1h in endothelial cells [126] or in the cell interstitium of the aortic valve [127] seems to promote the development of valve calcification. Although only a small number of genetic mutations have been identified as the causes of disease, it is hoped that the availability of new technologies will lead to the discovery of additional genes implicated in human valve disease [128]. In this context, more recent studies have focused on the clonal hematopoiesis of undetermined potential (CHIP), which is defined as the presence of an expanded somatic clone of blood cells in people without other hematological abnormalities, common among elderly people and associated with an increased risk of hematological cancer. CHIP has also been associated with a sharp increase in the risk of cardiovascular disease, such as myocardial infarction and atherosclerosis [129]. Mutations identified in the somatic blood cell clone most frequently influence four genes: DNMT3A; TET2; ASXL1; JAK2. [129]. Each mutation has been individually associated with coronary artery disease. In this study, the authors used a modified nested case-control study design from two prospective cohort studies: Malmö’s Diet and Cancer (MDC) Study, a community-based, prospective observational study of ~30,000 participants who were residents in Malmö (Sweden) [130]; BioImage Study, a multi-ethnic, observational study aimed at characterizing subclinical atherosclerosis in 6699 US adults [131]. CHIP carriers with these mutations also have an increase in coronary artery calcification, an indicator of coronary artery atherosclerosis load. The most characterized mutations are in TET2, a gene involved in epigenetic regulation. The mechanism by which mutated TET2 promotes the development of cardiovascular disease has not yet been fully understood; however, used as model in atherosclerosis-prone, low-density lipoprotein receptor-deficient (Ldlr−/−) mice, it has been shown that TET2 mutations favor the recruitment of macrophages in the endothelium, thus promoting the inflammatory state, which is believed to cause the rapid development of atherosclerotic plaques [132].



The pathogenesis of CAVD shares many similarities with the atherosclerosis process. Macrophage-mediated inflammation plays an important role in the calcification of the aortic valve [133], although Notch1 has been frequently associated with macrophage activation [134]. Recent data also show that the absence of HES1, the NOTCH target gene, improves the expression of cxcl1, a chemokine involved in the adhesion of macrophages to the endothelium [135]. Mutations induced by TET2 cause an increase in the expression of inflammation mediators, including cxcl142, and it has recently been observed that TET2 is able to epigenetically control NOTCH1 [136]. These data suggest that TET2 mutations in macrophages can lead to NOTCH deregulation and predispose the onset of aortic valve stenosis or promote its progression. It seems possible, therefore, that for the development of hematopoietic clones with somatic mutations, TET2 could, similar to what occurs in atherosclerosis, constitute a risk factor for the development of aortic valve stenosis.




4.4. Dilated Cardiomyopathy


Dilated cardiomyopathy (DCM) is defined by the observation of progressive dilation and the deterioration of the contractile function of the left ventricle in the absence of obvious causes of pressure and/or volumetric overload, such as the presence of chronic ischemia, hypertension and/or diseases acquired or congenital valves [137]. The causes of this pathology are numerous and heterogeneous and, although the etiology of DCM is commonly divided into genetic and non-genetic causes, many of those DCM diagnosed do not find a precise etiological definition. Another important aspect of DCM is the enormous variability in clinical presentation in terms of both severity and age of onset and prognosis. A positive family history is evident between 30–50% DCM, while a causal gene can be identified in up to about 40% of cases [138]. Genetically determined alterations of the sarcomere, mitochondrial alterations and neuromuscular pathologies are among the most frequently identified etiologies in the presence of a family history, while acquired diseases or environmental conditions, such as exposure to toxic substances, pregnancy, diabetes or myocarditis, contribute to the appearance of the phenotype and prognosis. Conversely, a genetic alteration, not yet identified, can increase susceptibility to environmental factors, favoring the appearance of DCM with a highly variable phenotype. In DCMs defined as “idiopathic”, the condition of familiarity is found in about 30% of cases [138]. However, traditional gene sequencing strategies allow fewer genes to be identified candidates, mainly involved in autosomal dominant forms and with variable penetrance. Consequently, in most patients with DCM, the etiopathogenesis remains almost indefinite, with consequent difficulties in the therapeutic approach and in the prognostic definition. How can precision medicine improve the diagnosis of these pathologies to guide clinicians toward the more personalized treatment of patients? The advent of next-generation sequencing technology (NGS: Next Generation Sequencing) added a new dimension in genomics research thanks to the generation of data with massive and ultrafast methods, allowing for more extensive genome coverage. This approach has led to the identification of an increasing number of genes and mutations responsible for DCM. This genetic variability is probably related to the extreme heterogeneity of disease manifestation. Important findings have associated mutations of LAMININ A/C (LMNA) and FILAMIN C (FLNC) to poor prognoses and the propensity to cause an arrhythmic phenotype, respectively, while TNNT2 mutations have been associated with early onset aggressive disease [139,140,141,142,143].



The importance of recurring genetic tests is still a matter of debate; however, according to guidelines [144], the genetic tests could be helpful in case of doubtful diagnoses or borderline cases, otherwise they are extremely important in cases of family history or in the presence of other risk factors. For example, in patients with a family history of pacemaker implantation or sudden cardiac death (SCD), or evidence of atrioventricular or intraventricular conduction delay, the presence of the LMNA mutation could represent an alarm bell, leading to the decision of an early ICD implantation [145].



In 2015, Lee and Ware [146] demonstrated how the genetic diagnosis of pediatric cardiomyopathy influences patient management. They reported, as an example, three case studies that documented the benefits of genetics tests. In the first case, genetics helped to diagnose Nanoon syndrome, associated with HCM. This was extremely important for patient management, since Nanoon syndrome is associated with valvular issues which may require balloon valvuloplasty, surgery or other intervention. In a second case, genetic tests revealed a sarcomeric mutation in an 18-year-old male with HCM. After this result, his brother was subjected to examinations and mutation-specific genetic testing. In this case, genetic tests helped clinicians to formulate more specific recommendations as well as to identify other family members who may be at risk. The third case reported a six-year-old female, referred for heart transplant evaluation. This young girl was subject to genetic testing for a glycogen storage disease suspicion. This case demonstrates the etiological heterogeneity that exists, especially within pediatric cardiomyopathy, where DCM could be related to genetic disease rather than myocarditis.



Additionally, on the high-resolution imaging front, several technological advances have led to the characterization of cardiac remodeling mechanisms, as well as specific alterations, with more specificity structural effects of the myocardium and/or the type of heart damage.



The correct etiological definition has several consequences both from the knowledge point of view, as well as pathophysiological, therapeutic and prognostic points of view. From the pathophysiological point of view, for example, some genetically determined alterations of mitochondrial functions may increase the possibility of the development of DCM in the presence of specific environmental exposures or certain therapies. The mitochondrion is fundamental for the continuous request of energy in the form of ATP by the myocardium to carry out its contractile functions. The alteration of the mitochondrial functions determines not only a reduction in ATP production but also an imbalance in the redox system, favoring the production of free radicals of O2. Such alterations are described, for example, in alcoholics but also in subjects subjected to specific chemotherapy drugs. Hence, genetically determinant alterations of the mitochondrion, in silent genera, give rise to a DCM phenotype in the presence of such conditions. Still, the therapy of DCM does not include a specific guideline, but is based on the classic therapy planned for affected patients of chronic heart failure, where other causes, such as hypertension, diabetes or ischemic heart disease, are prevalent. The ability to define the etiopathogenetic characteristics of DCM provides essential support for the development of new strategies, pharmacological and otherwise. Finally, the integration of genetic data with instrumental data (MRI and echocardium) can allow for finely defining the patient prognosis, identifying potentially reversible structural changes after the elimination of environmental exposure or toxic factors.



The genetic tests in patients with cardiomyopathy present several benefits. In the case of doubtful diagnoses, such as unexplained left ventricular hypertrophy, positive genetic testing could guide clinicians towards appropriate screening and medical therapy and recommendations about physical activity, as well as family surveillance. These tests could also identify the etiology of pathology allowing for appropriate cardiac screening and medical therapy and the appropriate management and surveillance of other organ system involvement. Finally, they are extremely useful for identifying at-risk relatives, improving risk stratification and the cost-effective implementation of cardiac surveillance only in at-risk individuals [146].





5. Conclusions


In recent years, personalized medicine has become a hot topic in many fields of research and it will probably become of major importance in the future. The big interest in this area could be explained by the development of biology systems and high-throughput technologies. Certainly, the increasing knowledge and interpretation of data from genetic analyses will enhance our understanding of physiological events during health and disease and promote personalized diagnosis and treatment. This kind of approach could also be beneficial to reduce the burden of disease by targeting prevention and treatment more effectively through the integration of inputs from multiple data sources. Moreover, personalized medicine also aims to decrease healthcare costs and prevent adverse events by improving the ability to select the right therapy at the right time for an individual patient.



However, personalization cannot be extended to all pathologies. In fact, different diseases need to integrate biological, non-biological and environmental factors in decision-making. In complex diseases, peripheral components of the biological network would be more likely to contribute to the disease than genetic determinants, which are also more probabilistic than deterministic for the development of the disease.



Moreover, the significance of any specific approach to personalized medicine still needs to be tested. Theoretically, any proposed personalized approach must be confirmed by clinical trials to demonstrate benefit above current guideline-based therapy.



One important feature of the personalized medicine approach involves the patient and his/her participation as a central and active actor of the complex network. So, each individual being aware of their medical history and first phase education and training for healthcare providers and patients are essential to prepare for the future where a personalized medicine approach could be realized.



Furthermore, an important issue concerning the results of genomics testing is “data privacy” management [147]. We have to discern “research” from “clinical” data privacy. The development of genomic data led to a rapid growth in the collection of bio-samples and the creation of biobanks. In the US, as well as in Western Europe and others countries, different programs and legislation regulate the handling of sensitive data to protect the privacy of individual participant studies by keeping genetic data private, as stipulated in informed consent agreements [148]. From the clinical point of view a relevant issue derived from the results of genomic testing is the “return” of these results to patients, mainly in the case of “incidental findings”. The matter is what is “right to know and what is right to not know.” Not all patients want to know or can understand the meaning of genetic results, mainly when they predict the risk of the development of cancer or other chronic disease. This could cause anxiety or depression in patients and their families and, in some cases, this could results in unnecessary harm, since not all genetic susceptibility can be expected to develop into the disease in the future [9,149]. On the other hand, if the individual or his/her siblings develop the disease that could be “treated in time” in light of genomic results, this could be considered as an ethical injustice. There are only a few guidelines or recommendations addressing this issue and they often differ among countries. This has become a relevant problem in the case of international collaborations where scientists need to share data and samples. One possibility to overcome this question is to face it during the planning and design of projects before submission to Ethics Committee Board for approval. The informed consent module should contain clauses concerning this issue. Nevertheless, the physician who administers the informed consent for the agreement must be sure to clarify the risks and the benefits to participants of the study and ensure that the patients are prepared for the eventual incidental findings before enrolling them in the study.



Personalized or precision medicine aims to customize medical practice with a focus on the individual, based on the use of genetic tests, the identification of biomarkers and the development of targeted drugs. From this perspective, public healthcare systems play a key role, with a wealth of new possibilities promised for patients and society through the increased adoption of personalized approaches to medicine. This has significantly impacted the treatment of some types of chronic diseases, with a direct impact on the cost of public health and individual health care.



Thus far, many barriers still exist and the promises to achieve personalized or precision medicine in various specialty fields and its effect on public health and medical education, still remain unfulfilled. The greatest challenge is to integrate personalized medicine into contemporary medicine [150]. Prithcard et al. in 2017 reported the results of a survey conducted by the Healthcare Working Group (HWG) of Personalized Medicine Coalition (PMC) [151]. PMC’s HWG identified five areas of challenges: education and awareness; patient empowerment; value recognition; infrastructure and information management; ensuring access to care. They also discussed strategies for overcoming these challenges, making a step towards to the evolution of healthcare delivery to personalized medicine



Little is known about the impact of socioeconomic health inequalities. In fact, the high cost of biotechnologies can amplify health inequalities and become a problem for health service sustainability, especially for populations who stand to benefit the most from these technologies but are unable to afford, access or use them [152].







Author Contributions


O.S. and M.R.R. Conception and design; O.S. Introduction, F.R. supervision of genomic studies, M.C., G.G., P.T. supervision of Cardiovascular section, A.S., NGS studies, Y.D. Neurodegerative disease, C.D.G. administrative support, final approval of manuscript: all authors. All authors have read and agreed to the published version of the manuscript.




Funding


This was work was supported by MIUR—Ministero dell’Istruzione, dell’Università e della Ricerca Casa di Cura Privata Montevergine S.p.A PON “Programma Operativo Nazionale “Ricerca e Innovazione”, Industrial research and experimental development project; Title “Personalized medicine for innovative strategies in neuropsychiatric and vascular diseases” project PERMEDNET n. ARS01_01226, CUP D26C18000260005).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Roser, M.; Ortiz-Ospina, E.; Ritchie, H. Life Expectancy; Our World in Data: Oxford, UK, 2013. [Google Scholar]

	



United Nations. World Population Ageing 2015; Department of Economic and Social Affairs, Population Division: New York, NY, USA, 2013. [Google Scholar]

	



Crimmins, E.M. Trends in the health of the elderly. Annu. Rev. Public Health 2004, 25, 79–98. [Google Scholar] [CrossRef] [PubMed]

	



Beard, J.; Biggs, S.; Bloom, D.E.; Fried, L.P.; Hogan, P.R.; Kalache, A.; Olshansky, S.J. Global Population Ageing: Peril or Promise? Program on the Global Demography of Aging: Harvard, MA, USA, 2012. [Google Scholar]

	



Yenilmez, M.I. Economic and social consequences of population aging the dilemmas and opportunities in the twenty-first century. Appl. Res. Qual. Life 2015, 10, 735–752. [Google Scholar] [CrossRef]

	



Atella, V.; Mortari, A.P.; Kopinska, J.; Belotti, F.; Lapi, F.; Cricelli, C.; Fontana, L. Trends in age-related disease burden and healthcare utilization. Aging Cell 2019, 18, e12861. [Google Scholar] [CrossRef]

	



Busse, R.; Blümel, M. Tackling Chronic Disease in Europe: Strategies, Interventions and Challenges; WHO Regional Office Europe: København, Denmark, 2010. [Google Scholar]

	



Fried, L.P.; Paccaud, F. The Public Health Needs for an Ageing Society. Public Health Rev. 2011, 32, 351–355. [Google Scholar] [CrossRef]

	



Miller, A.R.; Tucker, C. Privacy protection, personalized medicine, and genetic testing. Manag. Sci. 2018, 64, 4648–4668. [Google Scholar] [CrossRef]

	



National Research Council. Toward Precision Medicine: Building a Knowledge Network for Biomedical Research and a New Taxonomy of Disease; National Academies Press: Washington, DC, USA, 2011. [Google Scholar]

	



Tuena, C.; Semonella, M.; Fernández-Álvarez, J.; Colombo, D.; Cipresso, P. Predictive Precision Medicine: Towards the Computational Challenge, in P5 eHealth: An. Agenda for the Health Technologies of the Future; Springer: Berlin/Heidelberg, Germany, 2020; pp. 71–86. [Google Scholar]

	



United Nations, Department of Economic and Social Affairs, Population Division. World Population Ageing 2015 Report; ST/ESA/SER. A/390; Department of Economic and Social Affairs, Population Division: New York, NY, USA, 2015. [Google Scholar]

	



Kennedy, B.K.; Berger, S.L.; Brunet, A.; Campisi, J.; Cuervo, A.M.; Epel, E.S.; Franceschi, C.; Lithgow, G.J.; Morimoto, R.I.; Pessin, J.E.; et al. Aging: A common driver of chronic diseases and a target for novel interventions. Cell 2014, 159, 709. [Google Scholar] [CrossRef] [PubMed]

	



Currie, G.; Delles, C. Precision Medicine and Personalized Medicine in Cardiovascular Disease, in Sex.-Specific Analysis of Cardiovascular Function; Springer: Berlin/Heidelberg, Germany, 2018; pp. 589–605. [Google Scholar]

	



Cappelletti, P. Medicina di precisione e medicina di laboratorio. Riv. Ital. Della Med. Lab.-Ital. J. Lab. Med. 2016, 12, 129–133. [Google Scholar] [CrossRef]

	



Gavan, S.P.; Thompson, A.J.; Payne, K. The economic case for precision medicine. Expert Rev. Precis. Med. Drug Dev. 2018, 3, 1–9. [Google Scholar] [CrossRef]

	



Jain, K.K. From Molecular Diagnostics to Personalized Medicine; Taylor & Francis: Abingdon, UK, 2002. [Google Scholar]

	



Sykiotis, G.P.; Kalliolias, G.D.; Papavassiliou, A.G. Pharmacogenetic principles in the Hippocratic writings. J. Clin. Pharm. 2005, 45, 1218–1220. [Google Scholar] [CrossRef]

	



Pray, L. Personalized Medicine: Hope or Hype. Nat. Educ. 2008, 1, 72. [Google Scholar]

	



Savoia, C.; Volpe, M.; Grassi, G.; Borghi, C.; Rosei, E.A.; Touyz, R.M. Personalized medicine—A modern approach for the diagnosis and management of hypertension. Clin. Sci. (Lond.) 2017, 131, 2671–2685. [Google Scholar] [CrossRef]

	



Zhang, S.; Bamakan, S.M.H.; Qu, Q.; Li, S. Learning for Personalized Medicine: A Comprehensive Review from a Deep Learning Perspective. IEEE Rev. Biomed. Eng. 2018, 12, 194–208. [Google Scholar] [CrossRef] [PubMed]

	



Akhondzadeh, S. Personalized medicine: A tailor made medicine. Avicenna J. Med. Biotechnol. 2014, 6, 191. [Google Scholar] [PubMed]

	



Di Sanzo, M.; Cipolloni, L.; Borro, M.; La Russa, R.; Santurro, A.; Scopetti, M.; Simmaco, M.; Frati, P. Clinical applications of personalized medicine: A new paradigm and challenge. Curr. Pharm. Biotechnol. 2017, 18, 194–203. [Google Scholar] [CrossRef]

	



Vogenberg, F.R.; Barash, C.I.; Pursel, M. Personalized medicine: Part 1: Evolution and development into theranostics. Pharm. Ther. 2010, 35, 560–576. [Google Scholar]

	



Leopold, J.A.; Loscalzo, J. Emerging Role of Precision Medicine in Cardiovascular Disease. Circ. Res. 2018, 122, 1302–1315. [Google Scholar] [CrossRef]

	



Maier, M. Personalized medicine-a tradition in general practice! Eur. J. Gen. Pract. 2019, 25, 63–64. [Google Scholar] [CrossRef]

	



Healthcare, T.I. Executive Office of the President President’s Council of Advisors on Science and Technology. 2010. Available online: http://www.whitehouse.gov/ostp/pcast (accessed on 29 June 2020).

	



Abrahams, E.; Silver, M. The Case for Personalized Medicine; SAGE Publications: Newbury Park, CA, USA, 2009. [Google Scholar]

	



Terry, S.F. Obama’s Precision Medicine Initiative. Genet. Test. Mol. Biomark. 2015, 19, 113–114. [Google Scholar] [CrossRef]

	



Mills, J.R. Precision Medicine-Right Treatment, Right Patient, Right Time, Wrong Approach? Clin. Chem. 2017, 63, 928–929. [Google Scholar] [CrossRef]

	



Olivier, M.; Asmis, R.; Hawkins, G.A.; Howard, T.D.; Cox, L.A. The Need for Multi-Omics Biomarker Signatures in Precision Medicine. Int. J. Mol. Sci. 2019, 20, 4781. [Google Scholar] [CrossRef]

	



Ashley, E.A. Towards precision medicine. Nat. Rev. Genet. 2016, 17, 507–522. [Google Scholar] [CrossRef]

	



Au, R.; Ritchie, M.; Hardy, S.; Ang, T.F.A.; Lin, H. Aging Well: Using Precision to Drive down Costs and Increase Health Quality. Adv. Geriatr. Med. Res. 2019, 1, 1. [Google Scholar]

	



Tan, L.; Jiang, T.; Tan, L.; Yu, J. Toward precision medicine in neurological diseases. Ann. Transl. Med. 2016, 4, 104. [Google Scholar] [CrossRef] [PubMed]

	



Sanger, F.; Nicklen, S.; Coulson, A.R. DNA sequencing with chain-terminating inhibitors. Proc. Natl. Acad. Sci. USA 1977, 74, 5463–5467. [Google Scholar] [CrossRef] [PubMed]

	



Sequencing, H.G. Finishing the euchromatic sequence of the human genome. Nature 2004, 431, 931–945. [Google Scholar]

	



Heather, J.M.; Chain, B. The sequence of sequencers: The history of sequencing DNA. Genomics 2016, 107, 1–8. [Google Scholar] [CrossRef]

	



Rothberg, J.M.; Leamon, J.H. The development and impact of 454 sequencing. Nat. Biotechnol. 2008, 26, 1117–1124. [Google Scholar] [CrossRef] [PubMed]

	



Shendure, J.; Ji, H. Next-generation DNA sequencing. Nat. Biotechnol. 2008, 26, 1135–1145. [Google Scholar] [CrossRef] [PubMed]

	



Goodwin, S.; McPherson, J.D.; McCombie, W.R. Coming of age: Ten years of next-generation sequencing technologies. Nat. Rev. Genet. 2016, 17, 333–351. [Google Scholar] [CrossRef] [PubMed]

	



Kalayinia, S.; Goodarzynejad, H.; Maleki, M.; Mahdieh, N. Next generation sequencing applications for cardiovascular disease. Ann. Med. 2018, 50, 91–109. [Google Scholar] [CrossRef] [PubMed]

	



Anasykhova, Y.; Barbitoff, Y.A.; A Serebryakova, E.; Katserov, D.; Glotov, A.S. Recent advances and perspectives in next generation sequencing application to the genetic research of type 2 diabetes. World J. Diabetes 2019, 10, 376–395. [Google Scholar] [CrossRef]

	



Guerreiro, R.; Bras, J.; Hardy, J.; Singleton, A. Next generation sequencing techniques in neurological diseases: Redefining clinical and molecular associations. Hum. Mol. Genet. 2014, 23, R47–R53. [Google Scholar] [CrossRef]

	



Suwinski, P.; Ong, C.; Ling, M.H.T.; Poh, Y.M.; Khan, A.M.; Ong, H.S. Advancing Personalized Medicine Through the Application of Whole Exome Sequencing and Big Data Analytics. Front. Genet. 2019, 10, 49. [Google Scholar] [CrossRef]

	



Lohmann, K.; Klein, C. Next generation sequencing and the future of genetic diagnosis. Neurotherapeutics 2014, 11, 699–707. [Google Scholar] [CrossRef]

	



Hegde, M.; Santani, A.; Mao, R.; Ferreira-Gonzalez, A.; Weck, K.E.; Voelkerding, K.V. Development and Validation of Clinical Whole-Exome and Whole-Genome Sequencing for Detection of Germline Variants in Inherited Disease. Arch. Pathol. Lab. Med. 2017, 141, 798–805. [Google Scholar] [CrossRef]

	



Park, S.T.; Kim, J. Trends in Next-Generation Sequencing and a New Era for Whole Genome Sequencing. Int. Neurourol. J. 2016, 20 (Suppl. 2), S76–S83. [Google Scholar] [CrossRef]

	



Pasipoularides, A. The new era of whole-exome sequencing in congenital heart disease: Brand-new insights into rare pathogenic variants. J. Thorac. Dis. 2018, 10 (Suppl. 17), S1923–S1929. [Google Scholar] [CrossRef]

	



Marques-Matos, C.; Alonso, I.; Leão, M. Diagnostic yield of next-generation sequencing applied to neurological disorders. J. Clin. Neurosci. 2019, 67, 14–18. [Google Scholar] [CrossRef]

	



Leproust, E. Target enrichment strategies for next generation sequencing. MLO Med. Lab. Obs. 2012, 44, 26–27. [Google Scholar]

	



Gerdes, L.; Iwobi, A.; Busch, U.; Pecoraro, S. Optimization of digital droplet polymerase chain reaction for quantification of genetically modified organisms. Biomol. Detect. Quantif. 2016, 7, 9–20. [Google Scholar] [CrossRef]

	



Niedzicka, M.; Fijarczyk, A.; Dudek, K.; Stuglik, M.; Babik, W. Molecular Inversion Probes for targeted resequencing in non-model organisms. Sci. Rep. 2016, 6, 24051. [Google Scholar] [CrossRef] [PubMed]

	



Samorodnitsky, E.; Datta, J.; Jewell, B.M.; Hagopian, R.; Miya, J.; Wing, M.R.; Damodaran, S.; Lippus, J.M.; Reeser, J.W.; Bhatt, D.; et al. Comparison of custom capture for targeted next-generation DNA sequencing. J. Mol. Diagn. 2015, 17, 64–75. [Google Scholar] [CrossRef] [PubMed]

	



Gaudin, M.; Desnues, C. Hybrid Capture-Based Next Generation Sequencing and Its Application to Human Infectious Diseases. Front. Microbiol. 2018, 9, 2924. [Google Scholar] [CrossRef] [PubMed]

	



Petersen, B.-S.; Fredrich, B.; Hoeppner, M.P.; Ellinghaus, D.; Franke, A. Opportunities and challenges of whole-genome and -exome sequencing. BMC Genet. 2017, 18, 14. [Google Scholar] [CrossRef]

	



Bevan, C.L.; Brooke, G.N.; Rj, P.; Sarah, E.; Eg, S. Exome sequencing explained: A practical guide to its clinical application. Brief. Funct. Genom. 2016, 15, 374–384. [Google Scholar]

	



Rabbani, B.; Tekin, M.; Mahdieh, N. The promise of whole-exome sequencing in medical genetics. J. Hum. Genet. 2014, 59, 5–15. [Google Scholar] [CrossRef]

	



Dong, L.; Wang, W.; Li, A.; Kansal, R.; Chen, Y.; Chen, H.; Li, X. Clinical Next Generation Sequencing for Precision Medicine in Cancer. Curr. Genom. 2015, 16, 253–263. [Google Scholar] [CrossRef]

	



Harper, A.; Parikh, V.N.; Goldfeder, R.L.; Caleshu, C.; Ashley, E.A. Delivering clinical grade sequencing and genetic test interpretation for cardiovascular medicine. Circ. Cardiovasc. Genet. 2017, 10, e001221. [Google Scholar] [CrossRef]

	



Van Dijk, E.; Jaszczyszyn, Y.; Naquin, D.; Thermes, C. The Third Revolution in Sequencing Technology. Trends Genet. 2018, 34, 666–681. [Google Scholar] [CrossRef]

	



Rhoads, A.; López-Baucells, A. PacBio Sequencing and Its Applications. Genom. Proteom. Bioinform. 2015, 13, 278–289. [Google Scholar] [CrossRef]

	



De Lannoy, C.; De Ridder, D.; Risse, J. The long reads ahead: De novo genome assembly using the MinION. F1000Research 2017, 6, 1083. [Google Scholar] [CrossRef] [PubMed]

	



Schmidt, M.H.; E Pearson, C. Disease-associated repeat instability and mismatch repair. DNA Repair (Amst) 2016, 38, 117–126. [Google Scholar] [CrossRef] [PubMed]

	



Philip, N.; Rodrigues, K.F.; William, T.; John, D.V. Whole genome sequencing of Mycobacterium tuberculosis SB24 isolated from Sabah, Malaysia. Genom. Data 2016, 9, 137–139. [Google Scholar] [CrossRef] [PubMed]

	



Gitler, A.D.; Dhillon, P.; Shorter, J. Neurodegenerative disease: Models, mechanisms, and a new hope. Dis. Model. Mech. 2017, 10, 499–502. [Google Scholar] [CrossRef]

	



Tysnes, O.-B.; Storstein, A. Epidemiology of Parkinson’s disease. J. Neural Transm. (Vienna) 2017, 124, 901–905. [Google Scholar] [CrossRef]

	



Reitz, C.; Brayne, C.; Mayeux, R. Epidemiology of Alzheimer disease. Cold Spring Harb. Perspect. Med. 2012, 2, a006239. [Google Scholar] [CrossRef]

	



Simon, D.K.; Tanner, C.M.; Brundin, P. Parkinson Disease Epidemiology, Pathology, Genetics, and Pathophysiology. Clin. Geriatr. Med. 2020, 36, 1–12. [Google Scholar] [CrossRef]

	



Bekris, L.M.; Yu, C.-E.; Bird, T.D.; Tsuang, D.W. Genetics of Alzheimer disease. J. Geriatr. Psychiatry Neurol. 2010, 23, 213–227. [Google Scholar] [CrossRef]

	



Klein, C.; Westenberger, A. Genetics of Parkinson’s disease. Cold Spring Harb. Perspect. Med. 2012, 2, a008888. [Google Scholar] [CrossRef]

	



Jiang, T.; Yu, J.; Tian, Y.; Tan, L. Epidemiology and etiology of Alzheimer’s disease: From genetic to non-genetic factors. Curr. Alzheimer Res. 2013, 10, 852–867. [Google Scholar] [CrossRef]

	



Gatz, M.; Reynolds, C.A.; Fratiglioni, L.; Johansson, B.; Mortimer, J.A.; Berg, S.; Fiske, A.; Pedersen, N.L. Role of genes and environments for explaining Alzheimer disease. Arch. Gen. Psychiatry 2006, 63, 168–174. [Google Scholar] [CrossRef] [PubMed]

	



Montine, T.J.; Montine, K.S. Precision medicine: Clarity for the clinical and biological complexity of Alzheimer’s and Parkinson’s diseases. J. Exp. Med. 2015, 212, 601–605. [Google Scholar] [CrossRef] [PubMed]

	



Borrageiro, G.; Haylett, W.; Seedat, S.; Kuivaniemi, H.; Bardien, S. A review of genome-wide transcriptomics studies in Parkinson’s disease. Eur. J. Neurosci. 2018, 47, 1–16. [Google Scholar] [CrossRef]

	



Chew, G.; Petretto, E. Transcriptional Networks of Microglia in Alzheimer’s Disease and Insights into Pathogenesis. Genes 2019, 10, 798. [Google Scholar] [CrossRef]

	



Dube, U.; Dian, T.; Del-Aguila, J.L.; Li, Z.; Budde, J.P.; Jiang, S.; Hsu, S.; Ibanez, L.; Fernandez, M.V.; Farias, F.; et al. An atlas of cortical circular RNA expression in Alzheimer disease brains demonstrates clinical and pathological associations. Nat. Neurosci. 2019, 22, 1903–1912. [Google Scholar] [CrossRef] [PubMed]

	



Han, S.; Initiative, F.A.D.N.; Miller, J.E.; Byun, S.; Kim, D.; Risacher, S.L.; Saykin, A.J.; Lee, Y.; Nho, K. Identification of exon skipping events associated with Alzheimer’s disease in the human hippocampus. BMC Med. Genom. 2019, 12 (Suppl. 1), 13. [Google Scholar] [CrossRef]

	



Alaaeddine, R.; Fayad, M.; Nehme, E.; Bahmad, H.F.; Kobeissy, F. The Emerging Role of Proteomics in Precision Medicine: Applications in Neurodegenerative Diseases and Neurotrauma. Adv. Exp. Med. Biol. 2017, 1007, 59–70. [Google Scholar]

	



Strafella, C.; Caputo, V.; Galota, M.R.; Zampatti, S.; Marella, G.; Mauriello, S.; Cascella, R.; Giardina, E. Application of Precision Medicine in Neurodegenerative Diseases. Front. Neurol. 2018, 9, 701. [Google Scholar] [CrossRef]

	



Hampel, H.; O’Bryant, S.; Castrillo, J.; Ritchie, C.; Rojkova, K.; Broich, K.; Benda, N.; Nisticò, R.; Frank, R.; Dubois, B.; et al. PRECISION MEDICINE—The Golden Gate for Detection, Treatment and Prevention of Alzheimer’s Disease. J. Prev. Alzheimers Dis. 2016, 3, 243–259. [Google Scholar]

	



Giardina, E.; Caltagirone, C.F. The IRCCS Network of Neuroscience and Neurorehabilitation: The Italian Platform for Care and Research about Neurodegenerative Disorders; Wiley: Hoboken, NJ, USA, 2018. [Google Scholar]

	



Nuzziello, N.; Ciaccia, L.; Liguori, M. Precision Medicine in Neurodegenerative Diseases: Some Promising Tips Coming from the microRNAs’ World. Cells 2019, 9, 75. [Google Scholar] [CrossRef]

	



Alieva, A.K.; Filatova, E.V.; Karabanov, A.V.; Illarioshkin, S.N.; Limborska, S.A.; Shadrina, M.I.; Slominsky, P.A. miRNA expression is highly sensitive to a drug therapy in Parkinson’s disease. Parkinsonism Relat. Disord. 2015, 21, 72–74. [Google Scholar] [CrossRef]

	



Margis, R.; Rieder, C.R. Identification of blood microRNAs associated to Parkinsonĭs disease. J. Biotechnol. 2011, 152, 96–101. [Google Scholar] [CrossRef]

	



Wang, C.-N.; Wang, Y.-J.; Wang, H.; Song, L.; Chen, Y.; Wang, J.-L.; Ye, Y.; Jiang, B. The Anti-dementia Effects of Donepezil Involve miR-206-3p in the Hippocampus and Cortex. Biol. Pharm. Bull. 2017, 40, 465–472. [Google Scholar] [CrossRef]

	



Tian, N.; Cao, Z.; Zhang, Y. MiR-206 decreases brain-derived neurotrophic factor levels in a transgenic mouse model of Alzheimer’s disease. Neurosci. Bull. 2014, 30, 191–197. [Google Scholar] [CrossRef] [PubMed]

	



Cruts, M.; Theuns, J.; Van Broeckhoven, C. Locus-specific mutation databases for neurodegenerative brain diseases. Hum. Mutat. 2012, 33, 1340–1344. [Google Scholar] [CrossRef]

	



Cruchaga, C.; Karch, C.; Jin, S.C.; Benitez, B.A.; Cai, Y.; Guerreiro, R.; Harari, O.; Norton, J.; Budde, J.P. UK Brain Expression Consortium (UKBEC); et al. Rare coding variants in the phospholipase D3 gene confer risk for Alzheimer’s disease. Nature 2014, 505, 550–554. [Google Scholar] [CrossRef]

	



Jonsson, T.; Stefansson, K. TREM2 and neurodegenerative disease. N. Engl. J. Med. 2013, 369, 1568–1569. [Google Scholar]

	



Bravo, P.; Darvish, H.; Tafakhori, A.; Azcona, L.J.; Johari, A.H.; Jamali, F.; Paisán-Ruiz, C. Molecular characterization of PRKN structural variations identified through whole-genome sequencing. Mol. Genet. Genom. Med. 2018, 6, 1243–1248. [Google Scholar] [CrossRef]

	



Nicolas, A.; Kenna, K.P.; Renton, A.E.; Ticozzi, N.; Faghri, F.; Chia, R.; Dominov, J.A.; Kenna, B.J.; Nalls, M.A.; Keagle, P.; et al. Genome-wide Analyses Identify KIF5A as a Novel ALS Gene. Neuron 2018, 97, 1268–1283.e6. [Google Scholar] [CrossRef]

	



Miller, J.E.; Shivakumar, M.K.; Lee, Y.; Han, S.; Horgousluoglu, E.; Risacher, S.L.; Saykin, A.J.; Nho, K.; Kim, D.; Initiative, A.D.N.; et al. Rare variants in the splicing regulatory elements of EXOC3L4 are associated with brain glucose metabolism in Alzheimer’s disease. BMC Med. Genom. 2018, 11 (Suppl. 3), 76. [Google Scholar] [CrossRef]

	



Zhao, L.; He, Z.; Zhang, D.; Wang, G.T.; Renton, A.E.; Vardarajan, B.N.; Nothnagel, M.; Goate, A.M.; Mayeux, R.; Leal, S.M. A Rare Variant Nonparametric Linkage Method for Nuclear and Extended Pedigrees with Application to Late-Onset Alzheimer Disease via WGS Data. Am. J. Hum. Genet. 2019, 105, 822–835. [Google Scholar] [CrossRef]

	



Sanchez, E.; Darvish, H.; Mesias, R.; Taghavi, S.; Firouzabadi, S.G.; Walker, R.H.; Tafakhori, A.; Paisán-Ruiz, C. Identification of a Large DNAJB2 Deletion in a Family with Spinal Muscular Atrophy and Parkinsonism. Hum. Mutat. 2016, 37, 1180–1189. [Google Scholar] [CrossRef]

	



Butcher, N.J.; Merico, D.; Zarrei, M.; Ogura, L.; Marshall, C.R.; Chow, E.W.C.; Lang, A.E.; Scherer, S.W.; Bassett, A.S. Whole-genome sequencing suggests mechanisms for 22q11. 2 deletion-associated Parkinson’s disease. PLoS ONE 2017, 12, e0173944. [Google Scholar] [CrossRef]

	



Vardarajan, B.N.; Ghani, M.; Kahn, A.; Sheikh, S.; Sato, C.; Barral, S.; Lee, J.H.; Cheng, R.; Reitz, C.; Lantigua, R.; et al. Rare coding mutations identified by sequencing of Alzheimer disease genome-wide association studies loci. Ann. Neurol. 2015, 78, 487–498. [Google Scholar] [CrossRef]

	



Germer, E.L.; Imhoff, S.; Vilariño-Güell, C.; Kasten, M.; Seibler, P.; Brüggemann, N.; Klein, C.; Trinh, J. International Parkinson’s Disease Genomics Consortium. The Role of Rare Coding Variants in Parkinson’s Disease GWAS Loci. Front. Neurol. 2019, 10, 1284. [Google Scholar] [CrossRef]

	



Blanckenberg, J.; Bardien, S.; Glanzmann, B.; Okubadejo, N.U.; Carr, J. The prevalence and genetics of Parkinson’s disease in sub-Saharan Africans. J. Neurol. Sci. 2013, 335, 22–25. [Google Scholar] [CrossRef]

	



Oluwole, O.G.; Kuivaniemi, H.; Abrahams, S.; Haylett, W.L.; Vorster, A.A.; Van Heerden, C.J.; Kenyon, C.P.; Tabb, D.L.; Fawale, M.B.; Sunmonu, T.A.; et al. Targeted next-generation sequencing identifies novel variants in candidate genes for Parkinson’s disease in Black South African and Nigerian patients. BMC Med. Genet. 2020, 21, 23. [Google Scholar] [CrossRef] [PubMed]

	



Gialluisi, A.; Reccia, M.G.; Tirozzi, A.; Nutile, T.; Lombardi, A.; De Sanctis, C.; Varanese, S.; Pietracupa, S.; Modugno, N.; Simeone, A.; et al. Whole Exome Sequencing study of Parkinson Disease and related endophenotypes in the Italian Population. Front. Neurol. 2020, 10, 1362. [Google Scholar] [CrossRef]

	



Jansen, I.E.; Ye, H.; Heetveld, S.; Lechler, M.C.; Michels, H.; Seinstra, R.I.; Lubbe, S.J.; Drouet, V.; Lesage, S. International Parkinson’s Disease Genetics Consortium (IPGDC); et al. Discovery and functional prioritization of Parkinson’s disease candidate genes from large-scale whole exome sequencing. Genome Biol. 2017, 18, 22. [Google Scholar] [CrossRef]

	



Kessler, T.; Vilne, B.; Schunkert, H. The impact of genome-wide association studies on the pathophysiology and therapy of cardiovascular disease. EMBO Mol. Med. 2016, 8, 688–701. [Google Scholar] [CrossRef]

	



Arking, D.; Chakravarti, A. Understanding cardiovascular disease through the lens of genome-wide association studies. Trends Genet. 2009, 25, 387–394. [Google Scholar] [CrossRef] [PubMed]

	



Barrett, J.C.; Dunham, I.; Birney, E. Using human genetics to make new medicines. Nat. Rev. Genet. 2015, 16, 561–562. [Google Scholar] [CrossRef] [PubMed]

	



Myocardial Infarction Genetics Consortium. Genome-wide association of early-onset myocardial infarction with single nucleotide polymorphisms and copy number variants. Nat. Genet. 2009, 41, 334–341. [Google Scholar] [CrossRef] [PubMed]

	



Abifadel, M.; Varret, M.; Rabes, J.-P.; Allard, D.; Ouguerram, K.; Devillers, M.; Cruaud, C.; Benjannet, S.; Wickham, L.; Erlich, D.; et al. Mutations in PCSK9 cause autosomal dominant hypercholesterolemia. Nat. Genet. 2003, 34, 154–156. [Google Scholar] [CrossRef]

	



Cohen, J.C.; Boerwinkle, E.; Mosley, T.H.; Hobbs, H.H. Sequence variations in PCSK9, low LDL, and protection against coronary heart disease. N. Engl. J. Med. 2006, 354, 1264–1272. [Google Scholar] [CrossRef]

	



Teslovich, T.M.; Musunuru, K.; Smith, A.V.; Edmondson, A.C.; Stylianou, I.M.; Koseki, M.; Pirruccello, J.P.; Ripatti, S.; Chasman, D.I.; Willer, C.J.; et al. Biological, clinical and population relevance of 95 loci for blood lipids. Nature 2010, 466, 707–713. [Google Scholar] [CrossRef]

	



Peden, J.F.; Hopewell, J.C.; Saleheen, D.; Chambers, J.C.; Hager, J.; Soranzo, N.; Collins, R.; Danesh, J.; Elliott, P. The Coronary Artery Disease (C4D) Genetics Consortium; et al. A genome-wide association study in Europeans and South Asians identifies five new loci for coronary artery disease. Nat. Genet. 2011, 43, 339–344. [Google Scholar]

	



Smith, N.L.; Felix, J.F.; Morrison, A.; Demissie, S.; Glazer, N.; Loehr, L.R.; Cupples, L.A.; Dehghan, A.; Lumley, T.; Rosamond, W.D.; et al. Association of genome-wide variation with the risk of incident heart failure in adults of European and African ancestry: A prospective meta-analysis from the cohorts for heart and aging research in genomic epidemiology (CHARGE) consortium. Circ. Cardiovasc. Genet. 2010, 3, 256–266. [Google Scholar] [CrossRef]

	



Villard, E.; Perret, C.; Gary, F.; Proust, C.; Dilanian, G.; Hengstenberg, C.; Ruppert, V.; Arbustini, E.; Wichter, T.; Germain, M.; et al. A genome-wide association study identifies two loci associated with heart failure due to dilated cardiomyopathy. Eur. Heart J. 2011, 32, 1065–1076. [Google Scholar] [CrossRef]

	



Walsh, R.; Exome Aggregation Consortium; Thomson, K.L.; Ware, J.S.; Funke, B.; Woodley, J.; McGuire, K.J.; Mazzarotto, F.; Blair, E.; Seller, A.; et al. Reassessment of Mendelian gene pathogenicity using 7855 cardiomyopathy cases and 60,706 reference samples. Genet. Med. 2017, 19, 192–203. [Google Scholar] [CrossRef]

	



Hershberger, R.E.; Hedges, D.J.; Morales, A. Dilated cardiomyopathy: The complexity of a diverse genetic architecture. Nat. Rev. Cardiol. 2013, 10, 531–547. [Google Scholar] [CrossRef]

	



Jabbari, J.; Olesen, M.S.; Yuan, L.; Nielsen, J.B.; Liang, B.; Macri, V.; Christophersen, I.E.; Nielsen, N.; Sajadieh, A.; Ellinor, P.T.; et al. Common and rare variants in SCN10A modulate the risk of atrial fibrillation. Circ. Cardiovasc. Genet. 2015, 8, 64–73. [Google Scholar] [CrossRef] [PubMed]

	



Roselli, C. Atrial fibrillation. Nat. Genet. 2018, 50, 1225–1233. [Google Scholar] [CrossRef]

	



Chiu, C.; Bagnall, R.D.; Ingles, J.; Yeates, L.; Kennerson, M.; Donald, J.A.; Jormakka, M.; Lind, J.M.; Semsarian, C. Mutations in alpha-actinin-2 cause hypertrophic cardiomyopathy: A genome-wide analysis. J. Am. Coll. Cardiol. 2010, 55, 1127–1135. [Google Scholar] [CrossRef] [PubMed]

	



Baumgartner, H.; Falk, V.; Bax, J.J.; De Bonis, M.; Hamm, C.; Holm, P.J.; Lansac, E.; Muñoz, D.R.; Rosenhek, R.; Sjögren, J.; et al. 2017 ESC/EACTS Guidelines for the management of valvular heart disease. Eur. Heart J. 2017, 38, 2739–2791. [Google Scholar] [CrossRef] [PubMed]

	



Small, A.; Kiss, D.; Giri, J.; Anwaruddin, S.; Siddiqi, H.; Guerraty, M.; Chirinos, J.A.; Ferrari, G.; Rader, D. Biomarkers of Calcific Aortic Valve Disease. Arter. Thromb. Vasc. Biol. 2017, 37, 623–632. [Google Scholar] [CrossRef] [PubMed]

	



Cowell, S.J.; E Newby, D.; Burton, J.; White, A.; Northridge, D.B.; A Boon, N.; Reid, J. Aortic valve calcification on computed tomography predicts the severity of aortic stenosis. Clin. Radiol. 2003, 58, 712–716. [Google Scholar] [CrossRef]

	



Cueff, C.; Cimadevilla, C.; Himbert, D.; Tubach, F.; Duval, X.; Iung, B.; Enriquez-Sarano, M.; Vahanian, A.; Messika-Zeitoun, D.; Serfaty, J.-M.; et al. Measurement of aortic valve calcification using multislice computed tomography: Correlation with haemodynamic severity of aortic stenosis and clinical implication for patients with low ejection fraction. Heart 2011, 97, 721–726. [Google Scholar] [CrossRef]

	



Capoulade, R.; Chan, K.L.; Yeang, C.; Mathieu, P.; Bossé, Y.; Dumesnil, J.G.; Tam, J.W.; Teo, K.K.; Mahmut, A.; Yang, X.; et al. Oxidized Phospholipids, Lipoprotein(a), and Progression of Calcific Aortic Valve Stenosis. J. Am. Coll. Cardiol. 2015, 66, 1236–1246. [Google Scholar] [CrossRef]

	



Stewart, B.F.; Siscovick, D.; Lind, B.K.; Gardin, J.M.; Gottdiener, J.S.; Smith, V.E.; Kitzman, D.W.; Otto, C.M. Clinical factors associated with calcific aortic valve disease. Cardiovasc. Health Study. J. Am. Coll. Cardiol. 1997, 29, 630–634. [Google Scholar] [CrossRef]

	



Thanassoulis, G.; Campbell, C.Y.; Owens, D.; Smith, J.G.; Smith, A.V.; Peloso, G.M.; Kerr, K.F.; Pechlivanis, S.; Budoff, M.J.; Harris, T.B.; et al. Genetic associations with valvular calcification and aortic stenosis. N. Engl. J. Med. 2013, 368, 503–512. [Google Scholar] [CrossRef]

	



Emdin, C.A.; Khera, A.V.; Natarajan, P.; Klarin, D.; Won, H.-H.; Peloso, G.M.; Stitziel, N.O.; Nomura, A.; Zekavat, S.M.; Bick, A.; et al. Phenotypic Characterization of Genetically Lowered Human Lipoprotein(a) Levels. J. Am. Coll. Cardiol. 2016, 68, 2761–2772. [Google Scholar] [CrossRef]

	



Garg, V.; Muth, A.N.; Ransom, J.F.; Schluterman, M.K.; Barnes, R.; King, I.N.; Grossfeld, P.D.; Srivastava, D. Mutations in NOTCH1 cause aortic valve disease. Nature 2005, 437, 270–274. [Google Scholar] [CrossRef] [PubMed]

	



Theodoris, C.; Li, M.; White, M.P.; Liu, L.; He, D.; Pollard, K.S.; Bruneau, B.G.; Srivastava, D. Human disease modeling reveals integrated transcriptional and epigenetic mechanisms of NOTCH1 haploinsufficiency. Cell 2015, 160, 1072–1086. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, Q.; Song, R.; Ao, L.; Weyant, M.J.; Lee, J.; Xu, D.; Fullerton, D.A.; Meng, X. Notch1 promotes the pro-osteogenic response of human aortic valve interstitial cells via modulation of ERK1/2 and nuclear factor-κB activation. Arter. Thromb. Vasc. Biol. 2013, 33, 1580–1590. [Google Scholar] [CrossRef] [PubMed]

	



Lahaye, S.; Lincoln, J.; Garg, V. Genetics of valvular heart disease. Curr. Cardiol. Rep. 2014, 16, 487. [Google Scholar] [CrossRef]

	



Jaiswal, S.; Natarajan, P.; Silver, A.J.; Gibson, C.J.; Bick, A.; Shvartz, E.; McConkey, M.; Gupta, N.; Gabriel, S.; Ardissino, D.; et al. Clonal Hematopoiesis and Risk of Atherosclerotic Cardiovascular Disease. N. Engl. J. Med. 2017, 377, 111–121. [Google Scholar] [CrossRef] [PubMed]

	



Berglund, G.; Elmstähl, S.; Janzon, L.; A Larsson, S. The Malmo Diet and Cancer Study. Design and feasibility. J. Intern. Med. 1993, 233, 45–51. [Google Scholar] [PubMed]

	



Muntendam, P.; McCall, C.; Sanz, J.; Falk, E.; Fuster, V. The BioImage Study: Novel approaches to risk assessment in the primary prevention of atherosclerotic cardiovascular disease—study design and objectives. Am. Heart J. 2010, 160, 49–57.e1. [Google Scholar] [CrossRef]

	



Fuster, J.J.; MacLauchlan, S.; Zuriaga, M.A.; Polackal, M.N.; Ostriker, A.C.; Chakraborty, R.; Wu, C.-L.; Sano, S.; Muralidharan, S.; Rius, C.; et al. Clonal hematopoiesis associated with TET2 deficiency accelerates atherosclerosis development in mice. Science 2017, 355, 842–847. [Google Scholar] [CrossRef]

	



Li, X.F.; Wang, Y.; Zheng, D.-D.; Xu, H.-X.; Wang, T.; Pan, M.; Shi, J.-H.; Zhu, J.-H. M1 macrophages promote aortic valve calcification mediated by microRNA-214/TWIST1 pathway in valvular interstitial cells. Am. J. Transl. Res. 2016, 8, 5773–5783. [Google Scholar]

	



Aquila, G.; Fortini, C.; Pannuti, A.; Delbue, S.; Pannella, M.; Morelli, M.B.; Caliceti, C.; Castriota, F.; De Mattei, M.; Ongaro, A.; et al. Distinct gene expression profiles associated with Notch ligands Delta-like 4 and Jagged1 in plaque material from peripheral artery disease patients: A pilot study. J. Transl. Med. 2017, 15, 98. [Google Scholar] [CrossRef] [PubMed]

	



Akula, M.K.; Shi, M.; Jiang, Z.; Foster, C.E.; Miao, D.; Li, A.S.; Zhang, X.; Gavin, R.M.; Forde, S.D.; Germain, G.; et al. Control of the innate immune response by the mevalonate pathway. Nat. Immunol. 2016, 17, 922–929. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Lan, Y.; Schwartz-Orbach, L.; Korol, E.; Tahiliani, M.; Evans, T.; Goll, M.G. Overlapping Requirements for Tet2 and Tet3 in Normal Development and Hematopoietic Stem Cell Emergence. Cell Rep. 2015, 12, 1133–1143. [Google Scholar] [CrossRef] [PubMed]

	



Bondue, A.; Arbustini, E.; Bianco, A.M.; Ciccarelli, M.; Dawson, D.K.; De Rosa, M.; Hamdani, N.; Hilfiker-Kleiner, D.; Meder, B.; Leite-Moreira, A.; et al. Complex roads from genotype to phenotype in dilated cardiomyopathy: Scientific update from the Working Group of Myocardial Function of the European Society of Cardiology. Cardiovasc. Res. 2018, 114, 1287–1303. [Google Scholar] [CrossRef]

	



McNally, E.; Mestroni, L. Dilated Cardiomyopathy: Genetic Determinants and Mechanisms. Circ. Res. 2017, 121, 731–748. [Google Scholar] [CrossRef]

	



Hershberger, R.E.; Pinto, J.R.; Parks, S.B.; Kushner, J.D.; Li, D.; Ludwigsen, S.; Cowan, J.; Morales, A.; Parvatiyar, M.S.; Potter, J.D. Clinical and functional characterization of TNNT2 mutations identified in patients with dilated cardiomyopathy. Circ. Cardiovasc. Genet. 2009, 2, 306–313. [Google Scholar] [CrossRef]

	



Kamisago, M.; Sharma, S.D.; DePalma, S.R.; Solomon, S.; Sharma, P.; McDonough, B.; Smoot, L.; Mullen, M.P.; Woolf, P.K.; Wigle, E.D.; et al. Mutations in sarcomere protein genes as a cause of dilated cardiomyopathy. N. Engl. J. Med. 2000, 343, 1688–1696. [Google Scholar] [CrossRef]

	



Li, D.; Czernuszewicz, G.Z.; Gonzalez, O.; Tapscott, T.; Karibe, A.; Durand, J.-B.; Brugada, R.; Hill, R.; Gregoritch, J.M.; Anderson, J.L.; et al. Novel cardiac troponin T mutation as a cause of familial dilated cardiomyopathy. Circulation 2001, 104, 2188–2193. [Google Scholar] [CrossRef]

	



Hanson, E.L.; Jakobs, P.M.; Keegan, H.; Coates, K.; Bousman, S.; Dienel, N.H.; Litt, M.; Hershberger, R.E. Cardiac troponin T lysine 210 deletion in a family with dilated cardiomyopathy. J. Card Fail. 2002, 8, 28–32. [Google Scholar] [CrossRef]

	



Mogensen, J.; Murphy, R.T.; Kubo, T.; Bahl, A.; Moon, J.C.; Klausen, I.C.; Elliott, P.M.; McKenna, W.J. Frequency and clinical expression of cardiac troponin I mutations in 748 consecutive families with hypertrophic cardiomyopathy. J. Am. Coll. Cardiol. 2004, 44, 2315–2325. [Google Scholar] [CrossRef] [PubMed]

	



Charron, P.; Arad, M.; Arbustini, E.; Basso, C.; Bilinska, Z.T.; Elliott, P.; Helio, T.; Keren, A.; McKenna, W.J.; Monserrat, L.; et al. Genetic counselling and testing in cardiomyopathies: A position statement of the European Society of Cardiology Working Group on Myocardial and Pericardial Diseases. Eur. Heart J. 2010, 31, 2715–2726. [Google Scholar] [CrossRef] [PubMed]

	



Merlo, M.; Cannatà, A.; Gobbo, M.; Stolfo, D.; Elliott, P.M.; Sinagra, G. Evolving concepts in dilated cardiomyopathy. Eur. J. Heart Fail. 2018, 20, 228–239. [Google Scholar] [CrossRef] [PubMed]

	



Lee, T.M.; Ware, S.M. Toward Personalized Medicine: Does Genetic Diagnosis of Pediatric Cardiomyopathy Influence Patient Management? Prog. Pediatr. Cardiol. 2015, 39, 43–47. [Google Scholar] [CrossRef]

	



Sorani, M.D.; Yue, J.K.; Sharma, S.; Manley, G.T.; Ferguson, A.R.; TRACK TBI Investigators; Cooper, M.S.R.; Dams-O’Connor, K.; Gordon, W.A.; Lingsma, H.F.; et al. Genetic data sharing and privacy. Neuroinformatics 2015, 13, 1–6. [Google Scholar] [CrossRef]

	



Thorogood, A.; Dalpé, G.; Knoppers, B.M. Return of individual genomic research results: Are laws and policies keeping step? Eur. J. Hum. Genet. 2019, 27, 535–546. [Google Scholar] [CrossRef]

	



Chandrasekaran, A.; Mathaiyan, J.; Davis, S. Ethics of genomic research. Perspect. Clin. Res. 2013, 4, 100–104. [Google Scholar] [CrossRef]

	



Issa, A.M. Personalized medicine and the practice of medicine in the 21st century. Mcgill. J. Med. 2007, 10, 53–57. [Google Scholar]

	



E Pritchard, D.; Moeckel, F.; Villa, M.S.; Housman, L.T.; Mccarty, C.A.; McLeod, H.L. Strategies for integrating personalized medicine into healthcare practice. Per. Med. 2017, 14, 141–152. [Google Scholar] [CrossRef]

	



Iriart, J.A.B. Precision medicine/personalized medicine: A critical analysis of movements in the transformation of biomedicine in the early 21st century. Cad. Saude Publica 2019, 35, e00153118. [Google Scholar] [CrossRef]








[image: Genes 11 00747 g001 550] 





Figure 1. An ambitious challenge for medicine is to guarantee targeted care paths, beginning with more personalized approaches. To achieve this goal, it is necessary to have a multi-level approach towards patients. At molecular level the multi omics approach (transcriptomic, metabolomics, genomic, proteomics, epigonomics) provides a deeper understanding of patient conditions from the original causes of diseases to the functional consequences. This information should be integrated with the study of the “exposome”, defined as the totality of exposure experienced by an individual during their life and the health impact of those exposures (Wild CP. Complementing the genome with an “exposome”: The outstanding challenge of environmental exposure measurement in molecular epidemiology. Cancer Epidemiol Biomarkers Prev. 2005; 14(8):1847–1850). Together with the study of clinical features of patients, physicians are able to elaborate a personalized therapy, tailored to the individual patient. 
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Figure 2. Standard approach assumes that all patients with the same symptoms of disease share a common patho-phenotype and, therefore, should be treated similarly. To reach the goal, that is, the recovery of patients, physicians have at their disposal different therapies (here indicated as A, B, C, D) that they have to “test” on patients until they find the right one. Conversely, personalized medicine aims to improve the ability to select the right therapy at the right time for an individual patient. 
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Figure 3. As noted by President Obama in “Precision Medicine Initiative”, the use of individual genome characteristics is essential to choose the best and adequate treatments for patients. Modified from: Doctor with Patient Cartoon.svg and Doctor with Patient X-ray Cartoon.svg from Wikimedia Commons by Videoplasty.com, CC-BY-SA 4′′. 
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Table 1. Principal applications, advantages and limitations of different NGS strategies.
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	Technique
	Target Regions
	Variants Detected
	Advantages
	Limitations





	WGS
	Entire genome
	~4,000,000
	
	
Identifies variants in all genome



	
Detects genome rearrangements and structural variants



	
Uniform depth of sequencing





	
	
Highest cost



	
Largest volume of data is produced



	
Require long and most complex analysis



	
Limited application in clinical diagnostic








	WES
	2% of genome
	~20,000
	
	
Identifies variants in all protein-coding regions



	
Low cost compared to WGS





	
	
Possibility to have incomplete exome coverage



	
Cannot detect non-coding and structural variants



	
Require exome capture or enrichment methods during library preparation








	Target panels
	Few genes
	Variable: depends on the panel size
	
	
Identifies variants in specific regions



	
Customizable



	
Lowest cost



	
Rapid analysis



	
Short running time



	
More suitable for clinical applications





	
	
Variants limited to selected genes



	
Limits in the identification of novel variants and structural variants



	
Needs continuous updates as a result of new discoveries
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Table 2. Review of published GWAS. The table summarizes susceptible genes in Alzheimer’s and Parkinson’s disease identified by GWAS. Genes replicated across different studies are shown in blue.
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	Gene/Locus
	Disease
	Reference





	TREM2
	Alzheimer’s
	Jonsson et al., 2013 [88]



	ABCA7, BIN1, CD2AP, CLU, CR1, EPHA1, MS4A4A/MS4A6A, PICALM
	Alzheimer’s
	Vardarajan et al., 2015 [90]



	KIF5A
	Alzheimer’s
	Nicolas et al., 2018 [91]



	EXOC3L4
	Alzheimer’s
	Miller et al., 2018 [92]



	PSMF1, PTPN21, ABCA7, ACE, EPHA1, SORL1
	Alzheimer’s
	Zhao et al., 2019 [93]



	DNAJB2, HSJ1
	Parkinson’s
	Sanchez et al., 2016 [94]



	22q11.2
	Parkinson’s
	Butcher et al., 2017 [95]



	PRKN
	Parkinson’s
	Bravo et al., 2018 [90]



	DNAH1, STAB1, ANK2, SH3GL2, NOD2
	Parkinson’s
	Germer et al., 2019 [96]
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Table 3. Review of published GWAS in cardiovascular disease.






Table 3. Review of published GWAS in cardiovascular disease.





	Genes
	Associated CVD
	Reference





	PCSK9
	Myocardial Infarction
	Myocardial Infarction Genetics Consortium (2009) [105];

Abifadel M. et al. (2003) [106]; Cohen J.C. et al. (2006) [107];

Teslovich T.M. et al. (2010) [108]



	PDGFD
	Coronary Artery Disease.
	Coronary Artery Disease C4D Genetics Consortium (2011) [109]



	LRIG3
	Congestive Heart Failure
	Smith N.L. et al. (2010) [110]



	ZBTB17 BAG 3 MYBPC3 LMNA PLN
	DCM
	Villard E. et al. (2011) [111]; Walsh R. et al. (2017) [112];

Hershberger R.E. et al. (2013) [113]



	PITX2 SCN10A
	Atrial Fibrillation
	Jabbari J. et al. (2016) [114], Roselli C. et al. (2018) [115]



	ACTN2
	Hypertrophic Cardiomyopathy
	Chiu C. et al. (2010) [116]
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