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Abstract

Following the “finished,” euchromatic, haploid human reference genome sequence, the rapid
development of novel, faster, and cheaper sequencing technologies is making possible the era of
personalized human genomics. Personal diploid human genome sequences have been generated,
and each has contributed to our better understanding of variation in the human genome. We have
consequently begun to appreciate the vastness of individual genetic variation from single
nucleotide to structural variants. Translation of genome-scale variation into medically useful
information is, however, in its infancy. This review summarizes the initial steps undertaken in
clinical implementation of personal genome information, and describes the application of whole-
genome and exome sequencing to identify the cause of genetic diseases and to suggest adjuvant
therapies. Better analysis tools and a deeper understanding of the biology of our genome are
necessary in order to decipher, interpret, and optimize clinical utility of what the variation in the
human genome can teach us. Personal genome sequencing may eventually become an instrument
of common medical practice, providing information that assists in the formulation of a differential
diagnosis. We outline herein some of the remaining challenges.

Keywords

whole-genome sequencing (WGS); exome sequencing; simple nucleotide variation (SNV);
structural variation; personal genomics

THE HUMAN REFERENCE GENOME

The 2001 draft sequence of the human genome, by the Human Genome Project (HGP) (1),
was unquestionably a great scientific achievement, a turning point for human genetics, and
the starting point for human genomics. Three years later, international efforts delivered a
high-quality finished human genome assembly representing 99% of the euchromatic
sequence (2). Although by far the highest-quality genome for any organism, it was still
incomplete. In addition, the human reference genome is a haploid consensus mosaic
sequence derived from multiple individuals. The assembly and refine-ment of the reference
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genome were able to provide a snapshot of genetic variation, mainly in the form of single
nucleotide polymorphisms (SNPs), and also a glimpse into the complex architecture of
segmental duplications (3) and low-copy repeats (4). Simple nucleotide variation (SNV),
which includes SNPs and small indels, has been further surveyed in many individuals. The
HGP combined with the HapMap Project populated dbSNP, a database of SNPs (http://
www.ncbi.nlm.nih.gov/snp/), with ~10 million well-characterized common variants in
different world populations; the HapMap also provided a backbone of common haplotypes
in human genomes (5–8).

Some of the most challenging regions to be cloned, sequenced, and assembled for the
reference sequence were those enriched in highly repetitive (e.g., Alus, LINEs) and near-
identical low-copy repeat sequences. Later, with the availability of genome-wide assays, it
became apparent that the complex architecture of the human genome can result in a broader
spectrum of variation known as structural variation, which includes inversions and copy-
number variants (CNVs). Remarkably, CNVs may account for more variable base pairs
between individuals than SNPs alone. Such architectural complexity could also result in
genome instability and susceptibility to rearrangements that can cause disease—a group of
conditions referred to as genomic disorders (4, 9).

Humans are diploid, and to understand the genetics of Mendelian and complex diseases, as
well as to grasp the extent of human variation, we must consider the interplay between the
pairs of alleles of genes and of all the genes within the genome, as well as the nongenic
sequences. Only then can we build complete models of genetic interactive networks.

During the decade after the HGP, technical development enabled massively parallel next-
generation DNA sequencing (NGS), ushering in a new era for human genomics. The period
began with a series of key examples of individual genomes that established the basis for the
analysis of subsequent genomes (Table 1). This increased availability of an individual’s
genetic information may provide a useful tool for the practicing physician, eventually
assisting in differential diagnosis and potentially enabling anticipatory guidance and
possibly preventive genomic medicine.

PERSONAL HUMAN GENOMES

The Venter Genome

In 2007, the personal genome sequence of J. Craig Venter, developed using whole-genome
shotgun and traditional Sanger dideoxy sequencing and consisting of 2.8 Gb of reference-
matched genome sequence, was published (10). The analysis of the Venter genome
sequence identified 1.2 million novel variants when compared to the human reference
assembly; non-SNP variants ranging from small indels to large CNVs and inversions
accounted for 74% of the total number of variant bases. Some of the CNVs identified
overlapped with 95 genes, including seven OMIM (Online Mendelian Inheritance in Man;
http://www.ncbi.nlm.nih.gov/omim) genes for traits such as blood-group determination and
diseases such as Zellweger syndrome (MIM #214100). Nonsynonymous variants in 4,107
genes were identified; 10,208 genes were found to harbor at least one heterozygous variant.

For J. Craig Venter, having his genome sequenced revealed that he is heterozygous for
several variants in genes associated with coronary artery disease, hypertension, and
myocardial infarction. There is a family history of cardiovascular disease; nevertheless, JCV
is also heterozygous for some cardiac-protective variants. Thus, it remains unknown whether
or how the different variants might account for cardiovascular disease risk in this particular
individual, so clinical utility could not be documented. He is also heterozygous for a null
allele in the GSTM1 gene, which is important for detoxification and the metabolism of
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xenobiotics. Carriers of null alleles for this gene have increased susceptibility to
environmental toxins and possibly increased risk of developing a variety of cancers (11).
This variant might be relevant to this individual’s history of skin cancer.

The Watson Genome

The genomic sequence of the codiscoverer of the structure of DNA, James D. Watson, was
published in 2008 (12). This first complete human genome sequenced by NGS technology
marked the beginning of a revolution in human genome resequencing and personal
genomics. Watson’s genome was sequenced in just two months; however, the analysis
required a significantly greater amount of time. The Watson genome was the first diploid
genome to be publicly released (in May 2007).

The comparison of Watson’s genome with the human reference sequence led to the
identification of SNPs, plus small indels and CNVs. More deletion events than insertions
were identified at a 2.3:1 ratio. Most of the coding indels identified were heterozygous and
multiples of three in length, and therefore unlikely to inactivate genes. There was a
significant enrichment of indels in the size range of 300–350 bp, consistent with the size of
Alu sequences. The Watson genome had 23 large CNVs that ranged in size from 26 kb to
1.6 Mb, which were thought to represent benign variation, including CNVs of olfactory
receptor gene clusters. Thirty-four genes are located within these CNVs; whether their
expression or function is altered owing to the CNVs remains to be determined.

In a comparison of nonsynonymous variants to the Human Gene Mutation Database (http://
www.hgmd.cf.ac.uk), 32 variants that matched previously reported disease-causing
mutations were found. Twelve of these were linked to autosomal recessive diseases or traits,
such as retinitis pigmentosa or congenital nephrotic syndrome; the other 20 were associated
with variable risk of developing common diseases. Interestingly, three SNPs that were
homozygous in the subject and annotated to be highly penetrant disease-causing mutations
were identified. Subsequent confirmation of these SNPs demonstrated that one of them was
heterozygous and that the population frequencies of the other two were >0.15, indicating
that although present at low frequencies, the homozygous genotypes are present in the
general population, and these variants are not likely disease causing.

African Genomes

Later in 2008, the genomic sequence of a Yoruban individual, HapMap sample NA18507,
was determined (13). This same genome was sequenced again in 2009 using a different NGS
technology (14); a comparison demonstrates the importance of the NGS method used and
the annotation approach applied for analysis. An enrichment of heterozygous (versus
homozygous) SNPs was observed in this genome. Some homozygous SNPs were found to
be associated with pharmacogenetic traits or susceptibility to cancer or some other complex
disease. Indels affected exons of 2,241 genes, with an enrichment of indels in the first and
last exons. Some of the deletions found were also observed in other published personal
genomes, suggesting that they are actually insertions in the reference human genome
assembly.

More recently, the complete genomes of two Khoisan and Bantu individuals from southern
Africa were sequenced in addition to the exomes of three other individuals originating from
different indigenous groups across the Kalahari Desert (KB1, ABT, NB1, TK1, and MD8
respectively) (15). The ABT genome was derived from Archbishop Desmond Tutu. The
KB1 genome was sequenced using long reads in order to create a de novo assembly because
of the diversity expected from African genomes. The scaffold for this assembly covers ~3.09
Gb. It was found that on average two Bushmen (KB1, ABT, NB1, TK1, and MD8) differ
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from each other at 1.2 nucleotides per kilobase, which is more than the average
interindividual variation of 1.0 nucleotide per kilobase observed from studies performed
mostly in subjects of European descent. It is important to note that this latter difference (1
nt/kb) is derived from exonic sequences; the variation between two Bushmen may well be
greater for noncoding regions. An enrichment of SNPs in promoter regions was observed,
which might cause differences in expression and phenotypes in these individuals. There was
an aggregate of 27,641 nonsynonymous substitutions among all the sequenced individuals;
of these 47.55% were novel, affecting 7,720 genes.

Several of the 621 previously known SNPs that were found in the southern African genomes
have functional associations. One SNP in the promoter region of LCT is associated with
lactase persistence in European populations. The non-European allele was found
homozygous in all the Bushmen analyzed, consistent with lactose intolerance expected in
foraging (rather than farming) populations. Variants in the SLC24A5 gene associated with
skin color and increased production of melanin were also identified. Interestingly, some
associations with enhanced physiological traits were observed in the majority of these
individuals, such as homozygosity for a VDR allele associated with increased bone mineral
density, and homozygosity for an allele in ACTN3 associated with increased muscle power
performance and sprint. SNPs associated with metabolism of xenobiotics, chloride
reabsorption, and enhanced hearing were also identified. Alleles for common traits such as
phenylthiocarbamide (PTC) tasting were found as fixed variants in the Bushmen, suggesting
that they might still be relevant for plant tasting and toxic-compound discrimination in these
foraging populations. In addition, over-representation of nonsynonymous changes were seen
in gene ontology categories related to sensory perception, muscular and skeletal
development, and inflammatory response and wound healing.

CNVs were found to alter the copy number of 193 genes in the KB1 genome compared to
the NA18507 Yoruban genome. These included increased CNVs at the well-known variable
amylase (16) and alpha defensins loci (17), probably reflecting differences in the dietary
habits of populations across Africa and previously discussed environmental adaptation
variation.

Mitochondrial sequences for these southern African individuals revealed approximately five
times more variation than is usually observed between the reference mitochondrial genome
and a Caucasian genome, and approximately four times more variation between any two of
the sequenced individuals.

Asian Genomes

The first Asian genome sequence to be published was the YH genome, derived from a Han
Chinese individual (18). Complete or partial deletions of 33 genes were detected in this
genome. A heterozygous mutation in the GJB2 gene responsible for autosomal recessive
deafness was identified among the nonsynonymous SNPs. In addition, several alleles
associated with tobacco addiction and increased risk for Alzheimer disease were found in
this self-reported heavy smoker. A familial history of Alzheimer disease could not be
assessed.

Following this first Asian genome, the genomes of two Korean individuals were published,
SJK (19) and AK1 (20). Nonsynonymous SNPs in the SJK genome were distributed
throughout 5,365 genes, and 1,348 of these nonsynonymous SNPs were novel. The majority
of indels detected were in introns, while only 49 were found in coding regions; however,
these alter the reading frames of 27 different genes, probably affecting their function. Some
mitochondrial genome variants were found, including 44 novel SNPs, of which 6 were non-
synonymous, plus 3 insertions and 1 deletion.
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In the AK1 genome, 70 of the indels detected were homozygous and 26 were in OMIM
genes, of which 13 have been associated with some disease. Seven hundred seventy-three
SNPs were predicted to be potentially associated with a clinical phenotype, including 269
known SNPs having associations with variable risk of developing certain types of cancer,
diabetes, or Alzheimer disease. There were 504 nonsynonymous SNPs identified in genes
associated with Mendelian diseases or traits, of which 22 were nonsense mutations and 5
were homozygous in the AK1 individual. Among these traits were dry earwax, apparently
common in the Korean population, and drug metabolism variants that are of
pharmacogenetic relevance. The CNVs detected might affect the function or expression of
the 106 genes they encompass in this individual.

Insights from these personal genomes led to recognition of the tremendous variation that the
human genome harbors and the importance of sequencing more genomes in order to get a
more comprehensive catalogue of that variation, especially low-frequency and rare variants
(Figure 1). Collaborative projects that aimed to catalogue human variation in different
populations and include variants with minor allele frequency (MAF) ≥ 1% in addition to
common SNP variants (MAF ≥ 5%) were therefore initiated, including The 1000 Genomes
Project (TGP).

The 1000 Genomes Project

Similar to the initial goal of the International HapMap Project (5), TGP aims to characterize
human variation of all types by high-throughput and unbiased sequencing of 1000+ human
genomes from diverse populations. To test different general approaches, the pilot included
three elements:

1. Low-coverage sequencing (2–4× average depth) of 179 samples of the three main
HapMap population groups in order to identify all the variants with a MAF ≥ 1%.
From this, 14.89 million SNPs and 1.33 million indels were identified, of which
54% and 57% were novel, respectively.

2. Deep sequencing of a Caucasian and a Yoruban trio at ~40× coverage.

3. Deep resequencing of 8,140 exons in 697 samples in order to capture most of the
“normal” coding variation.

This third part of the pilot identified 12,758 SNPs but only 96 indels; interestingly 70% of
the SNPs identified were novel. Included in these were 68,300 nonsynonymous SNPs, of
which ~50% were novel; some of these were validated to be polymorphic across several
samples. Interestingly, nonsense mutations, splice-site variants, and frameshifting variants
were biased toward lower allele frequencies and even private to some populations or
individuals. Six hundred seventy-one apparent disease-causing mutations included in the
Human Gene Mutation Database were identified in this resequencing project.

De novo assembly was performed using the data for the low-coverage pilot, and pooling all
samples together, this process identified 3.7 Mb of sequence not present in the reference
assembly. Of this sequence, 87% matched other known human or primate sequences, while
79% matched sequence present in the Venter genome. It was observed that variation across
the genome was not evenly distributed; some highly polymorphic regions such as the HLA
locus showed more variation, whereas other gene-rich, highly conserved regions showed
less variation.

Overall, the initial pilot phase of TGP identified 16.78 million variants in 742 samples from
different populations. The final goal of the project is to sequence 2,500 additional
individuals of diverse populations from five geographical areas at ~4× average depth of
coverage in an attempt to identify most of the variation that occurs at ≥0.1% frequency in
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the population. The most recent data report that TGP has identified 38.9 million SNP sites
(G. Marth, personal communication). Interestingly, many of these variants are private, i.e.,
present in very few individuals or just one individual.

STRUCTURAL VARIATION IN HUMAN GENOMES

Resequencing of personal human genomes has provided further insight into the extent of an
important, but until recently unappreciated, form of variation; i.e., structural variation (SV).

In 2004, two articles (21, 22) marked a turning point in our appreciation and understanding
of human genetic variation. Until then it was well recognized that rearrangements in the
human genome could occur, but these were regarded as rare events that could be the cause
of syndromes known as genomic disorders (4, 9). It was understood that genomic
rearrangements could be incited by the local architecture of the genome and that they were
often produced by nonallelic homologous recombination between highly identical segments
of the genome named low-copy repeats (23). In 2001 it had been appreciated that the human
genome was rich in segmental duplications (3), but it was in 2004 that two groups, using
genome-wide assays enabled by the HGP, systematically assessed and visualized genome-
wide differences in the copy number of regions in normal, healthy, unrelated individuals.
These CNVs were observed as gains or losses of genomic segments spanning a few
kilobases to several hundred kilobases and even megabases in size. Approximately 34%–
40% of the CNVs detected in these initial studies were observed in more than one
individual, and some of them in more than 10% of the individuals. Many of these CNV
regions were observed to overlap segmental duplications. Together these studies reported
the identification of 20 CNV regions in the human genome. Further genome-wide studies of
CNVs in multiple genomes discovered and added many more regions to the increasing list
of known polymorphic CNVs (24). Higher-resolution genome-wide arrays led to the
estimate that on average every individual possesses ~1,000 polymorphic CNVs (MAF ≥ 5%)
that range in size from 500 bp to 1.2 Mb (median = 2.9 kb) (25).

As of August 2011, the Database of Genomic Variants (http://projects.tcag.ca/variation/)
reports 15,963 structurally variable loci in the genome. These loci are dispersed throughout
the genome, although clustered in certain regions such as pericentromeric and sub-telomeric
regions. In aggregate, structural variation encompasses large indel polymorphisms (100 bp–
1 kb), CNVs (>1 kb), and inversions. In addition to accounting for more total variable base
pairs across the genome than SNPs, CNVs are probably an important source of biochemical,
metabolic, and phenotypic variations among individuals in the population. Approximately
35% of the genes in the human genome are encompassed either totally or partially by a CNV
that can alter their expression or even their structure, possibly giving rise to novel fusion
transcripts.

Although array comparative genomic hybridization (aCGH) is efficient at detecting CNVs,
the technique is limited by the resolution of the arrays and the spacing between probes that
tile the reference genome. Furthermore, arrays only assay for the sequence found in the
reference assembly. In addition, aCGH is always performed using a control DNA, which
may confound the overall interpretation of CNVs. (Is the observation a gain in the test
sample or a loss in the reference sample utilized for aCGH?) Whole-genome sequencing
(WGS) combined with high-resolution aCGH in personal genomes has revealed a higher
number of CNVs in the low size range (<5 kb) than expected, usually averaging ~2 kb.
Thus, the allele frequency spectrum for CNVs in a human genome reveals a much higher
frequency for smaller sized (<1 kb) CNVs—the very size range beyond the capability of
most conventional aCGH.
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Less is known about inversions; like deletions and duplications, inversions can result from
nonallelic homologous recombination between highly identical repeated sequences, but in
inverted orientation. A study aimed to identify all the potential recombinogenic inverted
sequences in the human reference genome showed that some of these predicted sequences
can recombine mitotically and produce somatic inversions, suggesting that the human
genome is a structural mosaic at the somatic level (26). These data also suggest that the size
of the recombining sequences and the distance between them can influence the rate at which
they recombine and produce rearrangements. Interestingly, one of the first pathogenic
inversion rearrangements identified disrupts the factor VIII gene and is responsible for
~20% of all hemophilia A (MIM + 306700) and about half of the severe cases (27). One of
the most common polymorphic inversions is a 900-kb region in chromosome 17q21.31 that
was found to be under selection in the European population (28), but this inversion
predisposes to a deletion rearrangement that causes the 17q21.31 microdeletion syndrome
(MIM #613533) (29).

Genomic rearrangements are known to cause “rare” genomic disorders such as Charcot-
Marie-Tooth disease (CMT1A; MIM #118220), hereditary neuropathy with liability to
pressure palsies (HNPP; MIM #162500), Smith-Magenis syndrome (SMS; MIM #182290),
Potocki-Lupski syndrome (PTLS; MIM #610883), Williams-Beuren syndrome (WBS; MIM
#194050), and Pelizaeus-Merzbacher disease (PMD; MIM #312080). However, our better
understanding and detection of CNVs has enabled the identification of rare CNVs as a cause
of other, not-so-rare diseases and complex disorders such as Parkinson disease, Alzheimer
disease, psoriasis, autism, schizophrenia, and HIV susceptibility (30, 31). It is probable that
further studies of CNVs in other complex diseases will unveil new CNVs implicated in
susceptibility to disease. As a consequence, detection of structural variation is imperative in
any WGS study.

Recent genome-wide studies to search for CNVs using data from WGS approaches have
greatly increased the catalogue of known structural variants. These studies have also started
to define the boundaries of some of these variants at the sequence level, enabling the
elucidation of the breakpoint or junctional sequence from which to infer the mechanisms
involved in CNV generation in the human genome (32). Data generated by TGP identified
and characterized ~28,000 structural variants of >50 bp in 185 individuals; ~55% of these
variants were novel. TGP found many structural variants that had not been previously
identified, with a bias toward smaller CNVs.

Furthermore, we have just begun to appreciate that the structure of each individual genome
varies tremendously with regard to the location of individual retrotransposed inserted
elements such as long interspersed elements (LINEs) and short interspersed elements
(SINEs), especially Alu sequences (33). Several of the personal genomes sequenced to date
revealed that the distribution of indel polymorphisms and CNVs consistently has two peaks
(Figure 2): one at 300–350 bp, consistent with insertion/deletion polymorphisms of Alu
sequences, and a second at ~6 kb, consistent with the size of L1 elements, representing
repetitive sequence dimorphisms in diploid genomes. In the Venter genome, a total of 1,316
Alu indels were identified, 53% of which were inserted in this genome as compared to the
reference genome and were not present in any of the databases for SINE or retrotransposon
insertion polymorphisms. Likewise, ~900 Alu indel differences were identified in the
Watson genome when compared to the reference assembly.

More recently, several studies have interrogated retrotransposed insertional polymorphisms
in the human genome. Surprisingly, retrotransposed elements in the human genome are far
from dormant. These elements show considerable unanticipated activity; thus, each personal
human genome is far more diverse structurally than we had appreciated initially. Alu and L1
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elements are the most common retrotransposed sequences in the human genome, believed to
have been the most recent to be active. One study shows that L1 elements can transpose at
frequencies higher than expected both somatically and in the germline (34). Another study
(35) surveyed 68 L1s that were not present in the reference assembly in different individuals
and found that 54% of them are actually complete and active L1 elements that can transpose,
as documented by a functional assay in vitro. This is consistent with observations made to
determine the insertion sites of most of the human-specific L1 family of retrotransposons in
several individuals (36). It was observed that L1 elements are dimorphic in the human
genome and that any two individuals differ on average at 285 insertion sites. It is estimated
that the total number of dimorphic L1 elements in the population ranges between 3,000 and
10,000.

Although no current sequencing technology can accurately detect and specifically assay all
the structural variants in a given genome, increase in the length of reads produced by NGS
technologies and improvement in the algorithms for CNV calling and de novo assembly of
personal genomes may eventually allow the unbiased detection of structural variants of all
sizes and types and with sequence-level resolution of breakpoints.

EXOME SEQUENCING IN MEDICAL GENETICS

The exome comprises the coding sequences of all annotated protein-coding genes (~23,000)
and is equivalent to ~1% of the total haploid genomic sequence (~30 Mb). To sequence this
subset of the genome through massively parallel sequencing, targeted-capture
methodologies were developed using arrays (37), and later beads in solution (38), that
hybridize to the exonic sequences to be captured.

The first targeted attempt to sequence only this “whole-exome” fraction of the genome, as
validation for a disease-gene identification approach, was reported in 2009 (39). The exomes
of eight HapMap individuals were examined and the accuracy of the approach validated
using HapMap data from these individuals. In addition, the exomes of four other individuals
affected by Freeman-Sheldon syndrome (MIM #193700), which is known to be caused by
mutations in the MYH3 gene, were also sequenced. A total of 56,240 nonredundant coding
SNPs were identified across the 12 exomes, most of which were already present in dbSNP;
23% were novel variants. Combining the variants in the Freeman-Sheldon syndrome
patients to search for mutations in a common gene among them, and subsequent filtering of
these variants for those known in dbSNP or found in the HapMap samples, narrowed the list
of candidate genes to just one: MYH3. This experiment demonstrated that it was possible to
capture most of the variation contained in the exome and that by applying bioinformatic
filtering steps it was possible to identify the pathogenic variants for a genetic disease.

Choi et al. showed that it was possible to reach a more accurate diagnosis of a patient after
exome sequencing (40). They applied this approach to diagnose a patient referred for
possible Bartter syndrome, a disease of impairment in salt reabsorption. The patient was
born from healthy parents who were first cousins. Thus, absence of heterozygosity was an
additional filter to narrow the list of candidate genes in which to search for homozygous
mutations. A novel homozygous mutation in SLC26A3, a gene in which homozygous or
compound heterozygous loss-of-function mutations are known to cause congenital chloride-
losing diarrhea (CLD; MIM #214700), was identified. After the identification of this
mutation, clinical follow-up revealed that the patient indeed had CLD, not considered in the
initial differential diagnosis, and definitely did not have Bartter syndrome.

The utility of exome sequencing for gene discovery in a recessive Mendelian disorder with
unknown genetic cause was also realized for Miller syndrome (MIM #263750) (41). The
approach consisted of sequencing the exomes of four affected individuals, including a pair
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of siblings. Because Miller syndrome was thought to be a recessive disorder, special
attention was given to genes that contained at least two variants. Comparison of genes
shared among the affected individuals narrowed the list to just one gene, DHODH, which
encodes dihydroorotate dehydrogenase and is involved in the biosynthesis of pyrimidines.
All of the sequenced individuals harbored compound heterozygous mutations in this gene,
and all sets of parents were shown to be carriers for the mutations, fulfilling Mendelian
expectations.

Next, exome sequencing was performed to identify the gene responsible for an autosomal
dominant disorder, Schinzel-Giedion syndrome (MIM #269150), another syndrome with an
unknown genetic cause (42). The exomes of four affected unrelated individuals were
sequenced at ~43× coverage. The variants were filtered for known variants and then
compared to identify common candidate genes in which all the affected individuals carried
at least one novel variant. Heterozygous novel mutations were found and further confirmed
in the SETBP1 gene. Testing the presence of the identified variants in the parents of the
affected individuals showed that all mutations arose de novo, consistent with dominant
mutations in this sporadic syndrome.

This approach for gene discovery was also applied to Kabuki syndrome (MIM #147920)
(43). The exomes of ten unrelated individuals with this rare syndrome were sequenced to
~40× coverage. When attempting to identify common genes with novel variants shared by
all the cases, the authors failed to identify a suitable candidate gene. However, ranking of
the affected individuals based on the canonical phenotype for Kabuki syndrome and
subsequent analysis of variants in shared genes within subsets or ranked individuals
uncovered MLL2 as the gene most probably responsible for this syndrome. Exome
sequencing was able to identify nonsense and frameshifting mutations in seven out of ten
cases resequenced. Sanger sequencing of MLL2 exons in the remaining cases identified
small frameshifting indels in two additional cases. Further validation and Sanger sequencing
of the identified gene in additional cases of Kabuki syndrome showed a success rate of 66%
for identification of mutations in MLL2. This suggests that Kabuki syndrome might be a
genetically heterogeneous disease, with other genes responsible for the phenotype in
selected patients. This study underlines the importance of an adequate phenotypic
characterization of patients in order to reduce genetic heterogeneity that may confound the
analysis.

A recent success story for the application of exome sequencing for genetic diagnosis and
patient management is reported by Worthey et al. (44). Whole-exome sequencing was
performed in a male child referred for inflammatory bowel disease (IBD) phenotypically
similar to Crohn disease. Because in some instances congenital immune deficiencies can
present with IBD-like illness, the child was immunologically and genetically tested for
several possible autoimmune disorders, all of which were nonproductive for an etiological
diagnosis. Exome sequencing was performed in an attempt to identify potential genetic
susceptibility variants. The sequencing approach revealed 15,272 coding variants, of which
6,799 were nonsynonymous SNPs, including 706 novel variants and 13 nonsense changes.
Assuming a recessive model for this patient’s disease, Worthey et al. examined genes with
homozygous, hemizygous, or compound heterozygous variants. Remarkably, a hemizygous
change of a highly conserved residue in the X-linked inhibitor of apoptosis gene (XIAP) was
identified. The mutation was confirmed by Sanger sequencing in the patient and his mother;
the mother was a heterozygous carrier showing skewed X-linked inactivation in
lymphocytes. Based on this result, and considering that XIAP deficiency is a life-threatening
condition, hematopoietic stem cell progenitor transplantation was implemented. After some
post-transplant complications, the patient was reported to be improving and thriving.
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Most recently, exome sequencing and analyses of healthy compared to affected tissues from
patients diagnosed with Proteus syndrome (MIM #176920) (45) were able to identify an
activating mutation that occurs somatically in the AKT1 gene of the abnormal tissues. This
activating mutation apparently results in overgrowth of the mutant cells Whole-exome
resequencing (WES) has become more widely used for genetic diagnosis and gene discovery
because it is less costly than WGS. However, despite the recent explosion of successful and
useful applications of WES (Table 2), one must realize that it assesses nucleotide variation
in only ~2% of the genome, the part that we believe we know how to interpret; 98% of the
human genome is not assayed (Figure 3). This unappreciated variation might be particularly
important when we investigate genetic and genomic variants associated with complex,
heterogeneous, or more subtle phenotypes than the fully penetrant Mendelian diseases
studied to date.

WHOLE-GENOME SEQUENCING FOR GENETIC DIAGNOSIS AND PATIENT

MANAGEMENT

Initial personal genome projects delivered a number of individual diploid human genomes,
but all of them were from individuals with no explicit clinical phenotype.

Although exome sequencing has successfully identified the causative mutations of selected
highly penetrant Mendelian diseases, it interrogates SNVs for only the coding fraction of the
genome that we have annotated as functional. Many other variants, including SNVs as well
as CNVs, in noncoding, conserved, or regulatory regions can confer disease. These cannot
be analyzed by sequencing only the exome (Figure 3).

The true challenge for personalized genomics is to identify disease-causing mutations
among the approximately 3.0–3.5 million SNVs (on average) and ~1,000 CNVs in a given
human diploid genome.

The Lupski Genome

In 2010, Lupski et al. reported the complete genome sequencing of an individual with
Charcot-Marie-Tooth neuropathy (CMT1) and the identification of the disease-causing
mutations in this individual and his family (86). This personal genome was obtained by NGS
− at ~30× average depth coverage to ensure the identification of most of the variants. In
addition to NGS, multiple aCGH platforms were utilized for independent detection,
validation, and analysis of CNV.

Comparison of this individual’s genome sequence to the human genome reference assembly
and filtering of the SNP variants identified 1.16 million SNPs in intragenic regions, of which
9,069 were nonsynonymous coding substitutions, including 121 nonsense substitutions.

A candidate gene analysis of functional SNPs in 40 known neuropathy-associated genes
revealed compound heterozygosity for mutations in the SH3 domain and tetratricopeptide
repeats 2 (SH3TC2) gene. The first variant was identified at ~7× coverage; additional
sequencing revealed a second variant in the same gene. The first variant was a novel
missense mutation (p.Y169H) and the second was a previously identified disease-causing
nonsense mutation (p.R954X). Further tests showed that the two identified variants
segregated with the disease and that only those individuals who had inherited both
pathogenic variant alleles at this locus presented the CMT1 phenotype. Interestingly, the
authors noted cosegregation of each of the heterozygous variants in other family members
with one of three distinguishable electrophysiological phenotypes from studies performed on
the entire family. These analyses suggested that individuals heterozygous for the missense
mutation presented with an axonal neuropathy phenotype, whereas carriers for the nonsense
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mutation exhibited median nerve findings consistent with susceptibility to carpal tunnel
syndrome.

In addition, other variants were identified in the proband’s genome that might be of clinical
signficance. Some were associated with pharmacogenetic traits, including a homozygous
variant associated with drug-induced cholestasis or warfarin sensitivity. Carrier status for
other Mendelian diseases, such as Cockayne syndrome (MIM #133540), erythropoietic
protoporphyria (MIM #177000), and Refsum disease (MIM #266500) was identified, as well
as variants associated with risk and protection from different types of cancer. Of note, a
presumed pathogenic variant was found in the ABCD1 gene, responsible for X-linked
adrenoleukodystrophy (MIM #300100); the proband does not present the disease.

Whole-genome resequencing was applied to determine the cause of hypercholesterolemia in
an 11-month-old girl with a family history negative for hypercholesterolemia, who was born
to unrelated healthy parents (87). After Sanger sequencing all the genes suspected to be
responsible for hypercholesterolemia without finding any disease-causing mutations, the
genome of this patient was sequenced at ~49× average coverage in order to identify the
genetic cause of her disease. Comparison to the human reference genome identified 3.29
million SNPs and 502,000 indels and other variants. Initial analysis focused on coding
variants, mainly non-synonymous and splice-site variants, of which there were 9,726.
Filtering for novel variants reduced the number of variants to 699 in 604 genes. The authors
adopted a recessive model for this child’s disease and consequently looked for genes that
contained at least two nonsynonymous variants.

Functional classification of the variants in the candidate genes identified compound
heterozygous nonsense mutations in ABCG5. Confirmation of the mutations in the proband
by Sanger sequencing showed that these were true positive variants and that the mother was
a carrier for the p.Q16X mutation, whereas, consistent with Mendelian expectations, the
father was heterozygous for the p.R446X mutation. The latter mutation had been previously
reported as causative for sitosterolemia (MIM #210250), while the p.Q16X mutation was
novel. It is interesting to note that the original diagnosis for this patient was
hypercholesterolemia and not sitosterolemia because the initial plasma levels of plant sterols
were deemed nondiagnostic for sitosterolemia. Therefore, the known genes for
sitosterolemia, ABCG5 and ABCG8, were not tested. However, this was because the patient
was breast-fed at the time of testing and therefore her dietary consumption of plant sterols
was minimal and not accumulating in plasma, although this imbalance caused increased
levels of cholesterol. Later testing, at two years of age, for plasma sterols and cholesterol
levels showed values consistent with the sitosterolemia diagnosis. Treatment with a sterol
absorption inhibitor and a low-cholesterol, low-plant-sterol diet helped to lower this
patient’s plasma cholesterol levels.

Most recently, WGS proved useful in the molecular diagnosis and therapeutic management
of a pair of twins with dopa-responsive dystonia (DRD; MIM #605407) of unknown genetic
cause (88). The genomes of a pair of fraternal twins with childhood-onset dystonia were
sequenced at ~30× coverage. In total 2.50 million and 2.42 million SNPs were found, of
which both twins shared 1.63 million. Analysis of the variants identified 9,531 shared
coding SNPs of which 4,605 were shared nonsynonymous. Assuming a recessive model for
DRD in these twins, the authors searched for genes that had two or more variants, which
narrowed the list of candidates to three genes. Interestingly, one of the candidate genes was
SPR (sepiapterin reductase), a gene in which mutations have been previously associated
with DRD. However, SPR is thought responsible for <3% of all cases of this rare disorder
and therefore there was initially no clinically available specific gene test for it. A missense
(p.R150G) and a nonsense (p.K251X) mutation were found as compound heterozygous in
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SPR; these were further confirmed by Sanger sequencing in both twins, and both parents
were shown to be heterozygous.

The enzyme sepiapterin reductase is involved in the biosynthesis of tetrahydrobiopterin
(BH4), an important cofactor for the enzymes involved in the metabolism of aromatic amino
acids, including tyrosine hydroxylase (involved in the biosynthesis of dopamine) and
tryptophan hydroxylase (involved in the biosynthesis of serotonin). An interesting
unanticipated aspect of this study was drawn from the variant information provided. Not
only did WGS allow elucidation of the genetic cause of DRD in these patients, but
identification of the mutated gene suggested therapeutic management changes to further
optimize treatment. Although being treated with L-Dopa greatly improved the condition of
these patients, residual clinical signs and symptoms remained. With SPR mutations, the
serotonin pathway is also unbalanced because of insufficient BH4. Supplemental therapy
with adjuvant 5-hydroxy-tryptophan (5HTP) was shown to compensate the serotonin-
production pathway, resulting in documented clinical improvement in these patients.
Adjuvant therapy for this form of DRD can also include selective serotonin reuptake
inhibitors (SSRIs). Interestingly, the heterozygous nonsense variant was, as expected,
identified in the obligate carrier mother, but furthermore found in the maternal grandmother,
both of whom had been diagnosed previously with fibromyalgia, a condition that can
respond to SSRIs. WGS led to unanticipated insights that provided new therapeutic avenues
based on the medically actionable variants identified, and the applied medical treatment
resulted in amelioration of symptoms, marking a true landmark in personal medical
genomics.

Probably the most immediate applicability of genomic sequencing in clinical practice, in
addition to reaching an accurate genetic diagnosis of a given disease, is in the field of
pharma-cogenomics (89). It is now possible to identify the genome-wide totality of
potentially clinically relevant pharmacogenomic variants and ascertain if an individual is a
fast or slow metabolizer of a certain drug, allowing individualized dosage adjustment to
maximize therapeutic effect and minimize side effects.

HUMAN GENOME VARIATION: OUR CURRENT VIEW

Sequencing and analysis of personal human genomes has revealed that each individual
differs from the human genome reference sequence at 3.5 million SNPs on average (Table
1). Some variants identified in personal genomes have in fact represented the common
alleles in the population, suggesting that “rare SNPs” may be overrepresented in the
reference. However, the number of novel variants found in each genome does not seem to
decrease as more genomes are sequenced. A given personal genome has on average
400,000–600,000 novel SNPs when compared to the dbSNP only; remarkably, additional
comparison with other personal genomes of unrelated individuals reveals on average
~200,000 novel unique variants per individual. The sequencing of the first personal genomes
yielded ~14.6 million nonredundant SNPs that differed from the reference assembly (Figure
1). As predicted, we have observed that the genomes of older world populations (e.g.,
Africans) contain more SNPs, and some SNPs have become fixed in certain populations and
not others.

Considering all the different types of variation, we have come to realize that on average a
pair of homologous chromosomes in a given individual is ~99.5% identical in total number
of base pairs, in contrast to the assumption that any two human individuals are 99.99%
identical at the DNA level.

The aggregate of human genomic information and the catalogue of human variation from the
human genomic projects—including the HGP, HapMap, and more recently the sequencing
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of personal genomes and TGP, as well as population studies of genome-wide CNVs, have
taught us lessons regarding our species’ genome architecture, variation, evolution, and
function (see sidebar, “Lessons Learned from Personal Genomes”). The foundation provided
by the HGP with the human genome reference sequence enabled these gains in knowledge.

CHALLENGES

As more personal genomes are sequenced and made publicly available, we will uncover
more genomic variation. This will likely further illuminate how the totality of genomic
variation accounts for polymorphic traits and both complex and Mendelian diseases.

LESSONS LEARNED FROM PERSONAL GENOMES

• The human genome is highly variable. Each personal genome differs from the
reference human assembly in ~ 3.5 million SNPs and 1000 large (>500 bp)
CNVs.

• SNPs are more frequent in autosomes than in the sex chromosomes.

• The human genome is under purifying selection. There is a bias against SNP and
indel ocurrence in internal exons; their occurrence is enriched in the first and
last exons of genes. There is a bias favoring indels of multiples of three in order
not to disrupt the reading frame.

• The capability to call SNPs accurately from whole-genome sequencing (WGS)
data increases with the average depth of coverage. Homozygous positions
require 10–15× average depth of coverage, and sensitivity to detect >99% of the
heterozygous positions starts at ~30×.

• A predominance of heterozygous SNPs is observed among the novel variants.
These probably represent rare variants that have arisen recently and are private
to families or “clans.” However, these may add to the mutation load of the
individual and should be considered when analyzing for disease associations and
carrier status.

• On average, the genome of any individual will contain 20,000–25,000 coding
variants, of which 9,000–11,000 are nonsynonymous and a slightly higher
number are synonymous.

• It has been estimated that a “normal, healthy” individual is a heterozygous
carrier of 40–100 highly penetrant deleterious variants that can potentially cause
a Mendelian disease; many of these represent recessive carrier states (90).
However, this estimate is based only on the coding regions and the
approximately 5%–10% of genes and diseases that we currently understand; it
might be that we all carry many more deleterious changes or potentially
pathogenic variants than we now predict.

• Comparison of the nonsynonymous SNPs in personal genomes provides a
glimpse of variation patterns. Some genes are prone to accumulating changes,
either because they are less essential for the survival and fitness of the
individual or because they might tolerate more genetic diversity. Thus, new
mutation may play a much greater role in evolutionary adaptation to a particular
environment than anticipated. This could be particularly relevant to disease
states.

• Genes with functions associated with environmental adaptation, such as those
involved in sensory functions (e.g., olfactory and taste receptors) or
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immunological functions and signal transduction (e.g., GPCRs) seem to be
enriched for nonsynonymous SNPs. For example, it is well recognized that
some of the genes that vary the most in humans are those for olfactory receptors
(91, 92).

• In several of the personal genomes published, supposedly highly penetrant
mutations causative of Mendelian disease were identified in homozygous or
hemizygous states even though the subjects were healthy. One explanation is
that owing to an uneven distribution of reads throughout the genome, there
might be fewer reads to accurately call the variants in these positions and these
variants may actually be heterozygous. Another possibility is that these are rare
polymorphisms that were identified in a disease-affected patient and mistakenly
reported to be the disease-causing mutations. Alternatively, penetrance of
Mendelian disease-associated variants may be lower than anticipated, as they
have often not been studied in unaffected individuals.

• In each genome sequenced, there have been megabases of DNA sequence that
cannot be mapped to the haploid reference genome assembly or to any other
genome. This sequence is enriched for repeated elements but also contains
functional elements including genes, many of which are known to be relevant to
environmental perception and adaptation.

• Structural variation in the human genome is unexpectedly high. Clear patterns
are observed, such as the peaks of retro-transposable element dimorphisms.
Furthermore, the CNV allele frequency spectrum reveals a much higher
frequency of smaller CNVs (<1 kb) and indels (<100 bp) (Figure 2).

Our current understanding of the human genome has led us to prioritize coding non-
synonymous variants over the other >3 million SNVs and ~1,000 CNVs that we currently do
not understand, in our quest to identify disease-causing mutations. Although this approach
will most probably uncover highly penetrant and functionally relevant variation that is
disease causing, it does not address potential consequences of a tremendous number of
variants, not only coding but also noncoding, which may also be functionally relevant.

Caution is necessary with analysis approaches that filter out variants by using computational
predictions of the functional impact of new variants. Many times the algorithms to predict if
a given nonsynonymous variant is pathogenic have been useful, but many other known
disease-causing mutations are predicted to be benign or polymorphic. Consequently,
although computational predictions can aid the prioritization of identified variants, they do
not provide sufficient adequate criteria to eliminate candidates (93).

Despite the availability of several diploid individual human genomes, we still know little
about haplotypes in most of these genomes. It is important to consider haplotypes if we are
to fully understand the potential effects of variants and their interplay with other genes. The
cis interactions between variants on the same chromosome and the trans interactions
between those on homologous or different nonhomologous chromosomes should also be
considered when evaluating expression of genes. The importance of knowing the haplotypes
might be more evident when considering variants in imprinted genes and their functional
consequences. More subtle perhaps is their impact as expression-quantitative trait loci and
the variability some loci exhibit due to either allele-specific or parent-of-origin-specific
expression. Expression levels differ among individuals, largely because of inherited
variation in the genome (94). Gene expression studies have identified DNA variation and
several noncoding regulatory regions that influence the differential expression of genes (95).
Genome-wide approaches to sequence the total transcriptome (RNA-seq) of a specific cell
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type or particular physiological state are beginning to show how and which genes are
expressed differentially, in addition to linking these changes in expression with specific
genetic variants (96). This type of variation in expression is also important to consider
because in some cases disease might be the result of altered expression (97), as also revealed
by CNV-associated pathogenic gene-dosage effects. The contribution of quantitative trait
loci to specific traits is still not well determined even in well-studied and common traits such
as height and skin color.

Understanding not only the functional but more importantly the medical significance of
variants is a challenging and still evolving task. For fully penetrant mutations in known
disease genes, the functional impact of variants can be readily determined. However, the
challenge remains for the ~20,000 genes for which function has not been assigned and
phenotypes or associated traits have not been elucidated. Other key questions are how the
variants in different genes modify a given phenotype, how genes interact, and how the
alleles within a pair interact. The recognition of what constitutes a medically actionable
variant is currently an imperfect science. Guidelines for clinical interpretation of WGS are
beginning to appear (98).

Because the main research objective of exome sequencing and WGS is to discover the
genetic causes of rare and complex diseases, we must consider other factors that may
confound our analysis and filtering criteria as we analyze candidate variants (Figure 4). For
example, in attempts to identify recessive traits and diseases, “normal” control individuals
might be carriers, and some recessive alleles may be low-penetrance alleles that exist in the
general population but do not confer any phenotype unless combined with a null or other
mutant allele for that gene. Filtering candidate variants against population databases might
be counterproductive in these cases. Allele frequency spectra may become an important
parameter for determining if a variant is likely benign.

A substantial and not yet entirely appreciated problem for personal genome sequence
analysis, especially for medical diagnosis and applications, is the veracity of the current
mutation databases. If we are to use WGS in clinical practice, it is of the utmost importance
that mutation databases recognize potentially pathogenic variants of clinical significance,
i.e., distinguish medically actionable variants from benign variation.

FUTURE ISSUES

Large-scale human genome sequencing projects and other disease-focused sequencing
projects will add more variants to the databases. The challenge that remains is the analysis
of this information and the knowledge to be gained concerning the biology of our own
genome. Structural variation is still challenging to assess using only NGS platforms.
Comparison and standardization of sequencing technologies and improvement in mapping
and de novo assembly algorithms will eventually allow the accurate prediction of indels,
CNVs, and inversions at the nucleotide level of resolution.

Other technical challenges are storing and accessing the vast amounts of data that genomic
projects produce. Should we store the data files produced by the sequencing machines or just
the processed and analyzed data? Will access be public or restricted for research purposes
only? In addition, the bioinformatic analysis still remains a bottleneck; even with automated
pipelines, processing these vast amounts of information still requires extensive
computational power and time. Furthermore, current algorithms are suboptimal for some
purposes; improvement of current and development of novel algorithms are necessary. A
goal for WGS should be the ability to provide all of the variants in an individual’s genome
in a highly reliable manner. Nevertheless, clinical utility can be achieved for many patients
long before that laudable goal.
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Next-generation resequencing of personal genomes will in the very near future become
common practice. An initial clinical application may be to assay for genetic susceptibilities
and factors that may contribute to a disease state for a genetically heterogeneous condition if
current panel testing is prohibitively expensive. Complete genome sequencing is leading the
way toward making personalized genomic medicine possible in the near future. Legal and
ethical issues may arise—some anticipated, others not (99).

Eventually, decreasing costs may allow personal genome sequencing to be available for
everyone. However, analysis, annotation, and interpretation of variant information are
essential to provide clinicians and patients with information that can be used to better
manage an individual’s health or disease (100).
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Glossary

HGP Human Genome Project

SNV simple nucleotide variation

Inversion a genomic segment that differs in orientation compared with the
human reference genome

Copy-number

variant (CNV)

a genomic segment that deviates from the expected locus-specific
diploid state, either through deletions or amplifications

NGS next-generation DNA sequencing

MAF minor allele frequency

TGP The 1000 Genomes Project

Segmental

duplication

a region of the human genome >1 kb in size that is duplicated,
sharing at least 90% identity with its other copy located elsewhere
in the genome

WGS whole-genome sequencing
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Figure 1.

Comparison of single nucleotide polymorphisms (SNPs) in 10 personal genomes. All SNPs
in any of 10 sequenced personal genomes were compared with the other 9 genomes.
Altogether, the 10 genomes contribute 14,608,404 nonredundant SNPs (first bar). The
second bar pictures all SNPs that are unique to each of the personal genomes; the third bar
represents all the SNPs that are unique in a given personal genome but also novel; the fourth
bar shows the SNPs shared by individuals of the same ethnic group. Abbreviations: AF1,
NA18507(1) Illumina; AF2, NA18507(2) SOLiD; KB1, Khoisan genome; ABT, Archbishop
Desmond Tutu; YH, Chinese genome; SJK, Korean genome 1; AK1, Korean genome 2;
JCV, J. Craig Venter; JDW, James D. Watson; JRL, James R. Lupski.
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Figure 2.

Size distribution of large indels (100 bp–1 kb) and copy-number variants (CNVs) (>1 kb) in
sequenced personal human genomes. Distribution of large indels and CNVs in 8 personal
genomes is shown by size. We can observe peaks between 300 and 400 bp, consistent with
Alu indel polymorphisms, and at ~1–2 kb. Few polymorphic CNVs are larger than 200 kb.
Abbreviations: AF1, NA18507(1) Illumina; AF2, NA18507(2) SOLiD; KB1, Khoisan
genome; ABT, Archbishop Desmond Tutu; YH, Chinese genome; SJK, Korean genome 1;
AK1, Korean genome 2; JCV, J. Craig Venter; JDW, James D. Watson; JRL, James R.
Lupski.
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Figure 3.

A comparison of the weaknesses and strengths of whole-genome sequencing (WGS) and
exome sequencing approaches for disease-gene identification. Abbreviations: CNVs, copy-
number variants; SNVs, simple nucleotide variants.
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Figure 4.

Schematic workflow of whole-genome/exome sequencing data analysis. After sequencing,
the sequence reads are mapped and aligned against the human reference genome assembly in
order to obtain a list of variants at every position that does not match the reference. Quality
filters are applied to obtain high-quality variant calls. Various filtering criteria are applied to
prioritize the candidate variants. Most variants will be excluded because they are known,
meaning that they are already in variation databases, such as the database of single
nucleotide polymorphisms (dbSNP), The 1000 Genomes Project database, etc. The focus is
mainly on novel variants, which can be tiered in functional classes according to their
annotation. For coding variants, priority is given to nonsense, frameshifting, splice-site, and
then missense mutations. Computational prediction of the functional impact of these variants
can also help prioritize candidate mutations. Based on the characteristics of the trait or
disease of interest, variants can be examined under a dominant or recessive model.
Additional confirmation through other resources can strengthen the hypotheses of the
functional significance of identified variants. Genetic and functional confirmation of the
candidate disease-causing variants is the final, most important step.
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