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Figure 2.7 Size and gene content of the 24 human chromosomes. Dotted diagonal line corresponds
to the average density of genes in the genome, approximarely 6.7 protein-coding genes per megabase
(Mb). Chromosomes thart are relarively gene rich are above the diagonal and trend to the upper
left. Chromosomes that are relatively gene poor are below the diagonal and trend to the lower
right. (Based on data from European Bioinformatics Institute and Wellcome Trust Sanger Institute:
Ensembl release 70, January 2013. Available from http://www.ensembl.org, v37.)
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TABLE 3.2 Allelic Imbalance in Gene Expression

Developmental

Type Characteristics Genes Affected Basis Origin
Unbalanced expression Unequal RNA abundance from  5-20% of autosomal genes Sequence variants cause  Farly

two alleles due to DNA different levels of embryogenesis

variants and associated expression at the two

epigenetic changes; usually alleles

< twofold difference in

expression
Monoallelic expression
* Somatic Changes in DNA organization Immunoglobulin genes, T-cell Random choice of one  B- and T-cell

rearrangement to produce functional gene at receptor genes allele lineages

Random allelic
silencing or
activation

e Genomic imprinting

¢ X chromosome
inactivation

one allele, but not other
Expression from only one allele

at a locus, due to differential

epigenetic packaging at locus

Epigenetic silencing of allele(s)
in imprinted region

Epigenetic silencing of alleles on
one X chromosome in females

Olfactory receptor genes in
sensory neurons; other
chemosensory or immune
system genes; up to 10% of
all genes in other cell types

>100 genes with functions in
development

Most X-linked genes in females

Random choice of one
allele

Imprinted region

marked epigenetically

according to parent
of origin

Random choice of one
X chromosome

Specific cell types

Parental germline

Early
embryogenesis

TABLE 4.1 Useful Databases of Information on Human Genetic Diversity

Description

URL

The Human Genome Project, completed in 2003, was an international collaboration
to map and sequence the genome of our species. The draft sequence of the genome
was released in 2001, and the “essentially complete™ reference genome assembly was

published in 2004.

The Single Nucleotide Polymorphism Database (dbSNP) and the Structural Variation
Database (dbVar) are databases of small-scale and large-scale variations, including
single nucleotide variants, microsatellites, indels, and CNVs.

https://www.genome.gov/human-genome-project
http://genome.ucsc.edu/cgi-bin/hgGateway
http://www.ensembl.org/Homo_sapiens/Info/Index

ncbi.nlm.nih.gov/snp/
ncbi.nlm.nih.gov/dbvar/

The 1000 Genomes Project created a catalogue of common human genetic variation,
using openly consented samples from people who declared themselves to be healthy.
All data are publicly available. The International Genome Sample Resource (IGSR)
maintains and shares the human genetic variation resource.

The Genome Aggregation Database (gnomAD) reports variants from 125,748 exomes
and 15,708 genomes (141,456 unrelated individuals) aligned on GRCh37 in v2.1 and
76,156 genomes from unrelated individuals aligned on GRCh38 in v3.0.

ClinVar is a freely accessible, public archive of reports of the relationships among human
variants and phenotypes, with supporting evidence.

The Human Gene Mutation Database is a comprehensive collection of published
germline variants associated with or causing human inherited disease (currently
including over >210,000 mutations in 8519 genes).

The Database of Genomic Variants is a curated catalogue of structural variation in the
human genome. As of 2023, the database contains over 8 million entries.

www.internationalgenome.org

gnomad.broadinstitute.org

www.ncbi.nlm.nih.gov/clinvar

www.hgmd.cf.ac.uk/ac/index.php

dgv.tcag.ca

CNYV, Copy number variant; SN'V, single nucleotide variant.
Updated from Willard HF: The human genome: a window on human genetics, biology and medicine. In Ginsburg GS, Willard HE, editors: Genomic and personalized
medicine, ed 3, New York, 2016, Elsevier.
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TABLE 42 Common Variation in the Human Genome

Type of Variation Size Range (Approx.) Basis for the Variant Number of Alleles
Single nucleotide variant 1bp Substitution of one or another base pair at a particular ~ Usually 2
location in the genome
Insertion/deletions (indels) 1 bp-1kb Simple: Presence or absence of a short segment of DNA  Simple: 2
1-1000 bp in length Microsatellites: typically >5

Microsatellites: Generally, a 2-, 3-, or 4-nucleotide unit
repeated in tandem 5-25 times

Copy number variant 1 kb—> =~ 3Mb Typically the presence or absence of 1-kb to 1.5-Mb >2
segments of DNA, although tandem duplication of 2,
3, 4, or more copies can also occur

Inversions Few bp—>1Mb A DNA segment present in either of two orientations 2

with respect to the surrounding DNA

bp, Base pair; kb, kilobase pair; Mb, megabase pair.
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TABLE 6.2 Features of Autosomal Trisomies Compatible with Postnatal Survival

Feature Trisomy 21 Trisomy 18 Trisomy 13

Incidence (live births)
Clinical presentation

Dysmorphic facial
features

Intellectual disability

Other common
features

Life expectancy

1in 700

Hypotonia, short stature, loose
skin on nape, single palmar
crease, clinodactyly

Flat occiput, epicanthal folds,
upslanting palpebral fissures

Moderate to mild

Congenital heart disease

Duodenal atresia

Risk for leukemia

Risk for premature dementia
60yr

1 in 6000-8000
Hypertonia, prenatal growth

deficiency, characteristic fist clench,

rocker-bottom feet
Receding jaw, low-set ears

Severe
Severe heart malformations

Feeding difficulties

Typically less than a few months;
almost all <1yr

1 in 5000-15,000

Microcephaly, sloping forehead,
characteristic fist clench, rocker-
bottom feet, polydactyly

Ocular abnormalities, cleft lip and
palate

Severe

Severe CNS malformations

Congenital heart defects

50% die within first month, >90%
within first year

CNS, Central nervous system.

TABLE 6.3 Examples of Mobile Element Insertions and

Clinical Phenotypes

Mobile

Element Disease/Disorder

LINE-1 Hemophilia A, Duchenne muscular dystrophy,
p-thalassemia trait, hemophilia B, cancer,
neurofibromatosis

Alu Geographic atrophy, familial hypercholesterolemia

SVA Fukuyama-type congenital muscular dystrophy
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TABLE 6.9 Examples of Genes Involved in Disorders of Sex Development

Gene Location  Genetic Abnormality Phenotypic Sex, Disorder

46,XY Karyotype

SRY Ypl1.3 SRY variant Female, XY gonadal dysgenesis

DAXI (NROB1) Xp21.3 DAXT1 gene duplication Female, XY gonadal dysgenesis

SOX9 17q24 SOX9 variant Female, XY gonadal dysgenesis, with campomelic dysplasia
NR35A1 9933 NRSAT variant Ambiguous genitalia, XY partial gonadal dysgenesis
WNT4 1p35 WNT+ gene duplication Ambiguous genitalia, cryptorchidism

AR Xql2 AR variant Female, complete or partial androgen insensitivity syndrome
46,XX Karyotype

SRY Ypl11.3 SRY gene translocated to X Male, XX (ovo)testicular DSD

SOX3 Xq27.1 SOX3 gene duplication Male, XX testicular DSD

SOX9 17q24 SOX9 gene duplication Male, XX testicular DSD

CYP21A2 6p21.3 CYP21A2 variant Ambiguous genitalia, virilization, micropenis

DSD, Disorder of sex development.

TABLE6.10 Disorders of Sex Development and Their Characteristics

Disorder

Gonadal Sex

Phenotypic Sex

Characteristics

Sex chromosome DSDs
Klinefelter syndrome
(47,XXY and variants)
Turner syndrome (45,X)
46,XX testicular DSD

46,XX ovotesticular DSD

46,XY DSD

46,XY complete gonadal
dysgenesis

46,XY partial gonadal
dysgenesis

45,X/46,XY mixed
gonadal dysgenesis

Testes (dysgenetic)

Ovary (streak gonads)
Testes (bilateral)

Testicular and ovarian tissue
(ovotestis or one of each)
Testes (dysgenetic)

Undeveloped streak gonads;
no sperm production
Regressed testes

Asymmetric (dysgenetic testis
and streak gonad)

Male

Female

Normal male (~80%)
or ambiguous (220%)

Ambiguous

Ambiguous

Female

Variable (male, female,
or ambiguous)

Variable (male, female,
or ambiguous)

Gonadal dysgenesis; hypogonadism; azoospermia

Gonadal dysgenesis; amenorrhea

Most present clinically after puberty with small
testes, gynecomastia, azoospermia

Uterus may be present; surgery often required to repair
external genitalia; raised as male, female, or intersex

Variable miillerian structures; penoscrotal
hypospadias; risk for gonadoblastoma; raised as
male or female

Normal miillerian structures; risk for
gonadoblastoma

Ambiguous external genitalia with or without miillerian
structures; raised as male, female, or intersex

Variable phenotype, ranging from a typical (short)
male to Turner syndrome female; risk for
gonadoblastoma

desert hedgehog )¢5 alas jl 33,15 s FF XX gonadal dysgenesis 181 ;> premature ovarian failure ($31gils 3)lg0 )3 Lol (sl (f (55

gene (DHH
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BOX 11.4 METHODS OF DISCOVERY: COMPARISON OF LINKAGE, ASSOCIATION METHODS, AND GENOME-WIDE SEQUENCING

Linkage Association Genome-Wide Sequencing

e Follows inheritance of a disease trait and e Tests for altered frequency of particular e Determines variation in the whole

regions of the genome from individual to
individual in family pedigrees

alleles or haplotypes in individuals with
a disease, compared with population

genome or coding sequence (exome) in
unbiased approach in families or cohorts

* Looks for regions of the genome controls Requires robust filtering strategy to
harboring disease alleles; uses Examines particular alleles or haplotypes narrow down rare variants based on
polymorphic loci to mark which region for their contribution to the disease segregation and expected disease mode
an individual has inherited from which Uses anywhere from a few markers in Filtering can be within a family or
parent targeted genes to hundreds of thousands across individuals with the same clinical

* Uses hundreds to thousands of of markers for genome-wide analyses diagnosis
informative markers across the genome Can occasionally pinpoint the variant Can be used in conjunction with linkage

* Nort designed to find the specific variant functionally responsible for the disease; data to aid in narrowing down region of
responsible for or predisposing to the more often, defines a disease-containing the genome with causarive variant
disease; can only demarcate where the haplotype over a 1- to 10-kb interval Designed to precisely identify causative
variant can be found within (usually) one Relies on finding a set of alleles, variant that is functionally responsible for
or a few megabases including the disease gene, that remained the disease

¢ Relies on recombination events occurring together for many generations due Does not rely on linked variants and is
in families during only a few generations to lack of recombination among the particularly useful for finding de novo
to allow measurement of the genetic markers dominant variants that are intractable to
distance between a disease gene and Can be carried out on case-control or linkage or association studies
markers on chromosomes cohort samples from populations Can use either family- or cohort-based

* Requires sampling of families, not just Is sensitive to population stratification analysis
people affected by the disease artifact, although this can be controlled Designed to identify rare disease-causing

* Loses power when disease has complex by proper case-control designs or the use variants but can perform genome-wide
inheritance with substantial lack of of family-based approaches association studies
penetrance Is the best approach for finding variants Confirmation of gene disease association

¢ Most often used to map disease-causing with small effect that contribute to greatly enhanced with submission to

variants with strong enough effects to
cause a mendelian inheritance pattern

complex traits

GeneMatcher
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3,000,000,000 bp in genome

l

(4—5,000,000 variants)

Not located within
or near an exon

( ~40,000 variants )

Too frequent in
variant databases

M to cause disease

( ~1500 variants

&Variants with no
predicted functional

v consequence

( ~200 variants )
k} Inconsistent with
y

Inheritance model

Y

( 5-10 variants )

Clinical correlation and/or
makes biological sense

Y

( 1-2 variants )

Figure 11.14 Representative filtering scheme for whole-genome
sequencing of a family consisting of two unaffected parents and

TABLE 13.1 Locus Heterogeneity in the Hyperphenylalaninemias

Enzyme

Biochemical Defect Incidence/10° Births  Affected Treatment
Variants in the Gene Encoding Phenylalanine Hydroxylase
Classic PKU 5-350 (depending on PAH Low-phenylalanine diet™

the population)
Variant PKU Less than classic PKU PAH Low-phenylalanine diet (less restrictive than that

required to treat PKU); BH,

Non-PKU hyperphenylalaninemia 15-75 PAH None, or a much less restrictive low-phenylalanine

diet; BH, in untreated individuals with
phenylalanine levels >300
Variants in Genes Encoding Enzymes of Tetrahydrobiopterin Metabolism

Impaired BH, recycling <1 PCD Low-phenylalanine diet + r-dopa, 5-HT, carbidopa
DHPR (+ folinic acid for DHPR patients)
Impaired BH, synthesis <1 GTP-CH Low-phenylalanine diet + 1-dopa, 5-HT, carbidopa
6-PTS and pharmacological doses of BH,
Variants in the Gene Encoding the PAH chaperone
Impaired chaperone and stabilization <1 DNAJC12 Low-phenylalanine diet + r-dopa, 5-HT, carbidopa
of PAH and pharmacological doses of BH,

BH,, Tetrahydrobiopterin; DHPR, dihydropteridine reductase; GTP-CH, guanosine triphosphate cyclohydrolase; 5-HT, 5-hydroxytryptophan; PAH, phenylalanine
hydroxylase; PCD, pterin 4a-carbinolamine dehydratase; PKU, phenylketonuria; 6-PTS, 6-pyruvoyltetrahydropterin synthase.
“BH, supplementation may increase the PAH activity of some patients in this group.
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TABLE 135 Genes and Proteins Associated With Inherited Susceptibility to Alzheimer Disease

% of
Gene  Inheritance  FAD  Protein Normal Function Role in FAD
PSEN1 AD 50%  Presenilin 1 (PS1): A 5-10 Unknown, but required for May participate in the abnormal
membrane-spanning domain y-secretase cleavage of PAPP cleavage at position 42 of
protein found in cell types BAPP and its derivative
both inside and outside the proteins; >100 variants
brain identified in Alzheimer disease
PSEN2 AD 1-2%  Presenilin 2 (P52): structure Unknown, likely to be similar At least § missense variants
similar to PS1, maximal to PS1 identified
expression outside the brain
APP AD 1-2%  Amyloid precursor protein Unknown B-amyloid peptide (Ap) is the
(BAPP): an intracellular principal component of
transmembrane protein. senile plaques. Increased Ap
Normally, BAPP is cleaved production, especially of the
endoproteolytically within the Ap,, form, is a key pathogenic
transmembrane domain (see event. Approximately 10
Fig. 13.24), so that little of variants have been identified
the p-amyloid peptide (Af) is in FAD.
formed.
APOE  SeeTable 13.6 NA Apolipoprotein E (apoE): a Normal function in neurons is An Alzheimer disease
protein component of several unknown. Outside the brain, susceptibility gene (see Table
plasma lipoproteins. The apoE apoE participates in lipid 13.6). ApoE is a component
protein is imported into the transport between tissues of senile plaques.
cytoplasm of neurons from the and cells. Loss of function
extracellular space. causes one form (type III) of
hyperlipoproteinemia.

AN Anracamal Aaminant. DA familial Alshaimar dicasea. N A nnr annlicahla

SORL1. TREM2 gene oyl Y1 (sjlow modifier slo

B b eslaswl (Batten) (5L (g)law @ Wire 3jydie jlaw S gloyd (gl (Milasen) uwlae b @) (oiyliun Guiww 0T 35gilSg363l S sl
Gl 024 plol @adw (g JUB )d Gigz Ju)d 4 adb (w395 aiuid JWis] E95 93 (loyd (sl (3L (slo2leT) S

TABLE 14.3 Treatment by Modification of the Genome or Its
Expression

Tvpe of

Modification Example Status

RNA interference RNAI for Safe, effective,
(RNAI) to reduce transthyretin expensive
the abundance amyloidosis

of a toxic or
dominant negative

protein
Induction of exon Use of antisense Safe, effective, very
skipping oligonucleotides expensive
to induce skipping
of exon 7 in
spinal muscular
atrophy type [
Gene editing CRISPR/Cas9 Investigational;
inactivation of phase 11 trial
the BCL11 gene successful
in hematopoetic
stem cells from
individuals with
Partial modification  Bone marrow Curative with HLA-
of the somatic transplantation in matched donor;
genotrype p-thalassemia good results
overall
By transplantation Bone marrow Excellent results in
transplantation in some diseases,
storage diseases even if the brain is
(e.g., Hurler affected, such as
syndrome) Hurler syndrome
Cord blood stem cell Excellent results
transplantation if transplanted
for Hurler before age 2 (the
syndrome earlier the better)
Liver Up to 80% survival
transplantation over Syr for
in @ -antitrypsin genetic liver
deficiency disease
By gene transfer into  See Table 14.4 See Table 14.4

somaric tissues
(see Table 14.4)

Cas, CRISPR-associated; CRISPR, clustered regularly interspaced short
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TABLE 14.4 Examples of Inherited Diseases Treated by Gene Therapy of Somatic Tissues

Disease

Affected Protein
(Gene)

Vector, Cell Transduced

Qutcome

X-linked SCID

SCID due to ADA
deficiency

X-linked
adrenoleukodystrophy

Spinal muscular atrophy

Hemophilia B

Leber congenital
amaurosis or carly-
onset severe retinal
dystrophy (one form)

ye-cytokine receptor
subunit of several
interleukin receptors
(IL2RG)

Adenosine deaminase
(ADA)

A peroxisomal adenosine
triphosphate—binding
cassette transporter
(ABCDI1)

Survival motor neuron

(SMN1)

Factor IX (F9)

RPE63, a protein
required for the
cycling of retinoids
{vitamin A metabolites)
to photoreceptors

(RPE&S)

Retroviral vector

Allogenic hematopoietic stem
cells; new self-inactivating (SIN)
vectors that do not promote
oncogene expression

Retroviral vector

Allogenic hematopoietic stem cells

Lentiviral vector

Autologous hematopoietic stem
cells

Adeno-associated virus vector
injected IV

Adeno-associated virus vector
Patients received a single IV
injection

Adeno-associated virus vector
Retinal pigment epithelial cells

Significant clinical improvement in 27 of
32 patients, 5 of whom developed a
leukemia-like disorder that was treatable
in 4; subsequent efficacy of SIN vectors in
short-term follow-up of clinical trials

29 of 40 treated patients are off PEG-ADA
enzyme replacement therapy

Apparent arrest of cerebral demyelination in
the 17 of 19 boys studied

Marked improvement in respiratory and
skeletal muscle strength in >1800 patients;
FDA approved; extremely expensive

Stable expression of factor IX at 1-7% of
normal levels up to 3 yr posttreatment;
>20 patients able to stop prophylactic
factor IX treatment

FDA approved for treatment of individuals
age 12 mo—65 yr with either congenital
or early-onset retinal dystrophy due to
pathogenic variants in RPE6S

ADA, Adenosine deaminase; Hb, hemoglobin; 'V, intravenous; PEG, polyethylene glycol; SCID, severe combined immunodeficiency.

TABLE 16.4 Characteristic Chromosome Translocations in Selected Human Malignant Neoplasms

Neoplasm Chromosome Translocation Percentage of Cases Proto-oncogene Affected
Burkitt lymphoma t(8;14)(q24:q32) 80 MYC
t(8;22)(q24;q11) 15
t(2;8){ql1;924) 5
Chronic myelogenous leukemia t(9;22)(q34;q11) 90-95 BCR-ABLI1
Acute lymphocytic leukemia t(9;22)(q34:q11) 10-15 BCR-ABLI
Acute lymphoblastic leukemia t(1;19)(q23;p13) 36 TCF3-PBX1
Acute promyelocytic leukemia t(15;17)(q22;q11) ~95 RARA-PML
Chronic lymphocytic leukemia t(11;14)(q13;q32) 10-30 BCL1
Follicular lymphoma t(14;18)(q32;q21) =100 BCL2

Based on Croce CM: Role of chromosome translocations in human neoplasia, Cell 49:155-156, 1987; Park M, van de Woude GF: Oncogenes: Genes associated
with neoplastic disease. In Scriver CR, Beaudet AL, Sly WS, et al, editors: The molecular and metabolic bases of inberited disease, ed 6, New York, 1989, McGraw-
Hill, pp 251-276; Nourse ], Mellentin D, Galili N, et al: Chromosomal translocation t{1;19) results in synthesis of a homeobox fusion mRNA that codes for
a potential chimeric transcription factor, Cell 60:535-545, 1990; Borrow ], Goddard AD, Sheer D, et al: Molecular analysis of acute promyelocytic leukemia
breakpoint cluster region on chromosome 17, Science 249:1577-1580, 1990,
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DATABASES OF GENOMIC VARIANTS

Name URL

Description

DECIPHER  https://www.
deciphergenomics.

org/

NCBI-
ClinVar

https://’www.ncbi.nlm.
nih.gov/clinvar/

OMIM https://fomim.org/

DGV http://dgv.tcag.ca/dgv/

app/home

https:/fgnomad.
broadinstitute.org/

gnomAD

“The DECIPHER
database contains data
from 40_,9__7_8\23991115_
who have given
consent for broad
data-sharing”

“ClinVar is a public
archive with free access
to reports on the
relationships between
human variations
and phenotypes, with
supporting evidence.”

“Online Mendelian
Inheritance in Man,
An Online Catalog
of Human Genes and
Genetic Disorders™

“Database of genomic
variants containing
variants identified in
individuals without
any known diseases or
disorders”

Genome Aggregation
Database

Sex-Limited Phenotype in (ylgic cusi a5 (b (50 jop ©650j9yid (1340 53 g3 (gylaws) -3y a1 JBL (o JEDI g Sy a3 3y JUiil b CIIE pgjgil &)lg3 1 (e95

.34 (50 8340L Autosomal Dominant Disease

o

u] YelulululeleNe

Figure 7.7 Part of a large pedigree of male-limited precocious puberty. This autosomal dominant disorder can be transmitted by affected
males or by unaffected carrier females. Male-to-male transmission shows that inheritance is autosomal, not X linked. Transmission of the
trait through carrier females shows that inheritance cannot be Y linked. Arrow indicates proband.

No pathogenic
variant

FBN1 variant
A Arg1137Pro

HJlg o $olib auuljgo aol ojouds jl 2 JUo

No pathogenlc
variant

DMD variant
Ala68Asp
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MUTATION

Variants affecting
Variants disrupting gene regulation
RNA stability or dosage

or
/ RNA splicing \

Protein abnormal | Protein structure normal

« Hb Hammersmith — . Decreased
(if unstable —» decreased amount) amount

Variants in
coding region

* B-Thalassemias — .

Increased

_ Loss of protein function | / ~amount variants

(the great majority)

* Hb Kemps
* Achondroplasia

Trisomies
Charcot-Marie-Tooth
disease type 1A

;» Gain of function |« J

. HPFH
* Hb S~ \ N?erfpmpﬁ!)'fy » Many oncogenes
infrequen
Inappropriate
expression

N (wrong time, place)
Ectopic or
heterochronic expression
(uncommeon, except in cancer)

Figure 12.1 A general outline of the mechanisms by which disease-causing variants produce discase. Variants in the coding region result
in structurally abnormal proteins that have a loss or gain of function or a novel property that causes disease. Variants in noncoding
sequences are of two general types: those that alter the stability or splicing of the messenger RNA (mRNA) and those that disrupt
regulatory elements or change gene dosage. Variants in regulatory elements alter the abundance of the mRNA or the time or cell type in
which the gene is expressed. Variants in either the coding region or regulatory domains can decrease the amount of the protein produced.
HPFH, Hereditary persistence of fetal hemoglobin.
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TABLE 12.1 Fight Steps at Which DNA Variants Can Disrupt the Production of a Normal Protein

Step Phenotype Example
Transcription Thalassemias due to reduced or absent production of a globin mRNA because of deletions or variants in
regulatory or splice sites of a globin gene
Hereditary persistence of fetal hemoglobin, which results from increased postnatal transcription of one or
more y-globin genes
Translation Thalassemias due to nonfunctional or rapidly degraded mRNAs with nonsense or frameshift variants
Polypeptide folding More than 70 hemoglobinopathies are due to abnormal hemoglobins with amino acid substitutions or

Posttranslational modification

Assembly of monomers into a
holomeric protein

Subcellular localization of the
polypeptide or the holomer

Cofactor or prosthetic group
binding to the polypeptide

Function of a correctly folded,
assembled, and localized protein
produced in normal amounts

deletions that lead to unstable globins that are prematurely degraded (e.g., Hb Hammersmith)

l-cell disease, a lysosomal storage disease that is due to a failure to add a phosphate group to mannose
residues of lysosomal enzymes. The mannose 6-phosphate residues are required to target the enzymes
to lysosomes (see Chapter 13)

Types of osteogenesis imperfecta in which an amino acid substitution in a procollagen chain impairs the
assembly of a normal collagen triple helix (see Chapter 13)

Familial hypercholesterolemia variants (class 4), in the carboxyl terminus of the LDL receptor, that impair
the localization of the recepror to clathrin-coated pits, preventing the internalization of the receptor and
its subsequent recycling to the cell surface (see Chapter 13)

Types of homocystinuria due to poor or absent binding of the cofactor (pyridoxal phosphate) to the
cystathionine synthase apoenzyme (see Chapter 13)

Diseases in which the altered protein is mostly normal but one of its critical biologic activities is altered
by an amino acid substitution (e.g., in Hb Kempsey, impaired subunit interaction locks hemoglobin into
its high oxygen affinity state)

LDL, Low-density lipoprotein; mRNA, messenger RNA.
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NUCLEUS

Developmental transcription factors
ORGANELLES * Pax6
Mitochondrla - aniridia
Oxidative phosphorylation Genome integrity

* ND1 protein of electron transport chain

* BRCA1, BRCA2

- Leber hereditary optic neuropathy - breast cancer
Translation of mitochondrial proteins * DNA mismatch repair proteins
* tRNAkY - Lynch syndrome
- MELAS RNA translation regulation
* 125 RNA ¢ FMRP (RNA binding to suppress
- sensorineural deafness translation)
Peroxisomes - fragile X syndrome
Peroxisome biogenesis Chromatin-associated proteins

* 12 proteins

- Zellweger syndrome

Lysosomes
Lysosomal enzymes

* Hexosaminidase A
- Tay-Sachs disease

¢ a-L-iduronidase deficiency
- Hurler syndrome

EXTRACELLULAR PROTEINS

Transport
« f-globin

- sickle cell disease

- B-thalassemia
Morphogens
* Sonic hedgehog

- holoprosencephaly

Protease inhibition
* a,-Antitrypsin

* MeCP2 (transcriptional repression)
- Rett syndrome
Tumor suppressors
¢ Rb protein
- refinoblastoma
Oncogenes
* BCR-Abl oncogene
- chronic myelogenous leukemia
Telomere maintenance
* Telomerase reverse transcriptase
- Dyskeratosis congenita
-Telomere-related pulmonary fibrosis
and/or aplastic anemia

CELL SURFACE
Hormone receptors
¢+ Androgen receptor
- androgen insensitivity

- emphysema, liver disease Growth factor receptors
Hemostasis * FGFR3 receptor
* Factor VIII - achondroplasia
- hemaphilia A CYTOPLASM Metabolic receptors
Hormones Metabolic enzymes ¢ LDL receptor
¢ |nsulin * Phenylalanine hydroxylase - hypercholesterolemia
- rare forms of type 2 diabetes mellitus - PKU lon transport
Extracellular matrix ¢ Adenosine deaminase * CFTR
* Collagen type 1 - severe combined immunodeficiency - cystic fibrosis
- osteogenesis imperfecta Cytoskeleton Antigen presentation

Inflammation, infection response
* Complement factor H
- age-related macular degeneration

¢ Dystrophin
- Duchenne muscular dystrophy
Protein glycosylation
* Mannosephosphate isomerase
- congenital disorder of glycosylation 1b.

* HLA locus DQB1
- type 1 diabetes mellitus
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TABLE 134 Summary of the Genetic, Biochemical, and Molecular Features of the Types of Osteogenesis Imperfecta Due to
Variants in Type 1 Collagen Genes

Type

Phenotype

Inheritance

Biochemical Defect

Gene Defect

Defective Production of Type | Collagen®

| Mild: blue sclerae, brittle bones Autosomal All the collagen made is normal Largely null alleles that impair the
but no bone deformity dominant (i.e., solely from the normal production of proal(l) chains,
allele), but the quantity is reduced such as defects that interfere with
by half mRNA synthesis
Structural Defects in Type I Collagen
n Perinatal lethal: severe skeletal Autosomal Production of abnormal collagen Missense variants in the glycine
abnormalities, dark sclerae, dominant (new molecules due to substitution codons of the genes for the al
death within 1 mo (see mutation) of the glycine in Gly-X-Y of the and a2 chains
Fig. 13.18) triple helical domain located, in
m Progressive deforming: with blue  Autosomal general, throughout the protein
sclerae; fractures, often at birth; dominant!
progressive bone deformity,
limited growth
1\Y Normal sclerae, deforming: mild-  Autosomal
moderate bone deformity, short dominant

stature, fractures
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TABLE 13.7 Representative Examples of Disorders due to Variants in Mitochondrial DNA and Their Inheritance

Typical Variant in ~ Homoplasmy vs
Disease Phenotypes mtDNA Heteroplasmy Inheritance
Leber hereditary Rapid onset of blindness in young adult life due m.1178A>G in the Largely Maternal
optic neuropathy to optic nerve atrophy; some recovery of vision, complex [ gene homoplasmic
(LHON) depending on the variant. Strong sex bias: ~50% ND4
of male carriers have visual loss vs. ~10% of
females.
Leigh syndrome Early-onset progressive neurodegeneration with m.8993T>G in the Heteroplasmic Maternal
characteristic necrosis of basal ganglia complex V gene
ATP6
MELAS Myopathy, mitochondrial encephalomyopathy, m.3243A>G in MT-  Heteroplasmic Maternal
lactic acidosis, and stroke-like episodes; may TL1, encoding the
present only as diabetes mellitus and deafness tRNAleu(UUR)
MERRF Mpyoclonic epilepsy with ragged-red muscle fibers, m.8344A>Gin MT- Heteroplasmic Maternal
(Case 33) myopathy, ataxia, sensorineural deafness, TK, encoding the
dementia tRNAb
Deafness Aminoglycoside-induced sensorineural deafness m.1555A>G in MT- Homoplasmic Maternal
-_— RNRI, encoding

the 125 rRNA
5-kb large deletion
(see Fig. 13.24)

Generally sporadic,
likely due to
maternal gonadal

MmOosaicis

—_—

Progressive myopathy, progressive Heteroplasmic
external ophthalmoplegia of early onset,
cardiomyopathy, heart block, ptosis, retinal

pigmentation, ataxia, diabetes

Kearns-Sayre
syndrome (KSS)

mtDNA, Mitochondrial DNA; rRNA, ribosomal RNA; tRNA, transfer RNA.
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pre-mRNA s
5 5' UTR intron
(CGG), (GA|A)n (CCUG), (CAG), (CUG),
(CGG)n>200 (CGG)ns6010 200 (GAA)n2200 (CCTG)n275 (CAG)n=40 (CTG)nz50
Fragile X Fragile X Friedreich Myotonic Huntington Myotonic
syndrome tremor/ataxia ataxia dystrophy 2 disease dystrophy 1
syndrome

| M/ -------- —

Transcriptional 2- to 5-fold increase

Impaired Expanded polyglutamine Expanded CUG
silencing in FMR1 mBNA  transcriptional tracts in the huntingtin repeats in the
= loss-of- = ? gain-of- elongation protein confer novel RNA confer novel
function RNA function = loss of properties on the protein
mutation

properties
frataxin function

i | =

Loss of Neuronal Increased Fe Increased and/or Expanded CUG
RNA binding intranuclear in mitochondria, promiscuous protein:protein repeats bind increased
= impaired inclusions reduced heme interactions with transcription amounts of RNA-binding
translational synthesis, factors — loss of their function proteins — impaired RNA
repression of reduced activity splicing of key proteins
target RNAs of Fe-S complex

containing proteins

Figure 13.26 The locations of the nucleotide repeat expansions and the sequence of each nucleotide in five representative nucleotide
repeat discases, shown on a schematic of a generic pre-messenger RNA (mRNA). The minimal number of repeats in the DNA sequence of
the affected gene associated with the disease is also indicated. The effect of the expansion on the mutant RNA or protein is also indicated.
(Based partly on an unpublished figure courtesy John A. Phillips III, Vanderbilt University Nashville.)
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Level of intervention Treatment strategy

Mutant gene4+————— Modification of the somatic genotype
i) transplantation
e.g., bone marrow transplantation
in p-thalassemia
ii) gene therapy
v e.g., fransfer of the yc cytokine receptor submit
e~ gene of the interleukin receptor in X-linked SCID
T~ Pharmacological modulation of gene expression
ili) genome editing
e.g., CRISPR/Cas9 editing of the BCL11 enhancer
v to promote fetal hemoglobin expression
Mutant mRNA «————— RNA interference to degrade mutant mRNA
e.g., RANAI for transthyretin amyloidosis

- Protein replacement
-~

L 4 -7 e.g., glucocerebrosidase administration
. & in Gaucher disease,
Mutant protein & factor VIll in hemophilia A

" Enhancement of residual function
e.g., pyridoxine in classic homocystinuria

v e.g., migalastat in Fabry disease
Metabolic or other¢ — — — — Disease-specific compensation
biochemical i) dietary
dysfunction e.g., low-phenylalanine diet in PKU

ii) pharmacologic
e.g., phenylbutryate or sodium
phenyiacetate and sodium benzoate
in urea cycle defects
_ — ~ Medical intervention
Clinical phenotype: - e.g., transfusion in thalassemia

v

— Surgical intervention
e.g., correction of congenital heart disease

_ — Genetic counseling

e e.g., after child born with trisomy 21
v &
The family « - — — — Carrier screening
- e.g., for Tay-Sachs disease

T~ Presymptomatic diagnosis
e.g., Huntington disease

Figure 14.1 The various levels of treatment that are relevant to genetic discase, with the corresponding strategies used at each level.
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TABLE 14.1 Trearment of Genetic Disease by Mertabolic

Manipulation

Type of
Metabolic Substance or
Intervention Technique Disecase

Avoidance

Antimalarial drugs
Isoniazid

G6PD deficiency
Slow acetylators

Dietary Phenylalanine PKU
restriction Galactose Galactosemia
Replacement Thyroxine Monogenic forms
of congenital
hypothyroidism
Biotin Biotinidase deficiency
Diversion Sodium benzoatef Urea cycle disorders
sodium
phenylacetate
Drugs that sequester Familial
bile acids in the hypercholesterolemia
intestine (e.g., heterozygotes
colesevelam)
Enzyme Statins Familial
inhibition PCSK? inhibitors hypercholesterolemia
heterozygotes
Substrate Miglustat and FDA approved, oral
reduction eliglustat for agents, can be instead
Gaucher discase: of enzyme replacement
competitive therapy
inhibitors of
the first step of
glycosylation of
ceramide
Receptor Losartan Marfan syndrome
antagonism
Depletion LDL apheresis (direct  Familial
removal of LDL hypercholesterolemia
from plasma) homozygotes

FDA, US Food and Drug Administration; GePD, glucosc-6-phosphate
dehydrogenase; LD L, low-density ipoprotein; PKU, phenylketonuria.
Updated from Rosenberg LE: Treating genctic discases: lessons from three
children, Pediatr Res 27:510-516, 1990,

aisly yiado galign abouw Jo Aulf b silow glogs

TABLE 14.2 Treatment of Genetic Disease at the Level of the Mutant Protein

Strategy Example Status

Enhancement of Mutant Protein Function
FDA approved and used in combination
with ivacaftor; expensive

Tezacaftor and elexacaftor to increase the
abundance of the F508del-CFTR protein at
the apical membrane of epithelial cells in CF
patients

Ivacaftor (VX-770) used alone to enhance the
function of specific variant CFTR proteins at
the epithelial apical membrane

Small molecule “correctors” that increase
the trafficking of the mutant protein
through the ER to the plasma membrane

FDA approved for the treatment of CF
patients carrying specific alleles; most
effective when used in combination with
tezacaftor and elexacaftor; expensive

Treatment of choice in the 50% of
cystathionine synthase patients who are
responsive: Inexpensive

Small molecule “potentiators™ that increase
the function at the cell membrane of
correctly trafficked membrane proteins

Vitamin cofactor administration to
increase the residual activity of the
mutant enzyme

Vitamin B, for pyridoxine-responsive
homocystinuria

Protein Augmentation

Replacement of an extracellular protein

Extracellular replacement of an
intracellular protein

Factor VIII in hemophilia A
Polyethylene glycol-modified adenosine
deaminase (PEG-ADA) in ADA deficiency

Well-established, effective, safe

Well-established, safe, and effective, but
costly; now used principally to stabilize
patients before gene therapy or HLA-
matched bone marrow transplantation

Well-established; biochemically and
clinically effective; expensive

p-glucocerebrosidase in nonneuronal Gaucher
disease

Replacement of an intracellular protein —
cell targeting

ADA, Adenosine deaminase; CF, cystic fibrosis; ER, endoplasmic reticulum; FDA, US Food and Drug Administration; HLA, human leukocyte antigen; PEG,
polycthylene glycol.
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TABLE18.2 Performance of First and Second Trimester Screening Tests

First Trimester Screen Second Trimester Screen

NT PAPP-A  Free f-hCG SPR DR ukE, AFP hCG  Inhibin A SPR DR
Trisomy 21 T ] T 5% 85-90% ] } 1 1 5% 80%
Trisomy 18 1 ] ! 5% 90-95%* ] } } — 5% 60-70%
Trisomy 13 1 ] ! 5% 90-95%* ] } } —_ nfa nfa
NTD - — — na vl - 1 -  — 5%  80-85%

Up and down arrows indicate dircction of change in measurement compared to average.

AFP, a-fetoprotein; #-hCG, human chorionic gonadotropin f subunit; DR, detection rate; NT, nuchal translucency; PAPP-A, pregnancy-associated plasma protein
A; SPR, screen positive rate; uE,, unconjugated estriol.

‘Indicates combined trisomy 13/18 detection rate.

IMICS IN MEDICINE

TABLE 185 Cell-Free DNA Assays Developed tfor Single-Gene
Disorders

Clinically Available®

* Achondroplasia

* Apert syndrome

* Congenital adrenal hyperplasia

* Crouzon syndrome

* Cystic fibrosis

* Duchenne and Becker muscular dystrophy

¢ Blood group genotyping (RHD/RHCE; Kell)
# Thanatophoric dysplasia

* Torsion dystonia

* Spinal muscular atrophy

* Selected familial known mutation analysis

s cfDNA screening tests for small panels of genes**

Examples of Reported Assay Development?
* Fraser syndrome

* Hemoglobinopathies (sickle cell, thalassemias)
* Hemophilia A and B

* Huntington disease

* Leber congenital amaurosis

* Polycystic kidney disease

* Propionic acidemia

* Methylmalonic acidemia

* Retinitis pigmentosa

"Only in certain countries, primarily United Kingdom.

Incomplete list.

“Commercially available in some countries, limited clinical validity dara.
Modified from Van den Veyver IB, Chitty LS: Noninvasive prenatal diagnosis
and screening for monogenic disorders using cell-free DINAL In Milunsky A,
Milunsky JM, editors, Genetic disorders and the fetus: Diagnosis, prevention
and treatment, ed 8, New York, 2021, John Wiley & Sons, Lid.
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TABLE 19.1 Disorders Detectable by Tandem Mass Spectrometry

A.  Amino Acid Disorders
Classical phenylketonuria (PKU)
Variant PKU
Guanosine triphosphate cyclohydrolase 1 (GTPCH)
deficiency (biopterin deficiency)
é-pyruvoyl-tetrahydropterin synthase (PTPS) deficiency
{biopterin deficiency)
Dihydropteridine reductase (DHPR) deficiency (biopterin
deficiency)
Pterin-4a-carbinolamine dehydratase (PCD) deficiency
(biopterin deficiency)
Argininemia/arginase deficiency
Argininosuccinic acid lyase deficiency (ASAL deficiency)
Cirrullinemia, rype I/argininosuccinic acid synthetase
deficiency (ASAS deficiency)
Citrullinemia, type II (citrin deficiency)
Gyrate atrophy of the choroid and retina
Homocitrullinuria, hyperornithinemia, hyperammonemia
(HHH)
Homaocystinuria/cystathionine beta-synthase deficiency (CBS
deficiency)
Methionine adenosyltransferase deficiency (MAT deficiency)
Maple syrup urine disease (MSUD)
Prolinemia
Tyrosinemia, types L, II, I, and transient
Ornithine transcarbamylase deficiency (OTC deficiency)
Remethylation defects (MTHFR, MTR, MTRR, Cbl D v1,
Cbl G deficiencies)
B. Organic Acid Disorders
® 2-methyl-3-hydroxybutyryl-CoA dehydrogenase deficiency
* 2-methylburyryl-CoA dehydrogenase deficiency
* 3-hydroxy-3-methylglutaryl-CoA lyase deficiency (HMG
CoA lyase deficiency)
* J-methylcrotonyl-CoA carboxylase deficiency (3MCC
deficiency)

LI I T R T T R R I I I ]

3-methylglutaconic aciduria (MGA), type [
(3-methylglutaconyl-CoA hydratase deficiency)
Beta-ketothiolase (BKT) deficiency
Fthylmalonic encephalopathy (EE)
Glutaric acidemia type-1 (GA-1)
Isobutyryl-CoA dehydrogenase deficiency
Isovaleric acidemia (IVA)

Malonic aciduria

Methylmalonic acidemia, mut —
Methylmalonic acidemia, mut 0
Methylmalonic acidemia (Cbl A, B)
Methylmalonic acidemia (Cbl C, D)
Multiple carboxylase deficiency (MCD)
Propionic acidemia (PA)

Fatty Acid Oxidation Disorders

.

.

-

Carnitine transporter deficiency

Carnitine-acylcarnitine translocase deficiency (CAT deficiency)
Carnitine palmitoyltransferase deficiency-type 1 (CPT-1
deficiency)

Carnitine palmitoyltransferase deficiency-type 2 (CPT-2
deficiency)

Long chain hydroxyacyl-CoA dehydrogenase deficiency
(LCHAD deficiency)

Medium chain acyl-CoA dehydrogenase deficiency (MCAD
deficiency)

Medium/short chain L-3-hydroxy acyl-CoA dehydrogenase
deficiency (M/SCHAD deficiency)

Multiple acyl-CoA dehydrogenase deficiency (MAD
deficiency)/glutaric acidemia type-2 (GA-2)

Short chain acyl-CoA dehydrogenase deficiency (SCAD
deficiency)

* Trifunctional protein deficiency (TFP deficiency)
* Very long chain acyl-CoA dehydrogenase deficiency (VLCAD

.

deficiency)
Formiminoglutamic acid (FIGLU) disorder

Chl, Cobalamin; MTHER, methylenc tetrahydrofolate reductase; MTR, 5-methyltctrahydrofolate-homocysteine methyltransferase; MTRR, methionine synthase

reductase.

Modified from California Newborn Screening Program, hup:fwww.cdph.ca.govfprograms/nbs/Documents/NBS-DisordersDetectable011312.pdf.

TABLE19.2 Gene-Drug Combinations for Which There Is
Pharmacogenetic Information in Their US Food and Drug

Administration Package Inserts®

Gene Drug(s)

CYP2C19 Clopidogrel, voriconazole, omeprazole, pantoprazole,
esomeprazole, diazepam, nelinavir, rabeprazole

CYP2C9 Celecoxib, warfarin

CYP2Dé Atomoxetine, venlafaxine, risperidone, tiotropium
bromide inhalation, tamoxifen, timolol maleate,
fluoxetine, cevimelinem&ne, terbinafine,
tramadol and acetaminophen, clozapine,
aripiprazole, metoprolol, propranolol, carvedilol,
propafenone, thioridazine, protriptyline,
tetrabenazine, codeine

DPYD Capecitabine, fluorouracil

G6PD Rasburicase, d;WE,;u'imaquine, chloroguine

HLA-B*1502 Carbamazepine

HLA-B*5701 ~Abacavir (Case 1)

Rifampin, isoniazid, and pyrazinamide; isosorbide

dinitrate and hydralazine hydrochloride

NAT

TPMT

UGTIAI Irinotecan, nilotinib
VKORC1 Warfarin

Azathioprine, thioguanine, mercaptopurine

‘Constitutional variants only; chemotherapy whose usage is affected by

somatic variants arc not included.



