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cofactor necessary for the hydroxylation of phenylalanine, or 
by a deficiency of dihydropteridine reductase.

Treatment of most hyperphenylalaninemias is aimed at 
restoring normal blood phenylalanine levels by restricting 
dietary intake of phenylalanine-containing foods (Box 7-1). 
However, phenylalanine is an essential amino acid, and ade-
quate supplies are necessary for normal growth and develop-
ment. A complete lack of phenylalanine is fatal. Thus, a fine 
balance must be maintained between providing enough 
protein and phenylalanine for normal growth and preventing 
the serum phenylalanine level from rising too high. Persons 
with PKU clearly benefit from lifelong treatment. Thus, once 
PKU is diagnosed, the person must follow a phenylalanine-
restricted diet for life. Sapropterin dihydrochloride, a form of 
tetrahydrobiopterin (BH4) can help BH-4 responsive PKU 
patients.

Hyperphenylalaninemia in a pregnant woman results in 
elevated phenylalanine levels in the fetus. This can cause poor 
growth, birth defects, microcephaly, and intellectual disability 
in the fetus (regardless of the fetus’s genotype). Thus, it is 
important that women with PKU receive appropriate preg-
nancy counseling. Optimally, they should maintain a low-
phenylalanine diet at conception and throughout pregnancy.

Hyperphenylalaninemias are the most common 
defects of amino acid metabolism. Classic  
PKU is caused by mutations in the gene that 
encodes phenylalanine hydroxylase. Hyper-
phenylalaninemias are treated by restricting 
dietary intake of phenylalanine-containing 
foods.

Tyrosine
The amino acid tyrosine is the starting point of the synthetic 
pathways leading to catecholamines, thyroid hormones, and 
melanin pigments, and it is incorporated into many proteins. 
Elevated levels of serum tyrosine can be acquired (e.g., severe 
hepatocellular dysfunction), or they can result from an inborn 
error of catabolism, of which there are several. Hereditary 
tyrosinemia type 1 (HT1) is the most common metabolic 
defect of tyrosine and is caused by a deficiency of fumaryl-
acetoacetate hydrolase (FAH), which catalyzes the last step in 
tyrosine catabolism (see Fig. 7-1). Accumulation of FAH’s 

progressive weakness, and cramping. Some glycogen storage 
disorders, such as Pompe disease, can also affect cardiac 
muscle, causing cardiomyopathy and early death. Treatment 
of some glycogen storage disorders by enzyme replacement 
(e.g., giving active forms of the enzyme intravenously) can 
improve, and in some cases prevent, symptoms and therefore 
preserve function and prevent early death.

Each disorder of glycogen metabolism is 
uncommon, yet taken together these defects 
account for substantial morbidity. Early inter-
vention can prevent severe disabilities and 
early death.

Amino Acid Metabolism
Proteins play the most diverse roles of the major biomole-
cules (e.g., providing mechanical support, coordinating 
immune responses, generating motion). Indeed, nearly all 
known enzymes are proteins. The fundamental structural 
units of proteins are amino acids. Some amino acids can be 
synthesized endogenously (nonessential), and others must be 
obtained from the environment (essential). Many defects of 
the metabolism of amino acids have been described.

Phenylalanine
Defects in the metabolism of phenylalanine (an essential 
amino acid) cause the hyperphenylalaninemias, some of the 
most widely studied of all inborn errors of metabolism. These 
disorders are caused by mutations in genes that encode com-
ponents of the phenylalanine hydroxylation pathway (see Fig. 
7-1). Elevated levels of plasma phenylalanine disrupt essential 
cellular processes in the brain such as myelination and protein 
synthesis, eventually producing severe intellectual disability. 
Most cases of hyperphenylalaninemia are caused by muta-
tions of the gene that encodes phenylalanine hydroxylase 
(PAH), resulting in classic phenylketonuria (PKU). Hundreds 
of different mutations have been identified in PAH, including 
substitutions, insertions, and deletions. The prevalence of 
hyperphenylalaninemia varies widely among groups from 
different geographic regions; PKU ranges from 1 in every 
10,000 people of European origin to 1 in every 90,000 in those 
of African ancestry. Less commonly, hyperphenylalaninemia 
is caused by defects in the synthesis of tetrahydrobiopterin, a 

TABLE 7-2 Glycogen Storage Disorders
TYPE DEFECT MAJOR AFFECTED TISSUES

Ia (Von Gierke) Glucose-6-phosphatase Liver, kidney, intestine
Ib Microsomal glucose-6-phosphate transport Liver, kidney, intestine, neutrophils
II (Pompe) Lysosomal acid β-glucosidase Muscle, heart
IIIa (Cori) Glycogen debranching enzyme Liver, muscle
IIIb Glycogen debranching enzyme Liver
IV (Anderson) Branching enzyme Liver, muscle
V (McArdle) Muscle phosphorylase Muscle
VI (Hers) Liver phosphorylase Liver
VII (Tarui) Muscle phosphofructokinase Muscle
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can be distinguished from each other by clinical, biochemical, 
and molecular analyses. Assays that measure enzyme activity 
in fibroblasts, leukocytes, serum, or dried blood spots are 
available for each MPS disorder, and prenatal testing after 
amniocentesis or chorionic villus sampling (see Chapter 13) 
is possible. Except for the X-linked Hunter syndrome, all of 
the MPS disorders are inherited in an autosomal recessive 
fashion.

All MPS disorders are characterized by chronic and  
progressive multisystem deterioration, which causes hearing, 
vision, joint, and cardiovascular dysfunction (Fig. 7-8). 
Hurler, severe Hunter, and Sanfilippo syndromes are charac-
terized by intellectual disability, and normal cognition is 
observed in other MPS disorders.

Deficiency of iduronidase (MPS I) is the prototypic MPS 
disorder. It produces a spectrum of phenotypes that have 
been traditionally delimited into three groups—Hurler, 
Hurler–Scheie, and Scheie syndromes—which manifest 
severe, moderate, and mild disease, respectively. MPS I disor-
ders cannot be distinguished from each other by measuring 
enzyme activity; therefore, the MPS I phenotype is usually 
assigned on the basis of clinical criteria. The iduronidase gene 
has been cloned, and eventually genotype–phenotype corre-
lations may lead to earlier and more accurate classification.

Hunter syndrome (MPS II) is caused by a deficiency of 
iduronate sulfatase. It is categorized into mild and severe 
phenotypes based on clinical assessment. The onset of disease 
usually occurs between 2 and 4 years of age. Affected children 
develop coarse facial features, short stature, skeletal deformi-
ties, joint stiffness, and intellectual disability. The gene that 
encodes iduronate sulfatase is composed of 9 exons spanning 
24 kb. Twenty percent of all identified mutations are large 
deletions, and most of the remainder are missense and non-
sense mutations.

TABLE 7-3 Mucopolysaccharidoses*
NAME MUTANT ENZYME CLINICAL FEATURES

Hurler–Scheie (MPS-I) α-L-Iduronidase Coarse face, hepatosplenomegaly, corneal clouding, dysostosis 
multiplex,† intellectual disability

Hunter (MPS-II) Iduronate sulfatase Coarse face, hepatosplenomegaly, dysostosis multiplex, 
intellectual disability, behavioral problems

Sanfilippo A MPS-IIIA Heparan-N-sulfamidase Behavioral problems, dysostosis multiplex, intellectual disability
Sanfilippo B MPS-IIIB α-N-Acetylglucosaminidase Behavioral problems, dysostosis multiplex, intellectual disability
Sanfilippo C MPS-IIIC Acetyl-CoA:α-glucosaminide 

N-acetyltransferase
Behavioral problems, dysostosis multiplex, intellectual disability

Sanfilippo D MPS-IIID N-Acetylglucosamine-6-sulfatase Behavioral problems, dysostosis multiplex, intellectual disability
Morquio A MPS-IVA N-Acetylglucosamine-6-sulfatase Short stature, bony dysplasia, hearing loss
Morquio B MPS-IVB β-Galactosidase Short stature, bony dysplasia, hearing loss
Maroteaux–Lamy MPS-VI Aryl sulfatase B Short stature, corneal clouding, cardiac valvular disease, 

dysostosis multiplex
Sly MPS-VII β-Glucuronidase Coarse face, hepatosplenomegaly, corneal clouding, dysostosis 

multiplex

*Hunter syndrome is an X-linked recessive disorder; the remaining MPS disorders are autosomal recessive.
†Dysostosis multiplex is a distinctive pattern of changes in bone, including a thickened skull, anterior thickening of the ribs, vertebral 
abnormalities, and shortened and thickened long bones.

Symptomatic treatment has been the standard of care  
for MPS for many years. More recently, restoration of endog-
enous enzyme activity has been accomplished by either bone 
marrow transplantation (BMT) or enzyme replacement with 
recombinant enzyme. BMT has become the mainstay of 
treatment for persons with Hurler syndrome and has been 
shown to improve the coarse facial features, upper airway 
obstruction, and cardiac disease. It also appears to mitigate 
neurological deterioration, although the long-term outcomes 
are still being investigated. BMT has been less successful for 
other MPS disorders. BMT is, in general, also associated with 
substantial morbidity and mortality. Enzyme replacement for 
Hurler syndrome was approved by the U.S. Food and Drug 
Administration in 2003 and has been shown to improve hep-
atosplenomegaly and respiratory disease. Early studies of 
enzyme replacement in Hunter syndrome (MPS II) and 
Maroteaux–Lamy syndrome (MPS VI) are promising. Enzyme 
replacement for Morquio A syndrome was recently approved 
by the FDA.

Defects of glycosaminoglycan degradation 
cause a heterogeneous group of disorders 
called mucopolysaccharidoses (MPS disor-
der). All MPS disorders are characterized by 
progressive multisystem deterioration causing 
hearing, vision, joint, and cardiovascular dys-
function. These disorders can be distinguished 
from each other by clinical, biochemical, and 
molecular studies.

Sphingolipidoses (Lipid Storage Diseases)
Defects in the degradation of sphingolipids (sphingolipido-
ses) result in their gradual accumulation, which leads to mul-
tiorgan dysfunction (Table 7-4). Deficiency of the lysosomal 
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FIG 7-8 A, A boy with a mutation in α-L-iduronidase, which causes Hurler syndrome. Note his 
coarse facial features, crouched stance, thickened digits, and protuberant abdomen. B, Trans-
genic mice with a targeted disruption of α-L-iduronidase. Progressive coarsening of the face is 
apparent as 8-week-old mice (left) grow to become 52-week-old mice (right). (Courtesy Dr. Lorne 
Clarke, University of British Columbia.)

A B

TABLE 7-4 Lysosomal Storage Disorders*
NAME MUTANT ENZYME CLINICAL FEATURES

Tay–Sachs β-Hexosaminidase A Hypotonia, spasticity, seizures, blindness
Gaucher (type 1; nonneuropathic) β-Glucosidase Splenomegaly, hepatomegaly, bone marrow infiltration, brain 

usually spared
Niemann–Pick, type 1A Sphingomyelinase Hepatomegaly, corneal opacities, brain deterioration
Fabry α-Galactosidase Paresthesia of the hands and feet, corneal dystrophy, 

hypertension, renal failure, cardiomyopathy
GM1 gangliosidosis (infantile) β-Galactosidase Organomegaly, dysostosis multiplex,† cardiac failure
Krabbe galactosylceramidase Hypertonicity, blindness, deafness, seizures, 

(galactosylceramide-specific) atrophy of the brain
Metachromatic leukodystrophy Aryl sulfatase A Ataxia, weakness, blindness, brain atrophy (late-infantile)
Sandhoff β-Hexosaminidase (total) Optic atrophy, spasticity, seizures
Schindler α-N-Acetylgalactosaminidase Seizures, optic atrophy, retardation
Multiple sulfatase deficiency Aryl sulfatase A, B, C Retardation, coarse facial features, weakness, 

hepatosplenomegaly, dysostosis multiplex

*Of the lysosomal storage disorders included in this table, Fabry syndrome is X-linked recessive and the remainder are autosomal recessive.
†Dysostosis multiplex is a distinctive pattern of changes in bone, including a thickened skull, anterior thickening of the ribs, vertebral 
abnormalities, and shortened and thickened long bones.

enzyme glucosylceramidase (also known as glucocerebrosi-
dase or β-glucosidase), causes an accumulation of glucosyl-
ceramide that results in Gaucher disease. This condition is 
characterized by visceromegaly (enlarged visceral organs), 
multiorgan failure, and debilitating skeletal disease. Gaucher 

disease has traditionally been divided into three subtypes, 
which can be distinguished by their clinical features. Type 1 
is most common and does not involve the central nervous 
system. Type 2 is the most severe, often leading to death 
within the first 2 years of life. Type 3 Gaucher disease is 
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TABLE 9-1 Chromosome Location and Function of Major Immune Response Genes

GENE SYSTEM
CHROMOSOME 
LOCATION GENE PRODUCT FUNCTION

Immunoglobulin heavy chain 
(C, V, D, and J genes)

14q32 Heavy chain, the first part of antibody molecule, which binds 
foreign antigens

Immunoglobulin κ light chain 
(C, V, and J genes)

2p13 Light chain, the second part of antibody molecule

Immunoglobulin λ light chain 
(C, V, and J genes)

22q11 Light chain, the second part of antibody molecule (either κ or λ 
may be used)

T-cell receptor α 14q11 One chain of the α-β T-cell receptor, which recognizes antigen 
with MHC molecule

T-cell receptor β 7q35 The second chain of the α-β T-cell receptor
T-cell receptor γ 7p15 One chain of the γ-δ T-cell receptor
T-cell receptor δ 14q11 The second chain of the γ-δ T-cell receptor
MHC (classes I, II, and III); 

includes TAP1 and TAP2
6p21 Cell-surface molecules that present peptides to T-cell receptors. 

TAP1 and TAP2 are transporter molecules that process foreign 
peptides and carry them to the endoplasmic reticulum.

β2-microglobulin 15q21-22 Forms second chain of the class I MHC molecule
RAG1, RAG2 11p13 Recombinases that participate in VDJ somatic recombination

TABLE 9-2 Examples of Major 
Histocompatibility Complex and Disease 
Associations

DISEASE

MHC (HLA) 
ASSOCIATED 
LOCUS (LOCI)*

APPROXIMATE 
RELATIVE RISK†

Type 1 diabetes DQB1, DQA1 10
Ankylosing 

spondylitis
B27 90

Narcolepsy DR2 and DQA1, 
DQB1

>100

Celiac disease DQA1, DQB1 10
Rheumatoid arthritis DRB1, DQA1 5
Myasthenia gravis C, DR3, DR7 2.5
Multiple sclerosis DRB1 4
Systemic lupus 

erythematosus
DRB1 6

Hemochromatosis A3 20
Malaria B53 0.6059
Graves disease DR3 5
Psoriasis C 13
Abacavir  

(anti-HIV drug) 
hypersensitivity

B57 ≈1000

*For simplicity, specific alleles are not shown here. For example, 
the HLA-B57 allele associated with abacavir sensitivity is labeled 
HLA-B*57:01, and the allele associated with psoriasis is 
HLA-C*06:02.
†Relative risk can be interpreted loosely as the odds that a person 
who has a risk factor (in this case, an MHC antigen) will develop 
the disease, compared with a person who lacks the risk factor. 
Thus, a relative risk of 4 for DRB1 and multiple sclerosis means 
that persons with a specific DRB1 allele are four times more likely 
to develop multiple sclerosis than are those without it. A relative 
risk <1 (as seen for malaria and B53) indicates that the factor is 
protective against the disease. These relative risks can vary among 
different human population groups.

harmless until they are stimulated to proliferate by a foreign 
peptide that closely resembles a self peptide.

Autoimmunity can also be caused by specific defects in the 
regulation of immune system components. For example, 
regulatory T cells help to prevent the formation of self-
reactive immune cells and require a transcription factor, 
encoded by FOXP3, for their normal development. Mutations 
in FOXP3 result in a deficiency of regulatory T cells and 
an autoimmune disease called IPEX (immunodysregulation, 
polyendocrinopathy, enteropathy, X linked).

Other common diseases that involve autoimmunity 
include rheumatoid arthritis, systemic lupus erythematosus, 
psoriasis, and multiple sclerosis. It is estimated that approxi-
mately 5% of the population suffers from some type of auto-
immune disease.

A significant number of diseases are associ-
ated with specific MHC alleles. Some of these 
associations are the result of linkage disequi-
librium, but most are likely to result from 
causal associations involving autoimmunity.

The ABO and Rh Blood Groups
Another component of the immune system involves red 
blood cell surface molecules that can cause an immune  
reaction during blood transfusions. The ABO and Rh red- 
cell antigen systems were discussed in Chapter 3 as early 
examples of polymorphic marker loci. They are also the  
most important systems that determine blood transfusion 
compatibility.

The ABO System
There are four major ABO blood types: A, B, AB, and O. The 
first three groups respectively represent persons who carry 
the A, B, or A and B antigens on their erythrocyte surfaces. 
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regulation of immune system components. For example, 
regulatory T cells help to prevent the formation of self-
reactive immune cells and require a transcription factor, 
encoded by FOXP3, for their normal development. Mutations 
in FOXP3 result in a deficiency of regulatory T cells and 
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include rheumatoid arthritis, systemic lupus erythematosus, 
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A significant number of diseases are associ-
ated with specific MHC alleles. Some of these 
associations are the result of linkage disequi-
librium, but most are likely to result from 
causal associations involving autoimmunity.

The ABO and Rh Blood Groups
Another component of the immune system involves red 
blood cell surface molecules that can cause an immune  
reaction during blood transfusions. The ABO and Rh red- 
cell antigen systems were discussed in Chapter 3 as early 
examples of polymorphic marker loci. They are also the  
most important systems that determine blood transfusion 
compatibility.

The ABO System
There are four major ABO blood types: A, B, AB, and O. The 
first three groups respectively represent persons who carry 
the A, B, or A and B antigens on their erythrocyte surfaces. 

Tables	9-1,	9-2	and	9-3:	Just	the	related	
info	that	is	mentioned	in	slides	text	
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FIG 10-1 Evolutionary relationships among homologs of PAX6 and associated phenotypes illus-
trating functional conservation of Pax genes among humans, mice, and Drosophila. A, Mutations 
in human PAX6 cause aplasia of the irides, or aniridia. B, Loss of function of murine Pax6 causes 
small eyes (left) compared to a wild-type mouse (right). C, Misexpression of eyeless in tissue 
fated to become an antenna causes formation of a normal but misplaced eye (arrow) instead. 
(A from Jones KL. Smith’s Recognizable Patterns of Human Malformation. 6th ed. Philadelphia: 
Mosby; 2006:53. B courtesy James Lauderdale, University of Georgia. C from Science. 1995 
Mar 24; 267[5205]. Reprinted with permission From AAAS.)

A

Aniridia

B

Small eye

C

Eyeless

TABLE 10-1 Animal Models of Human Development

ORGANISM
GENERATION 
TIME* ADVANTAGES DISADVANTAGES

Caenorhabditis elegans 
(roundworm)

9 days Fate of every cell known
Genome well characterized

Alternative body plan compared to 
vertebrates

Easy to breed and maintain Tissues cannot be cultured
Drosophila melanogaster 

(fruit fly)
10 days Easy to breed

Large populations
Vast database of mutants
Feasible and affordable to do large 

screens

Alternative body plan compared to 
vertebrates

Must be stored live; cannot be frozen
Pathology often different compared 

to humans
Danio rerio (zebrafish) 3 months Transparent embryo

Easy to maintain
Large populations
Feasible and affordable to do large 

screens

Targeted gene modification difficult

Xenopus laevis (frog) 12 months Transparent embryo is large and easy to 
manipulate

Tetraploid genome makes genetic 
experiments difficult

Gallus gallus (chicken) 5 months Easy to observe and manipulate embryo Genetic experiments difficult
Mus musculus (mouse) 2 months Pathology similar to humans

Excellent tools for phenotypic 
characterization

Targeted gene modification 
straightforward

Fully annotated genome available

Relatively expensive to maintain
Manipulation of embryo is 

challenging

Papio hamadryas (baboon) 60 months Pathology and physiology similar to that 
of humans

Very expensive to maintain
Small populations
Long generation time
Strong ethical concerns with use of 

primates

*Generation time is defined as the age at which the organism is first capable of reproduction.

A Brief Overview of Major Processes in 
Embryonic Development
Several major processes are involved in the development of 
the embryo. These include axis specification, pattern forma-
tion, and organogenesis. As the name suggests, pattern 

formation describes a series of steps in which differentiated 
cells are arranged spatially to form tissues and organs. The 
interactions of these cells are mediated by processes such as 
induction, which occurs when the cells of one embryonic 
region influence the organization and differentiation of cells 
in a second region. Axis specification involves the definition 

Tables	10-2	:	Just	the	related	info	that	is	
mentioned	in	slides	text	
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TABLE 11-2 Comparison of Key Features of Tumor Suppressor Genes and Oncogenes
FEATURE TUMOR SUPPRESSOR GENES ONCOGENES

Function of normal version Regulates cell growth and proliferation; 
some can induce apoptosis

Promotes cell growth and proliferation

Mutation (at cell level) Recessive (both copies of gene inactivated) Dominant (only one copy of gene mutated)
Effect of mutation Loss of function Gain of function
Germline mutations resulting in 

inherited cancer syndromes
Seen in most tumor suppressor genes Seen in only a few oncogenes

TABLE 11-3 Examples of Oncogenes and Their Roles in Cancer*
ONCOGENE FUNCTION ASSOCIATED TUMOR

Growth Factor Genes
HST Fibroblast growth factor Stomach carcinoma
SIS β subunit of platelet-derived growth factor Glioma (brain tumor)
KS3 Fibroblast growth factor Kaposi sarcoma

Growth Factor Receptor Genes
RET† Receptor tyrosine kinase Multiple endocrine neoplasia; thyroid carcinoma
ERBB Epidermal growth factor receptor Glioblastoma (brain tumor); breast carcinoma
ERBA Thyroid hormone receptor Acute promyelocytic leukemia
NEU (ERBB2) Receptor protein kinase Neuroblastoma; breast carcinoma
MET† Receptor tyrosine kinase Hereditary papillary renal carcinoma; hepatocellular carcinoma
KIT† Receptor tyrosine kinase Gastrointestinal stromal tumor syndrome

Signal Transduction Genes
HRAS GTPase Carcinoma of colon, lung, pancreas
KRAS GTPase Melanoma, thyroid carcinoma, acute monocytic leukemia, 

colorectal carcinoma
NRAS GTPase Melanoma
BRAF Serine/threonine kinase Malignant melanoma; colon cancer
ABL Protein kinase Chronic myelogenous leukemia; acute lymphocytic leukemia
CDK4† Cyclin-dependent kinase Malignant melanoma

Transcription Factor Genes
NMYC DNA-binding protein Neuroblastoma; lung carcinoma
MYB DNA-binding protein Malignant melanoma; lymphoma; leukemia
FOS Interacts with JUN oncogene to regulate 

transcription
Osteosarcoma

*For additional examples, see Croce CM. Oncogenes and cancer. N Engl J Med 2008;358(5):502-511 and Garraway and Lander. Lessons 
from the cancer genome. Cell 2013;153:17-37.
†CDK4, KIT, MET, and RET are proto-oncogenes in which germline mutations can give rise to inherited cancer syndromes.

transcribe its RNA into DNA. In this way, the RNA genome 
of the retrovirus is converted to DNA, which can be inserted 
into a chromosome of a host cell. Some retroviruses carry 
altered versions of growth-promoting genes into cells. These 
growth-promoting genes are oncogenes, which were first 
identified through the study of retroviruses that cause cancer 
in chickens. When the retrovirus invades a new cell, it can 
transfer the oncogene into the genome of the new host, thus 
transforming the cell and initiating cancer.

A number of gene products that affect cell growth or dif-
ferentiation have been identified through the study of onco-
genes carried by transforming retroviruses. For example, 
retrovirus studies identified the gene encoding the receptor 
molecule for epidermal growth factor (EGF), through the 

ERBB oncogene. These studies also identified the RAS (rat 
sarcoma) oncogenes, which are altered in at least 25% of 
human cancers. Transforming retroviruses have also identi-
fied the nuclear transcription factor genes, MYC, JUN, and 
FOS, as other molecular components capable of initiating cell 
transformation. Table 11-3 provides some examples of 
proto-oncogenes.

Oncogenes have also been identified in experiments in 
which material from human tumor cells was transferred to 
nontumor cells (transfection), causing transformation of the 
recipients. A classic experiment began with the transfer of 
DNA from a human bladder-cancer cell line into mouse cells. 
A few recipient cells became fully transformed. Cloning and 
examination of the human-specific DNA sequences present 
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CLINICAL COMMENTARY 12-1 
Neural Tube Defects—cont’d

However, it is likely that there is genetic variation in response 
to folic acid, which helps to explain why most mothers with 
folic acid deficiency do not bear children with NTDs and why 
some who ingest adequate amounts of folic acid nonetheless 
bear children with NTDs. To address this issue, researchers are 
testing for associations between NTDs and variants in several 
genes whose products (e.g., methylene tetrahydrofolate reduc-
tase) are involved in folic acid metabolism (see Clinical Com-
mentary 15-6 in Chapter 15 for further information on dietary 
folic acid supplementation and NTD prevention).

of NTDs can be avoided simply by dietary folic acid supplemen-
tation. (Traditional prenatal vitamin supplements would not 
have an effect because administration does not usually begin 
until well after the time that the neural tube closes.) Since 
mothers would be likely to ingest similar amounts of folic acid 
from one pregnancy to the next, folic acid deficiency could well 
account for at least part of the elevated sibling recurrence risk 
for NTDs.

Dietary folic acid is an important example of a nongenetic 
factor that contributes to familial clustering of a disease. 

TABLE 12-2 Recurrence Risks for First-, Second-, and Third-Degree Relatives of Probands

DISEASE
PREVALENCE IN  
GENERAL POPULATION

DEGREE OF RELATION

FIRST DEGREE SECOND DEGREE THIRD DEGREE

Cleft lip/palate 0.001 0.04 0.007 0.003
Club foot 0.001 0.025 0.005 0.002
Congenital hip dislocation 0.002 0.005 0.006 0.004

Multifactorial versus Single-Gene Inheritance
It is important to clarify the difference between a multifacto-
rial disease and a single-gene disease in which there is locus 
heterogeneity. In the former case, a disease is caused by the 
simultaneous influence of multiple genetic and environmen-
tal factors, each of which has a relatively small effect. In con-
trast, a disease with locus heterogeneity, such as osteogenesis 
imperfecta, requires only a single mutation to cause it. 
Because of locus heterogeneity, a single mutation at either of 
two or more loci can cause disease; some affected persons 
have one mutation while others have the other mutation.

In some cases, a trait may be influenced by the combina-
tion of both a single gene with large effects and a multifacto-
rial background in which additional genes and environmental 
factors have small individual effects (Fig. 12-4). Imagine that 
variation in height, for example, is caused by a single locus 
(termed a major gene) and a multifactorial component. Indi-
viduals with the AA genotype tend to be taller, those with the 
aa genotype tend to be shorter, and those with Aa tend to be 
intermediate. But additional variation is caused by other 
factors (the multifactorial component). Thus, those with the 
aa genotype vary in height from 130 cm to about 170 cm, 
those with the Aa genotype vary from 150 cm to 190 cm, and 
those with the AA genotype vary from 170 to 210 cm. There 
is substantial overlap among the three major genotypes 
because of the influence of the multifactorial background. 
The total distribution of height, which is bell-shaped, is 
caused by the superposition of the three distributions about 
each genotype.

Many of the diseases to be discussed later can be caused 
by a major gene and/or multifactorial inheritance. That is, 

• The recurrence risk for the disease usually decreases rapidly 
in more remotely related relatives (Table 12-2). Although 
the recurrence risk for single-gene diseases decreases by 
50% with each degree of relationship (e.g., an autosomal 
dominant disease has a 50% recurrence risk for offspring 
of affected persons, 25% for nieces or nephews, 12.5%  
for first cousins, and so on), it decreases much more 
quickly for multifactorial diseases. This reflects the fact 
that many genetic and environmental factors must 
combine to produce a trait. All of the necessary risk 
factors are unlikely to be present in less closely related 
family members.

• If the prevalence of the disease in a population is f (which 
varies between zero and one), the risk for offspring and sib-
lings of probands is approximately f . This does not hold 
true for single-gene traits, because their recurrence risks 
are independent of population prevalence. It is not an 
absolute rule for multifactorial traits either, but many such 
diseases do tend to conform to this prediction. Examina-
tion of the risks given in Table 12-2 shows that these three 
diseases follow the prediction fairly well.

Risks for multifactorial diseases usually 
increase if more family members are affected, 
if the disease has more severe expression, and 
if the affected proband is a member of the  
less commonly affected sex. Recurrence risks 
decrease rapidly with more-remote degrees of 
relationship. In general, the sibling recurrence 
risk is approximately equal to the square  
root of the prevalence of the disease in the 
population.

Tables	12-4	and	12-5:	Just	the	related	info	
that	is	mentioned	in	slides	text	
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Many of the physiological effects of variation in drug 
response have been known for decades. A deficiency of 
glucose-6-phosphate dehydrogenase (G6PD), which is esti-
mated to affect more than 200 million people worldwide, 
causes increased sensitivity to the antimalarial drug, prima-
quine, producing an acute hemolytic anemia. The metabo-
lism of isoniazid (a drug commonly used to treat tuberculosis) 
is strongly influenced by an allele of the gene that encodes 
N-acetyltransacetylase 2 (NAT2), the enzyme that is used to 
acetylate, and thereby inactivate, isoniazid. Persons who are 
homozygous for this allele are known as slow inactivators and 
are at higher risk for developing side effects than persons who 
metabolize isoniazid more quickly. About half of persons of 
European or African ancestry are slow inactivators, but this 
figure is lower among East Asians. Succinylcholine is a drug 
widely used in anesthesia to induce short-term muscle paral-
ysis. Typically, the effects of succinylcholine last only a few 
minutes before it is rapidly degraded in the plasma by circu-
lating butyrylcholinesterase. Several alleles of the gene that 
encodes butyrylcholinesterase cause reduced enzyme activity. 
Persons who are homozygotes or compound heterozygotes 
for such alleles have a diminished ability to inactivate succi-
nylcholine. This can result in prolonged paralysis and respira-
tory failure that requires mechanical ventilation for up to 
several hours.

In each of these examples, a person who has a relatively 
common allele might, upon exposure to a specific chemical, 
experience an unanticipated pharmacological effect. Variants 
have been discovered in enzymes that produce a much 

or cell-surface receptor) that might be amenable to manipu-
lation by a drug. The results of genetic studies are used to 
identify polymorphisms associated with varying susceptibil-
ity to disease (i.e., a potential target for a drug) or polymor-
phisms that modify the human response to a drug. For 
example, long QT syndrome (LQT syndrome; see Chapter 12) 
can be caused by mutations in one of at least a dozen different 
genes whose protein products affect ion channel function in 
heart cells (e.g., sodium and calcium channels). Because 
sodium channels and calcium channels are blocked by  
different drugs, a person’s genetic profile can be used to 
choose the best drug for treatment of LQT syndrome. In  
this case, the relationship between disease and target is well 
characterized.

Polymorphisms in genes that encode angiotensinogen, 
angiotensin-converting enzyme (ACE), and the angiotensin 
II type 1 receptor have been associated with differential 
responses to antihypertensive agents. For example, the ACE 
gene contains a 190-bp sequence that can be either present 
(the I allele) or deleted (the D allele). Persons who are homo-
zygous for the D allele are more responsive to ACE inhibitors. 
Response to antihypertensive beta blockers has been associ-
ated with polymorphisms in genes that encode subunits of 
the β-adrenergic receptor (Table 14-1). None of these vari-
ants are commonly tested prior to initiating antihypertensive 
therapy, but studies are under way to determine when such 
information, in conjunction with environmental risk factors 
such as smoking and diet, might facilitate the development 
of individualized treatment.

TABLE 14-1 Examples of Effects of Gene Polymorphisms on Drug Response
GENE ENZYME/TARGET DRUG CLINICAL RESPONSE

CYP2D6 Cytochrome P4502D6 Codeine Persons homozygous for an inactivating mutation 
do not metabolize codeine to morphine and thus 
experience no analgesic effect

CYP2C9 Cytochrome P4502C9 Warfarin Persons heterozygous for a polymorphism need a 
lower dose of warfarin to maintain anticoagulation

VKORC1 Vitamin K epoxide reductase Warfarin Persons heterozygous for a polymorphism need a 
lower dose of warfarin complex, subunit 1, to 
maintain anticoagulation

NAT2 N-Acetyl transferase 2 Isoniazid Persons homozygous for slow-acetylation 
polymorphisms are more susceptible to isoniazid 
toxicity

TPMT Thiopurine S-methyltransferase Azathioprine Persons homozygous for an inactivating mutation 
develop severe toxicity if treated with standard 
doses of azathioprine

ADRB2 β-Adrenergic receptor Albuterol Persons homozygous for a polymorphism get 
worse with regular use of albuterol

KCNE2 Potassium channel, voltage-gated Clarithromycin Persons heterozygous for a polymorphism are 
more susceptible to life-threatening arrhythmias

SUR1 Sulfonylurea receptor 1 Sulfonylureas Persons heterozygous for polymorphisms exhibit 
diminished sensitivity to sulfonylurea-stimulated 
insulin secretion

F5 Coagulation factor V (Leiden) Oral contraceptives Persons heterozygous for a polymorphism are at 
increased risk for venous thrombosis
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