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Preface

In their preface to the first edition of Genetics in Medicine,
published nearly 50 years ago, James and Margaret

Thompson wrote:

Genetics is fundamental to the basic sciences of
preclinical medical education and has important
applications to clinical medicine, public health and
medical research. ... This book has been written
to introduce the medical student to the principles
of genetics as they apply to medicine, and to give
him (her) a background for his own reading of the
extensive and rapidly growing literature in the field. If
his (her) senior colleagues also find it useful, we shall
be doubly satisfied.

What was true then is even more so now as our
knowledge of genetics and of the human genome is rapidly
becoming an integral part of public health and the practice
of medicine. This new edition of Genetics in Medicine,
the eighth, seeks to fulfill the goals of the previous seven
by providing an accurate exposition of the fundamental
principles of human and medical genetics and genomics.
Using illustrative examples drawn from medicine, we
continue to emphasize the genes and mechanisms operating
in human diseases.

Much has changed. however, since the last edition
of this book. The rapid pace of progress stemming from
the Human Genome Project provides us with a refined
catalogue of all human genes, their sequence, and an
extensive, and still growing, database of human variation
around the globe and its relationship to disease. Genomic
information has stimulated the creation of powerful new

tools that are changing human genetics research and

medical genetics practice. Throughout, we have continued
to expand the scope of the book to incorporate the concepts
of personalized health care and precision medicine into
Genetics in Medicine by providing more examples of how
genomics is being used to identify the contributions made
by genetic variation to disease susceptibility and treatment
outcomes.

The book is not intended to be a compendium of
genetic diseases nor is it an encyclopedic treatise on human
genetics and genomics in general. Rather, the authors hope
that the eighth edition of Genetics in Medicine will provide
students with a framework for understanding the field of
medical genetics and genomics while giving them a basis
on which to establish a program of continuing education in
this area. The Clinical Cases—first introduced in the sixth
edition to demonstrate and reinforce general principles of
disease inheritance, pathogenesis, diagnosis, management,
and counseling—continue to be an important feature of
the book. We have expanded the set of cases to add more
common complex disorders to the set of cases. To enhance
further the teaching value of the Clinical Cases, we continue
to provide a case number (highlighted in green) throughout
the text to direct readers to the case in the Clinical Case
Studies section that is relevant to the concepts being
discussed at that point in the text.

Any medical or genetic counseling student, advanced
undergraduate, graduate student in genetics or genomics,
resident in any field of clinical medicine, practicing
physician, or allied medical professional in nursing or
physical therapy should find this book to be a thorough
but not exhaustive (or exhausting!) presentation of the
fundamentals of human genetics and genomics as applied to
health and disease.

Robert L. Nussbaum, MD
Roderick R. Mclnnes, MD, PhD
Huntington F. Willard, PhD
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Abbreviations ( J& SC4EN%a] ¢ )

AAV: adeno-associated virus (i FH %)

ABC: ATP-binding cassette (ATP Z5G &

ACAT: acyl coenzyme A: cholesterol acyltransferase (it
SEN A A- JH S R AR R Al )

aCGH: array CGH (%5 He#c iR 21 4% 57)

ACMG: American College of Medical Genetics and
Genomics (3¢ [ BEFist &7 FUL 41277 23)

ACOG: American College of Obstetricians and
Gynecologists (FE[ELT™ BB Ili“F 23

AD: Alzheimer disease (P /R 2R )

ADA: adenosine deaminase (/i 111 2 )

ADHD: attention deficit hyperactivity disorder (J¥ & fift
b 2 2 bEf )

AFAFP: amniotic fluid AFP (ZF/K R )

AFP: alpha-fetoprotein (HiGH 1)

AHH: aryl hydrocarbon hydroxylase (522 {LfF)

AIDS: acquired immunodeficiency syndrome (3% )

AIM: ancestry informative marker (#5#1{5E4ric)

AIP: acute intermittent porphyria (2014 8] 8P TR )

ALA: §-aminolevulinic acid (&- 24 SRR )

ALK: anaplastic lymphoma kinase ( [8]25 ¥4 i [ 93 {84 /8 )

AMD: age-related macular degeneration (- HH G4 B HE
)

APOE: apolipoprotein E (g1 E)

B APP: B-amyloid precursor protein (B- JEMFERTIAZE )

ARSA: arylsulfatase A (75 FLAERAGAG A)

ASD: autism spectrum disorder (IRIHAF T £ F )

ASO: allel-specific oligonucleotide (%513 3 [H 4 514 B
AT IR )

ASOs: antisense oligonucleotides (2 X FEAZ RS )

o,AT: o,-Antitrypsin (o~ PrHEEE 1)

AZF: azoospermia factor (JCHFAE[H )

BH4: tetrahydrobiopterin (U5 = 47405 )

BMD: Becker muscular dystrophy (Becker L5 #AR)

BMI: body mass index ({A&#45%0)

bp: base pair (f&EX})

Cl: complement 1 (M4 1)

CAD: coronary artery disease (JaLL2)

CAH: congenital adrenal hyperplasia (/¢ K MEHE AR &
JRUHE AR )

CBAVD: congenital bilateral absence of the vas deferens

(S A B i ¥ T Ak )

Cbl: cobalamin (#if&Z . 4E4-% B,,)

CBP: CREB-binding protein (CREB Z54&# 1)

cDNA: complementary DNA (H % DNA)

CF: cystic fibrosis (ZEE£F4E{k)

CFTR: cystic fibrosis transmembrane conductance
regulator (PEVELTAEILES BAL SR &)

CGD: chronic granulomatous disease (& [A] 2 /{5 )

CGD: complete gonadal dysgenesis (5¢ ¢RI AT
A4)

CGH: comparative genome hybridization (4¢3 [H 4]
AR3E)

CHD: congenital heart defect (JcAMECNENG)

CI: confidence interval (& f{5X[a])

CL (P) : cleft lip with or without cleft palate (J§%: /)5
15%8)

cM: centimorgan (JEE)

CMA: chromosomal microarray analysis (%% {f (A& f3 % 51
7rHr)

CMD: congenital muscular dystrophy (JEKAEALEFEAR )

CML: chronic myelogenous leukemia (12 4 & 2 g 1 1
197 )

CNV: copy number variant (% 1§75 5F{4)

CODIS: FBI's Combined DNA Index System (32 [& K
A DNA G RT| REE)

CPEO: chronic progressive external ophthalmoplegia (12
PR AT S MR AIURRSE )

CRISPR/Cas9: clustered regularly interspaced short
palindromic repeats associated -associated(Cas) 9 system
(AR AT I8 (] B[] SCEE 52 /RNA 51 A% R 9)

CVS: chorionic villus sampling (4% EHFF)

CVT: cerebral vein thrombosis (A fii ik i #2725

DAZ: deleted in azoospermia (JCHGAESELK )

dbSNP: Single Nucleotide Polymorphism Database (5.%
TR 2 SR E%E)

dbVar: Structural Variation Database (45H475 5 ¥4t /)

DGC: dystrophinglycoprotein complex (#TILZE 47 & F1bE
HEAEAK)

DM1: myotonic dystrophy 1 (1 B58 LS FAR)

DM2: myotonic dystrophy 2 (2 s FPEALEFEAR )

DMD: Duchenne muscular dystrophy (Duchenne L& 77

1




2 Abbreviations (ZE X 4EEE3R)

ARE)

DNA: deoxyribonucleic acid (il EAZAAZ R )

DRP: dystrophin-related protein (FiJLZ4i 8 )

DRP1: GTPase dynamin-related protein 1 (GTP fiff % 5]
FEHAMXER 1)

DSD: disorder of sex development (P44 & %94 )

DTC: direct-to-consumer ( EL4% X L #)

DVT: deep venous thrombosis ({# Ik LT AY,)

DZ: dizygotic twins ( —FEXUE)

EGFR: epidermal growth factor receptor (374 [HF
ZK)

EMR: electronic medical record (HL %)

ENCODE: Encyclopedia of DNA Elements (DNA JC 4 &
Pt

ER: endoplasmic reticulum (P4 /5[ )

ERT: enzyme replacement therapy (i & 4577 )

ES: embryonic stem cells (AR T4HHI)

FAP: familial adenomatous polyposis (¢ ik 1 i & 7k &
A )

FBI: Federal Bureau of Investigation (3 EBHE A )5 )

FDA: Food and Drug Administration (3% [E £ i F125 4
IR

FEV,: forced expiratory volume after 1 second (1 #PF /)
P )

FISH: fluorescence in situ hybridization (2657 44%Z)

FVL: factor V Leiden (Leiden V [AT)

FXTAS: fragile Xtremor/ataxia syndrome (Jfif4 X FE8i /
PR RIRLEEE)

GALT: galactose-1-phosphate uridyltransferase (1- ff fid 2
FURE R H IR 1 )

GCPS: Greig cephalopolysyndactyly syndrome (Greig 3k
248 1 BEERAAE)

GINA: Genetic Information Nondiscrimination Act ({2
LR BB )

GT: gene therapy (FEEHYT)

GWAS: genome-wide association study (4% [Al 41 ¢ Hk
W5)

HapMap: Haplotype Map (AR [ 11X 1)

Hb: hemoglobin (IM£LEEH)

Hb A: adult hemoglobin (A AIMZI &)

Hb F; fetal hemoglobin (fifJLIMZLEH)

hCG: human chorionic gonadotropin (A 24 BEAE P A
&)

HD: Huntington disease (% iEFIEERGAE )

HDR: homology-directed repair ([FlIE/~FHIBEE)

HER2: human epidermal growth factor receptor 2 (A

BAEREAT 2K 2)

HGP: Human Genome Project ( AZSFERZ11141])

HIPAA: Health Insurance Portability and Accountability
Act ( (faRR ORI LM S DT AE1 50 )

HIV: human immunodeficiency virus (A 28 % %& B [
)

HLA: human leukocyteantigen (AZSFEZHMIHTE)

5-hmC: 5-hydroxymethylcytosine (5- 2 3 BERE )

HMG CoA: 3-hydroxy-3-methylglutaryl coenzyme A (3-
FRAL -3- WL T mEAEE A)

HOX: homeobox ([f]FFIEAE)

HPFH: hereditary persistence of fetal hemoglobin (i5tf%
PERG LI 213 RS AF TEAE

HSC: hematopoietic stem cell (I T-2fifiEg)

HSC: human stem cell (AT4if{E)

HSCR: hirschsprung disease (4t KPEES5MAAE)

HSR: homogeneously staining region (¥J4%[X)

IDDM: insulin-dependent diabetes mellitus (fifi &% Z {f ¥
RO PR )

indel: insertion-deletion (fdk / i A - Btk )

iPSC: induced pluripotent stem cell (1% ZHET4HM)

IQ: intelligence quotient (%)

ISCN: an international system for human cytogenetic
nomenclature (PR A\ S48 &2 i 2 Ul )

IV: intravenous (FfikiEHT)

IVE: in vitro fertilization ({KZN3ZAF)

kb: kilobase or kilobase pair (F#RZEXT)

KSS: Kearns-Sayre syndrome (Kearns-Sayre £5& 1)

LCR: locus control region (J X A1 X )

LD: linkage disequilibrium (%814 -1 )

LFS: Li-Fraumeni syndrome (Li-Fraumeni Z55-1iE)

LGMD: limb girdle muscular dystrophy (f%H7 & L& ¢
AR)

LINE: long interspersed nuclear element ({<H7EE K ¥ 51

LDL: low-density lipoprotein ({f% 55 )

LHON: Leber hereditaryoptic neuropathy (Leber fi f# £
Z47)

IncRNA: long noncoding RNA (K&54E4F% RNA)

LOH: loss of heterozygosity (Z+&PEE%)

LS: Lynch syndrome (Lynch ZiA1iE)

Mb: megabase or megabase pair (F Ji BlFEXT)

5-mC: 5-methylcytosine (5- HZLHImENE )

MCAD deficiency: medium chain acyl-CoA dehydrogenase
deficiency (HEEMEELGERG A i S BGHLZ AF)

MEK: mitogen-activated extracellular signal-regulated
kinase (522 24RO HO A0 M AME SR G )

MELAS: mitochondrial encephalomyopathy, lactic
acidosis, and stroke-like episodes (&AM, Fl



Abbreviations (X FERE1E%R) 3

RRYERR T IR R AF)

MERRF: myoclonic epilepsy with ragged red muscle
fibers (FILRGZE P00 FERE PRI LEF 4 )

MHC: major histocompatibility complex (F 242 AH%F
HEEK)

MI: myocardial infarction (.L>fJUAE)

MIM: Mendelian Inheritance in Man ( { AZE G /K%Y )

miRNA: microRNA (f# RNA)

MLD: metachromatic leukodystrophy (5 424 flisi (1 Jf &
FAR)

MRI: magnetic resonance image (R AER R )

mRNA: messenger RNA ({5 RNA)

MS: multiple sclerosis (£ %481k )

MSAFP: maternal serum AFP (EHAMLEH BRE )

MSI: microsatellite instability (f#{ TR AFREN:)

MSMD mendelian susceptibility to mycobacterial disease
(IR 5 I SCFF TR )

mtDNA: mitochondrial DNA (ZE¥7{& DNA)

MTHFR: 5.10-methylenetetrahydrofolate reductase (5,10-
7. F B PO S R o [ )

mTOR: mammalian target of rapamycin (FHTHE ZHEM)

MTR: 5-methyltetrahydrofolate-homocysteine methyltransferase
(5- F LU fR e e 2 e P SR )

MTRR: methionine synthase reductase ( F i 2 iR 7 il id
5 )

MZ: monozygotictwins ([A] B X4:)

NA: not applicable (Ai&EMH)

NARP: neuropathy, ataxia, and retinitis pigmentosa (!
27 . LR R AN e K AR )

ncRNA: noncoding RNA (JE%#6% RNA)

(1 UM LT YR 9 )

NIDDM: non-insulin-dependent diabetes mellitus (JEfi#
5 R HCHEIE IR )

NIPS: noninvasive prenatal screening ( JCA!;™ fij i £r )

NIPT: noninvasive prenatal testing ( JC! 7 BN )

NT: nuchal translucency (&0 Z)

NTD: neural tube defect (#Z8E BIIEG)

(F ARokEZE2Y )

OI: osteogenesis imperfecta (B H A4)

OMIM: Online Mendelian Inheritance in Man (7E£% A2
i R IR IS )

OR: olfactory receptor (MHEZ{A)

OR: odds ratio (HfE L)

PAH: phenylalanine hydroxylase

NF1: neurofibromatosis 1

OC: oral contraceptive

(RN R R LRE)

PAPP-A: pregnancy-associated plasma protein A (4E4RAH
KIMIKEH A)

PBG: porphobilinogen (FMHJE)

(W AR 2% M)

PC: principal component (F-£H%3)

PCR: polymerase chain reaction (%4 it 2 /i)

PCSK9: proprotein convertase subtilisin/kexin type 9 (&
I AL AL REAT B 8 A /KEX 8 9)

PD: Parkinson disease (1475 )

PDGF: platelet-derived growth factor (il /M 14
[H5)

PEG: polyethylene glycol (52 /%)

PEG-ADA: polyethylene glycol-modified adenosin
deaminase (3R Z —EHEIHAY BRI E )

PGD: preimpalntation genetic diagnosis (#f A B gt 1% %%
Z#r)

PGDH:
M)

PGL: hereditary paraganglioma (i {&VE R4 7578)

Ph: Philadelphia chromosome (Ph 4% f{4)

PheWAS: phenome-wide associationstudy (4= %I 4] X
BERoE)

PI3: phosphatidylinositol-3 (#§ASEEALEE -3)

PKU: phenylketonuria (7N i bRAE )

POAD: postaxial acrofacial dysostosis (H#li/5HH X H A~
4 Miller ZE61E)

PPV: positive predictive value ( PH:Fii{E )

PR: photoreceptor (JG/EZZAF)

RBC: red blood cell (£I4fiff1)

RNA: ribonucleic acid (#ZF¥IZFR)

RNAi: RNA interference (RNA T4f)

RP: retinitis pigmentosa (/% &5 Z 2% )

RR: relative risk (FHXF XU )

rRNA: ribosomal RNA (#Z##{A RNA)

SCAD deficiency: short chain acyl-CoA dehydrogenase
deficiency (i MEILAGE A I S B 6= 0E )

SCID: severe combined immunodeficiency (FEfEIE G
JEEBIBEAE )

SD: standard deviation ($5ifE22)

SHH: sonic hedgehog (F1HHT)

SINE: short interspersed nuclear element
F51)

SIR: standardized incidence ratio (#RifEfL &R L)

siRNA: small interfering RNA (/NT4ff RNA)

SJS: Stevens-Johnson syndrome (Stevens-Johnson ZE51iE)

snoRNA: small nucleolar RNA (417N RNA)

SNP: single nucleotide polymorphism ( FLAZH R 2 &)

SRY: sex-determining region on the Y (Y Yo {4 jIlpk
EX)

STR: shorttandem repeat (HREKEE )

PBS: phosphatic buffer solution

phosphoglycerate dehydrogenase (g H ilif& i

(EREER



4 Abbreviations (ZE34afg1E3k)

SWI/SNF complex: SWIltching/Sucrose NonFermentable
complex (¥t / FEMEAE R 514)

TID: type | diabetes mellitus (1 BUBEPRA, BS54
RIBEIRHE)

T2D: type 2 diabetes mellitus (2 BRI, FEMRE FMK
A PR )

TDF: testis-determining factor (2L KT )

TEN: toxic epidermal necrolysis ( "PagtE 2 B R FEAM AT )

TGF B : cytokine transforming growth factor B (4ff
FHALERET B)

TMS: tandem mass spectrometry (HRECTIE)

tRNA: transfer RNA (4%#% RNA)

TSG: tumor suppressor gene ({11485 5L[H )

uE3: unconjugated estriol (i &5 Hf — %)

UTR: untranslated region (JEEHIEX)

VUS: variant of uncertain significance (Il A E XA
B 5FA)

WAS: Wiskott-Aldrich syndrome (Wiskott-Aldrich Z5511E)

WGS: whole-genome sequencing (4= HEE £ )

WES: whole-exome sequencing (£=7h 2 F21M ¥ )

XIC: X inactivation center (X Zi& L)

XIST: inactive X specific transcripts (X 2 {6 $5-5755 %4))

0 : recombination fraction (HZH(H)

Z: LOD scores (XEULHEL)
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Chapter 1 Introduction

4a

The Birth and Development of Genetics
and Genomics ( EfEFMEREHZH
EMERE )

Few areas of science and medicine are seeing advances
at the pace we are experiencing in the related fields of
genetics and genomics. It may appear surprising to many
students today, then, to learn that an appreciation of the
role of genetics in medicine dates back well over a century,
to the recognition by the British physician Archibald Garrod
and others that Mendel’s laws of inheritance could explain
the recurrence of certain clinical disorders in families.
During the ensuing years, with developments in cellular
and molecular biology, the field of medical genetics grew
from a small clinical subspecialty concerned with a few
rare hereditary disorders to a recognized medical specialty
whose concepts and approaches are important components
of the diagnosis and management of many disorders, both
common and rare. eb 1906 4, FL[E~# W. Bateson fil]
1 “genetics” A, AL 2FWET AL i) 15
fefis s, EFIEEFEN Bt F e 5 ks
BN RERIR A . Wi, 2l W, 1Ry
e B AL SR Bk, BER AR e
W3, SURBE S SR, FEMBRER
T AL AL 2 A o A =7 TR Y
BERLE,  PRE 52 ) 3 T A ST % 2 A B 12 WA
I T m N . IR AL o i T E A B AR
A. Garrod 1985 T4F. Garrod (1857-1936 4F) #{%
Wl “Hefbisfe 2 A7, fim it g 7 T iR A al
Wi, AREXBEFHRERATSIL. OREHES
g% 2% ;. (Emery and Rimoin's Principles and Practice
of Medical Genetics. 6th ed.) Academic Press, 2013;
2 {Color Atlas of Genetics. 4th ed.) Thieme Verlag,
2013; @ www. genmedhist. info,

At the beginning of the 21st century, the Human

51 =

Genome Project provided a virtually complete sequence
of human DNA—our genome (the suffix-ome coming from
the Greek for “all” or “complete” )—which now serves as the
foundation of efforts to catalogue all human genes,
understand their structure and regulation, determine the
extent of variation in these genes in different populations,
and uncover how genetic variation contributes to disease.
The human genome of any individual can now be studied
in its entirety, rather than one gene at a time. These
developments are making possible the field of genomic
medicine, which seeks to apply a large-scale analysis
of the human genome and its products, including the
control of gene expression, human gene variation, and
interactions between genes and the environment, to
medical care. @ EFE A PA AR, A 25 s
KLY (94250 DNA 80 RNA 777, BRI —E
st (E B S, AREEA N AR A/ DNA 4
8, ELAREAZ AR N R AR N 2, A KB E AT 5
(Human Genome Project, HGP) i F 1990 4, 2003
SESERUIN P 1E . HGP 9 H #92: O% € H AZr B
AR Q) E ) RN R 20 31 A2 BlEE XS 14
3 OF Bl 5 ST T2 RERE, TR
AR 20 TR @HSH5 AR R e 2,
FEEAAL R, R AR R X R . HGP B9 SE {4
T IE LB AL N 41314, HapMap 318, AZER WA
e, B4, ENCODE it4], A2 META
ST =4/ MATTHRISE . HGP R R 24
Rk LT A R “H2 4k (-omics) ™, HHIHHEA:
TERAES, T RMBEEERNAE B EST .,

Genetics and Genomics in Medicine ( 1=
fEEFEMERAEZE)
The Practice of Genetics (GBS AVIRARIERE )

The medical geneticist is usually a physician who

1



