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ABSTrACT
This Colloquium Lecture provides an overview of the progress made in molecular medicine 
applying genetics and genomics to the understanding, diagnosis, and treatment of human dis-
eases. Specifically, the methods for identifying genes involved in human diseases are described. 
Examples from 10 genes and diseases will be provided, drawing on the author’s research. Top-
ics include examples from simple Mendelian diseases, such as cystic fibrosis, inherited cancers, 
oncogenes activated by chromosomal translocations, host genes involved in infectious disease, 
genes identified via genomewide association studies, pathogens causing cancer, and gene fami-
lies contributing to multiple diseases. For each example, historical details will be provided as 
background for readers to understand the context and process of the discoveries, technologies 
explained, and current understanding and treatment implications detailed.
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Introduction

Understanding human diseases has been the central interest of medicine, and in more modern 
times, molecular medicine. Throughout history, physicians and scientists have sought to un-
derstand the causes of human ailments and the development of the fields of infectious disease, 
anatomy and physiology, biochemistry, genetics, oncology, and molecular biology have all been 
employed to identify the causes of disease.

Human genetics, and now molecular genetics, is largely concerned with identifying the 
genes that cause human diseases, understanding their normal function, and how they contribute 
to human conditions. Recent advances in human genetics have allowed a detailed understanding 
of the molecular basis of much of human diseases, permitting more accurate diagnoses, preven-
tion through genetic screening and counseling, and in certain cases, therapy. Also, genomic tech-
nologies have allowed the characterization of disease states and the development of biomarkers 
of disease and targeted therapies. In the case of infectious diseases, host factors controlling infec-
tion and disease progression and outcome are being revealed along with molecular techniques 
to detect and type specific pathogens. In the case of cancer, molecular methods allow the char-
acterization of the changes in DNA sequence, rearrangement and copy number, and epigenetic 
alterations in tumors to aid in cancer therapy. Also, the expression state of the tumor can assist 
in determining the prognosis of the disease, as well as therapeutic options.

This colloquium lecture provides an overview of the progress made in molecular medi-
cine applying genetics and genomics to the understanding, diagnosis, and treatment of human 
disease. Specifically, the methods for identifying genes involved in human disease are described. 
Examples of 10 genes and diseases will be provided, drawing on the author’s own research. Top-
ics include examples from simple Mendelian diseases, such as cystic fibrosis, inherited cancers, 
oncogenes activated by chromosomal translocations, host genes involved in infectious disease, 
genes identified via genomewide association studies, pathogens causing cancer, and gene fami-
lies contributing to multiple diseases. For each example, historical details will be provided as 
background for readers to understand the context and process of the discoveries, technologies 
explained, and current understanding and treatment implications detailed.
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Cystic Fibrosis: From Family  
Studies to Gene Mapping, Cloning, 

Function, and Therapy

1.1 DEATH AND THE SALTy BABy

There are numerous references in folklore and medicine of the middle ages that a baby who 
“tastes salty is bewitched” [1]. Also, in 1606, the Professor of Medicine in Henares Spain de-
scribes rubbing the forehead of a child and tasting it to make this diagnosis, and indeed some 
physicians today still perform this test on a child with unexplained failure to thrive (personal 
communication). [2] However, the physiological basis of this finding and its connection to the 
most common fatal genetic disease in children of European descent, cystic fibrosis (CF), would 
not be revealed until the 1950s [The History of Cystic Fibrosis by Dr. James Littlewood OBE, 
http://www.cfmedicine.com/history/earlyyears.htm].

Today, nearly all patients who die from CF die of respiratory disease and lung infections. 
However, the key early finding was in the pancreas. The first known description of the defect of 
the pancreas in a CF child is attributed to Dr. Pauw in 1595, in the description of the autopsy 
of an 11-year-old girl (Fig. 1.1). 

The girl 8 years of age, died of an unexplained illness and “inside the pericardium, the 
heart was floating in a poisonous liquid, sea green in color. Death had been caused by the pan-
creas which was oddly swollen.” From the 1500s to the 1900s, the medical literature contains 
many cases of children dying from combinations of pancreatic destruction, vitamin deficiencies, 
bowel obstructions, and lung infections, but without a known diagnosis.

C H A P T E R  1
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1.2 Dr. DoroTHy ANDErSoN AND HEr CLINICAL  
rESEArCH Tour DE ForCE

The pediatric literature up until the late 1930s continues to contain the description of children 
with fatal diseases of the pancreas and with intestinal blockages (steatorrhoea), vitamin defi-
ciencies, and lung disease that today can are recognized as cystic fibrosis (CF). However, the 
disease, especially the gastrointestinal symptoms, were confused with what we today call celiac 
disease, an inflammatory disease caused by an allergy to gluten in wheat. The hero of this story 
was Dr. Dorothy Anderson (1901–1963), a Johns Hopkins–trained physician and patholo-
gist who in 1938 presented and published the first definitive description of CF. In 1938, there  
were few female physicians and such a study, challenging the medical wisdom at the time, was  
an amazing accomplishment. Through detailed analysis and review of postmortem pathology sam-
ples of the pancreas in children, review of literature both in English and German, and insight 
from studies in dogs, Dr. Andersen described “cystic fibrosis of the pancreas.” The disease in-
volved the destruction of the pancreas, lack of pancreatic digestive enzymes, leading to failure to  
digest fats, insufficiency of fat-soluble vitamins and the resulting intestinal blockages, and even-
tually death [3]. She recognized the disease as likely having a recessive genetic cause, a fact that 
she and others would document definitively in 1946 [4]. Dr. Andersen continued to study and 
care for CF patients and to make major contributions to the understanding of this disease up 
until her untimely death due to lung cancer at the age of 62 years in 1963 (Fig. 1.2) [5–8].

FIGurE 1.1: Pieter Pauw performing an autopsy in the Anatomical Theatre in Leiden. From The Paradox 
of the Pancreas. Modlin IM, Kidd M (Eds). 2003:280. With the authors’ permission.
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1.3 A HoT SwEATy DAy IN NEw  yorK

Up until the early 1950s, there was no way to diagnose CF. Because of the very diverse symp-
toms a CF child can have, including vitamin deficiency, failure to gain weight, respiratory prob-
lems and digestive problems, the disease can be confused with other childhood illnesses. The  
key breakthrough came in 1948 when a 35-year-old physician, Dr. Paul di Sant’Agnese (1914–
2005) noticed extreme heat prostration in some of his CF patients during a summer heat wave. 
This finding led him, with Drs. Andersen and Kessler, to document abnormally high levels of 
sodium and chloride in the sweat of CF patients. By carefully collecting measured volumes of 
sweat and determining the amount of chloride and sodium in the sweat, they documented a 
dramatically higher level in the CF patients [9–11]. Importantly, there are few other conditions  

FIGurE 1.2: Photograph of Dr. Dorothy Andersen, the pathologist who first described the disease cystic 
fibrosis (http://en.wikipedia.org/wiki/Dorothy_Hansine_Andersen). Image in the public domain.

http://en.wikipedia.org/wiki/Dorothy_Hansine_Andersen
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that give rise to high levels of sweat chloride, and the parents, who are carriers for the reces-
sive disease, have normal levels. This finding led to a diagnostic test that could be applied to 
any child suspected of having the disease, and to siblings of CF patients that did not yet have 
symptoms [12]. This test is still used today and, other than a DNA-based test for gene muta-
tions, remains the definitive diagnostic assay for the disease.

1.4 A CySTIC FIBroSIS PATIENT/SCIENTIST IDENTIFIES  
THE BIoLoGICAL ProBLEM

It is rare in science that a patient finds the cause of his own disease, and especially surprising in 
the case of CF, a disease that was usually fatal in childhood. However, in 1983, Dr. Paul Quin-
ton demonstrated that sweat ducts from CF patients were unable to reabsorb chloride and that 
this is the basis for the accumulation of chloride in the sweat. By the painstaking study of sweat 

FIGurE 1.3: Diagram of a sweat duct and the chloride ion absorption defect in cystic fibrosis. Figure from 
[255]. Used with permission of  John Wiley & Sons.
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ducts dissected from CF patients, he demonstrated that the ducts were defective in reabsorbing 
chloride ions from the sweat [13, 14]. (Figure 1.3)

Even though CF had been shown to be a genetically inherited disease, the mutant protein 
and gene were still unknown. This critical finding became the first clear dysfunction of cells 
from CF patients and led to considerable research to use the sweat duct as a model to find the 
aberrant protein to allow a better diagnosis and for therapies to be developed. Progress was also 
being made in studying the defect in the lung, and a group from the University of North Caro-
lina described abnormal electrolyte differences in the epithelial cells of the lung of patients [15]. 
However, since neither the sweat duct or lung cells could be cultured, there was no animal model 
to do experiments on, and so research moved slowly using donated tissues from living patients.

1.5 rFLPs AND THE rACE To LoCATE THE GENE

Although many groups were studying cells from CF patients to identify the defective protein, 
there were few cell systems or solid clues to work on. So other scientists sought an approach 
directly to the gene. The molecular basis for sickle cell anemia and many metabolic diseases 
was worked out through identification of the defective protein or enzyme, and subsequently, 
the gene. However, in the 1980s, there was another approach emerging, that is, the use of hu-
man genetics to directly locate, and clone, a disease gene [RFLPs http://www.bio.davidson 
.edu/courses/genomics/method/RFLP.html]. 

In 1980, David Botstein, Ray White, Mark Skolnick, and Ron Davis described an ap-
proach to make genetic maps of human chromosomes using restriction fragment length 
polymorphisms (RFLPs), which are DNA-based genetic markers [16]. Researchers built ru-
dimentary maps of all the human chromosomes with protein and enzyme markers [17, 18] and  
RFLPs were used to diagnose disease alleles in globin genes [19]. However, with the cloning of 
libraries of human DNA fragments and the hybridization of probes from specific loci to human 
DNA (Southern blots) [20–22], in principle, hundreds of such markers could be found across 
all of the chromosomes. Using these new RFLP markers, investigators built detailed genetic 
maps, and genetic disease genes were localized: the stage was set for the dawn of human mo-
lecular genetics.

Dr. White established a laboratory at the University of Utah and began collecting samples 
from 3-generation families to make maps of human chromosomes. His group was also assem-
bling large families with specific genetic diseases, such as CF. The power of the new approach 
was confirmed when Gusella et al [23] published results on a genetic marker on chromosome 4 

http://www.bio.davidson.edu/courses/genomics/method/RFLP.html
http://www.bio.davidson.edu/courses/genomics/method/RFLP.html
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linked to Huntington’s disease, a complex neurodegenerative disorder of unknown cause. This 
work proved that a disease gene could be localized by genetic markers without any knowledge 
of the function of the gene. However, proceeding from locating the gene to identifying the gene 
remained to be accomplished.

1.6 A CANCEr GENE ProVIDES A BrEAKTHrouGH

Many people in the general public are puzzled by why a scientist at a cancer research facility 
might study bacteria or yeast or an obscure mutant mouse. However, often, breakthroughs in 
science and medicine happen in unexpected ways. Dr. George Vande Woude’s laboratory at the  
National Cancer Institute was studying a cancer gene called Met, and their collaborators lo-
cated the gene to chromosome 7q31, a region deleted in some cancers [24, 25]. The team also 
identified RFLPs in Met  to be used in cancer studies, in collaboration with Ray White (Fig. 1.4).

FIGurE 1.4: An example of a restriction fragment length polymorphism (RFLP). A restriction enzyme gener-
ates fragments of different size, and if there are two alleles, there are three possible genotypes (AA, aa, Aa). If 
both parents are heterozygous (Aa) the inheritance of their alleles can be followed in their children. In the exam-
ple, the a allele is associated with a recessive disease, and the affected individual (filled symbol) is aa. A heterozy-
gous, carrier sibling (half-filled symbol) is Aa, and a non-carrier sibling is AA. Image in the public domain. From 
https://en.wikipedia.org/wiki/Restriction_fragment_length_polymorphism#/media/File:RFLP_genotyping.gif

https://en.wikipedia.org/wiki/Restriction_fragment_length_polymorphism#/media/File:RFLP_genotyping.gif
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Meanwhile, several international teams had collected DNA samples from people in CF 
pedigrees and began to search for the gene by genetic linkage analysis. In 1985, research moved 
rapidly to find the CF gene. Mohrs and Eiberg [26] described a protein marker, paraoxonase 
(PON), linked to cystic fibrosis; Tsui et al [27] described a DNA/RFLP marker linked to CF 
and PON, but did not reveal the location of the gene. When word leaked out that PON and 
the RFLP marker were on chromosome 7, White’s laboratory tested all available markers on the 
chromosome, including those in Met. They demonstrated that the Met gene was very close to  
the CF gene, providing the definitive location of the gene (Fig. 1.5) [28]. A British team simulta-
neously provided confirmation of this location with another marker, pJ3.11 [29], and the mark-
ers were later shown to flank the CF gene [30, 31]. From a location of potentially anywhere on 
the 22 autosomes, consisting of 3 billion basepairs of territory, the location of the CF gene was 
pinpointed to a mere 1 to 2 million basepair region on the long arm of chromosome 7 (Fig. 1.6). 

FIGurE 1.5: RFLP in the Met gene linked to cystic fibrosis. The RFLP generates two fragments, one of 
16 kb and the other of 8 kb. The mother is homozygous for the 8-kb allele and therefore is uninformative for 
this marker. The father is heterozygous, and all three affected individuals inherit his 16-kb allele. From Dean 
et al. [24]. Reprinted with permission of Macmillan Publishers Ltd.
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1.7 THE rACE To CLoNE THE GENE

Although the location of the CF had been narrowed to a relatively small region of 1 to 2 million  
basepairs of 3 billion in the genome, it would be four long years of work from several interna-
tional teams to identify the gene and mutations. All available technologies were thrown at the 
problem. Chromosome jumping was a strategy to move along the chromosome in a specific 
direction, and many such jumps were taken from both Met and pJ3.11 (D7S8) [33–36]. 
Pulsed-field gels [37, 38] provided a way to make restriction maps of the entire region [39] 
[40, 41]. Estivill et al. [42] described a CpG-rich region, indicative of a gene promoter, in be-
tween Met and D7S8, and provided further evidence that the majority of mutant alleles were 
on the same genetic background. 

FIGurE 1.6: Map of the chromosome 7 locus and localization of the CF gene. The map shows the location 
of CF between MET and D7S8. The distances indicate that CF is 1.3 centimorgans from MET and 0.9 centi-
morgans from D7S8. From Lathrop et al [32]. Reprinted with permission of Elsevier.
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The new genetic markers allowed for the genetic diagnosis and prenatal diagnosis of the 
disease [43–46]. By analyzing DNA from the fetus by culture of amniotic cells or isolation of 
a sample of the chorion, it could be determined whether an unborn child inherited the disease 
alleles from the parents, and provide a diagnosis of the fetus (Fig. 1.7) [46]. 

1.8 CLoNING THE GENE

In 1989, the cystic fibrosis gene was at last discovered and found to be a large transmembrane 
protein and named the cystic fibrosis transmembrane regulator (CFTR) (Fig. 1.8) [47–49]. CFTR 
is a member of a superfamily of transport proteins that bind ATP as a part of their function, the 
ATP-binding cassette (ABC) proteins [50]. The key finding, confirming that this was indeed 
the correct gene, was the identification of a mutation present on 70% of CF chromosomes [48]. 
The mutation is a deletion of 3 bp, deleting 1 amino acid, phenylalanine 508 (∆F508), in one 
of the ATP-binding domains of the 1500 amino acid protein. The cloning of the gene permit-
ted the protein to be expressed in cells [51] and enabled determination of the function. It was 
established that indeed, CFTR is a chloride channel regulated by cAMP [52]. This research also 
established that the ∆F508 mutation produces a protein expressed within the cell, but is trapped 
in the endoplasmic reticulum [53]. 

FIGurE 1.7: Pulsed-field electrophoresis map of the CF locus. Using rare cutting restriction enzymes  
(A, NaeI; B, BssHII; F, SfiI; M, MluI; R, NruI and N, NotI), a physical map was constructed of the region be-
tween MET and D7S8 (3.11). From Drumm et al. [39]. Reprinted with permission of Elsevier.
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The second mutation described in the CFtR gene was of a very different nature, a 2-bp 
deletion found in only a single family [54]. This mutation causes a frameshift mutation and 
foreshadowed the finding that there would be many CFtR mutations [55–57], and to date, 
there are over 2000 that have been described [http://www.genet.sickkids.on.ca/cftr/app].

Nearly all patients homozygous for the ∆F508 mutation (∆F508/∆F508) have the most 
severe form of the disease, with insufficient production of digestive enzymes from the pancreas 
(pancreatic insufficient, PI) and in total about 80% of CF patients are PI [48, 58]. Several very 
interesting mutations were described that are found in patients with much milder pancreatic  
sufficient (PS) disease [59]. These mutations were found in some individuals not diagnosed  
until their second or third decade of life. Also, in particular, the R117H and R347P alleles were 
subsequently found to encode proteins with a partial function, helping to explain their mild 
phenotype (Fig. 1.9). By contrast, over 70% of CFTR mutations encode proteins that fail to be 
properly processed and expressed on the cell surface [53].

FIGurE 1.8: Model of the CFTR protein. The transmembrane domains are shown as tubes traversing the 
membrane, and the nucleotide binding folds (NBF) as soluble spheres. The regulatory (R) domain is also 
displayed. From Tsui et al. [27]. Reprinted with permission of AAAS.

http://www.genet.sickkids.on.ca/cftr/app

