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Abstract: Genetics is an essential subject to be mastered by health professional students of
all types. However, technological advances in genomics and recent pedagogical research have
changed the way in which many medical training programs teach genetics to their students. These
advances favor a more experience-based education focused primarily on developing student’s
critical thinking skills. In this review, we examine the current state of genetics education at both
the preclinical and clinical levels and the ways in which medical and pedagogical research have
guided reforms to current and emerging teaching practices in genetics. We discover exciting
trends taking place in which genetics is integrated with other scientific disciplines both horizon-
tally and vertically across medical curricula to emphasize training in scientific critical thinking
skills among students via the evaluation of clinical evidence and consultation of online databases.
These trends will produce future health professionals with the skills and confidence necessary
to embrace the new tools of medical practice that have emerged from scientific advances in
genetics, genomics, and bioinformatics.

Keywords: genetics education, medical genetics, pedagogical practice, active learning, problem-
based learning

Introduction

DNA encodes the blueprint for life and affects susceptibility to countless diseases,
making genetics a foundational subject for all health professions. The interdisci-
plinary nature of modern molecular biology and the demands of medical entrance
examinations like the Medical College Admission Test (MCAT) ensure that genetics
will remain a foundational topic for all students aspiring for medical careers. Despite
changing trends in required preclinical and clinical program course prerequisites,
genetics remains a central and growing requirement for the medical disciplines. Until
recently, clinical applications of genetics have been primarily limited to understand the
underlying causes of rare diseases inherited in a Mendelian fashion.' The staggering
pace of scientific and technological developments in the last 2 decades, however, has
changed the face of what a thorough training regimen in genetics should look like for
health professionals.>? In 1990, less than 2% of the estimated 7,000 known Mendelian-
based human disorders had a well-understood molecular basis. By 2011, this number
had skyrocketed to 40%, a jump that is attributable to knowledge gained through the
genomics revolution that is rapidly redefining the standard of knowledge necessary for
a well-prepared medical professional.*> With this increased understanding of human
genetics and genomics has also come an improved appreciation of the complex inter-
relationships between genetic and environmental factors that complicate the diagnosis
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of genetic diseases. The inheritance patterns of the majority
of heritable diseases cannot be explained by a simple Men-
delian model.® Environmental variables, including microbial
infection, environmental toxins, and lifestyle choices are all
known to impact expressed phenotypes.

Thanks largely to technological advances stemming from
the Human Genome Project and the bioinformatics revolution
in molecular biology research, a health professional may now
follow-up his or her examination of patient family histories with
screens for DNA, RNA, and protein markers. However, there
remain limitations to current genetic risk prediction models
due to gaps in basic understanding of the interactions between
components of the genome.” Also, while there are now online
databases and options to obtain personalized genomic infor-
mation available to both medical professionals and the general
public, such resources are only useful if the user has a solid
working understanding of modern genetics and genomics.

Taken together, today’s medical professionals have access
to a vast array and ever-increasing amount of resources com-
pared with their predecessors for the diagnosis and treatment
of their patients based on genetic information. However,
have these medical professionals received the necessary
training in basic and applied genetics to avail themselves of
these resources and use them in a way that best serves their
patients? Can they rapidly and efficiently decide what genetic
tests are necessary in a given situation? Can they competently
use the array of online resources available to them to assist
in their efforts? Can they combine Mendelian and molecular
information to make an accurate diagnosis and assess discase
risk? Can they explain the results of these tests to the patient
in a way that is accessible, respectful, and ethical? Can they
prescribe and dose treatments that are both medically effective
and financially cost-efficient for a particular patient? Built
into these questions is the need to have a health care system
with clearly defined roles for all health care providers such
that primary care physicians are knowledgeable about when
and how to coordinate with medical specialists, pharmacists,
genetic counselors, and researchers.

As of 2013, approximately 50% of available medical
genetics residencies remained vacant, a statistic that is sober-
ing given the increasing need for medical professionals who
can bring new genetic technologies into common practice.®
Also, surveys of 3rd and 4th year American and Canadian
medical students suggest that only 26% are learning genet-
ics as a part of their formal clinical training while over 50%
lack basic competencies related to applying genetic tools
to prospective patient care. Of academic family physicians,
54% felt that they were not knowledgeable about available
genetic tests.” Additional competency deficiencies include an

understanding of when to recommend a patient to a genetic
counselor, an awareness of online genetics resources like the
United States National Institutes of Health’s “Online Men-
delian Inheritance in Man” (OMIM), and the appropriate
situations in which to refer patients to genetics specialists.!®!!
While genetics education has not been neglected in medi-
cal training per se, recent work in both the biological and
pedagogical arenas argues for the use of a more proactive
and evidence-based approach based on evaluating clinical
evidence and consulting online resources as opposed to simply
memorizing content. A challenge facing medical education
programs at all levels is to consider these developments and
to reflect on the effectiveness of their curriculum in utilizing
these best practices for the teaching of genetics as well as other
principles of molecular biology. A medical genetics education
focused on developing scientific critical thinking skills in
health care professionals has the potential not only to increase
the number of specialists available to the medical community
for genetics-related fields but also to increase the overall pro-
ficiency level of all medical professionals in utilizing the vast
informational resources available in today’s rapidly evolving
medical landscape.®'> As genomic data become more readily
available to medical professionals, it becomes essential that
not only specialists but also primary care providers be con-
versant in how to use modern genetics and genomics tools to
make treatment decisions for their patients.

A proactive approach to develop a medical community
equipped with knowledge of the best practices in modern
genetics and genomics should be built on a solid foundation
in the basic principles of these fields in a student’s under-
graduate and preclinical years supplemented with exposure
to the evidence-based practices commonly used across
medical curricula in professional schools."* This foundation
prepares the trainee for a clinical education that exposes them
to the technologies and applications of modern genetic and
genomic medicine so that they may proficiently implement
these resources in their future practices. Here, we review the
latest approaches being taken in medical genetics education
to highlight how medical professionals are being equipped
to bring the fruits of the modern genetics and genomics
revolution to their future patients.

What educational practices will best
help future medical professionals to
understand and embrace modern

genetics and genomics?
There are a number of different approaches to integrate the
fundamentals of genetics into the training of future medical
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professionals. For instance, a student could be asked to take
one or more dedicated courses that provide a concentrated
view of the principles of genetics and genomics. This
approach is effective at delivering the foundational content
necessary for understanding modern genomics technologies
but may not provide the sustained exposure to these concepts
that would engender confidence in applying this knowledge
to medical practice. Alternatively, genetics concepts can
be integrated longitudinally over several different levels of
a medical curriculum. This approach frees up the student
to take additional specialized coursework and provides a
steady exposure to genetics that instills and sustains con-
fidence in working with modern genomic tools. However,
strong coordination and organization among the faculty of
a medical program is necessary to ensure that students are
exposed to all necessary genetics and genomics concepts
over time and that students will be adequately prepared to
move on to additional training opportunities at the next level
of their careers. Ultimately, striking a balance between these
approaches affords the student the best opportunity to receive
both breadth and depth to their medical genetics educations
and to receive both the knowledge and the confidence neces-
sary to be prepared to embrace modern genetics and genomics
in future medical practice.

General pedagogical standards for medical students are
largely based on the notion of competency-based education,
or an education that focuses on providing students with the
knowledge, skills, and attitudes needed to best serve their
patients.'*!S In 2009, the American Association of Medical
Colleges (AAMC) and the Howard Hughes Medical Institute
(HHMI) issued a report entitled “Scientific Foundations
for Future Physicians” that outlined competencies rather
than a specific slate of courses students need for a career
in medicine. This report emphasized the importance of
combining a strong foundation in basic sciences content
with the critical thinking skills necessary to integrate new
scientific discoveries into medical practice.'® In this same
spirit at the residency level, the Accreditation Council for
Graduate Medical Education (ACGME) and American
Board of Medical Specialists (ABMS) emphasize six broad
competencies for residency training in the USA, including
medical knowledge, patient care, interpersonal and commu-
nications skills, practice-based learning and improvement,
professionalism, and systems-based practice (Table 1)."” In
2013, these ACGME/ABMS broad competencies were used
by the Association of Professors of Human and Medical
Genetics (APHMG) to specifically apply the AAMC-HHMI
standards to medical genetics education as well as to update
their recommended genetics and genomics competencies

Table | ACGME (Accreditation Council for Graduate Medical
Education) competencies related to genetics

I. Medical knowledge

Understand foundational concepts of genome organization, inheritance,
population genetics, and how these principles impact the diagnosis and
treatment of cancer and metabolic disorders

Il. Patient care

Gather family history and describe indications for genetic referral for
diagnosis, testing, treatment, and counseling

I1l. Interpersonal and communication skills

Apply knowledge of genetic principles to effectively communicate with
patients and professionals regarding genetic information

IV. Practice-based learning and improvement

Recognize the strengths and deficiencies in one’s own knowledge

of medical genetics/genomics, and demonstrate strategies for self-
improvement and lifelong learning

V. Professionalism

Demonstrate respect, compassion, accountability, and integrity when
interacting with and communicating genetic information to patients and
peers

VI. Systems-based practice

Explain the ethical, legal, and social implications of genetic information,
and its impact on public policy

Note: Data modified from Hyland et al.'®

(Table 2)." The resulting APHMG core curriculum embraces
competency-based education by focusing on developing
basic and applied empirical skills in genetics for the medical
student as opposed to the memorization of a specific con-
stellation of symptoms associated with particular genetic

Table 2 APHMG (Association of Professors of Human and
Medical Genetics) Medical Knowledge Competencies

A. Genome organization/gene regulation

Apply knowledge of the human genome structure and function, including
genetic and epigenetic mechanisms, to explain how changes in gene
expression influence disease onset and severity

B. Genetic variation

Apply knowledge of genetic/genomic variation to explain variation in
normal phenotypic expression, disease phenotypes, and treatment options
C. Population genetics

Apply basic concepts of population genetics to explain why allele
frequencies vary between human ancestral populations, and to infer and
calculate disease risk

D. Inheritance

Apply the basic principles of single-gene and multifactorial inheritance
to construct a pedigree, interpret a family history, estimate disease risk,
and explain phenotypic variation

E. Cytogenetics and molecular genetics

Apply knowledge of cytogenetics and molecular genetics to describe the
principles, uses, and limitations of genetic testing technologies

F. Biomedical genetics

Apply knowledge of biochemical pathways and genetic principles to
describe, diagnose, and treat metabolic disorders

G. Cancer genetics

Apply knowledge of genetics/genomics to the development, diagnosis,
and treatment of cancer

Note: Data modified from Hyland et al.'®
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diseases. The APHMG curriculum also emphasizes making
appropriate decisions on ordering particular molecular tests
for patients, understanding how to use bioinformatics tools as
part of diagnosis and treatment decisions, managing patient
symptoms, and making appropriate referrals to specialists.
Underpinning the APHMG curriculum is the need to apply
ethics and professionalism to all dealings with patients.
Taken together, these professional society recommenda-
tions suggest a training regimen for future medical profes-
sionals emphasizing the development of scientific reasoning
skills and the ability to competently utilize the informatics
tools of the genomics revolution. These recommendations
emphasize the ability of health care professionals to critically
think and work through medical problems like a scientist as
essential to sustain a competent medical workforce. Thus,
a modern and thorough education in genetics for the future
medical professional must from its root emphasize scientific
reasoning and problem solving as its cornerstone.

Engagement in authentic research
to develop practice-based learning

skills in preclinical students
The training of a medical professional workforce well-versed
in the staggering scientific advances in genetics and genom-
ics of recent years requires physicians to be reflective and
to retain a research mindset in order to fully understand
how their medical care decisions are impacting the health
of their patients. At the preprofessional level, reports like
the American Association for the Advancement of Science’s
“Vision and Change”!® have driven pedagogical move-
ments in which students engage in actual scientific practice
through long-term research opportunities in the classroom.?
The recommendations of “Vision and Change” call for an
extension of the essence of evidence-based medical training
into undergraduate education. In support of this idea as it
applies to medical education, the authors of the previously
mentioned AAMC-HHMI report felt that increasing the
accessibility of undergraduates to “real science” represented
an outstanding way to produce a generation of medical
professionals best prepared to utilize the emerging tools of
genomic medicine.'®

In this spirit, several initiatives have developed in recent
years that take a crowdsourcing approach to engage prepro-
fessional students in the authentic research work that will
best prepare them for future medical careers.?' For instance,
HHMI has supported the development of the Science Edu-
cation Alliance-Phage Hunters Advancing Genomics and
Evolutionary Science (SEA-PHAGES) program in which

undergraduates isolate bacteriophages from the environment
and perform molecular and bioinformatics characterizations
of their discoveries over a two-semester introductory biology
course (http://seaphages.org).” Other institutions have worked

with their academic libraries to develop course-based experi-
ences for their preclinical students that engage them with the
online databases that are becoming essential to access the full
range of available medical knowledge. In these experiences,
students work on semester-long research projects based on the
synthesis of information from these databases and preparation
of a public presentation that summarizes their research. These
practices have been shown to both increase students’ base
knowledge of genetics principles and promote confidence in
doing public presentations on database-based research.?2* In
a similar vein, the Genomics Education Partnership utilizes
the study of Drosophila genome evolution to give under-
graduates an experience in authentic bioinformatics-based
research that can be adjusted to the time commitment and
course level needs of instructors at all types of undergradu-
ate institutions. This project provides a thorough exposure to
the informatics concepts that underlie modern applications
of genomics to making patient diagnoses as well as the
chance for the student to develop empirical reasoning through
engagement in authentic scientific questions.? In all of these
cases, students have emerged from these programs with more
confidence in their abilities to think and act as scientists, an
improved ability to utilize online tools to solve scientific
problems, and a more solid understanding of the founda-
tions of genetics and genomics.”>* It is important to note
that these examples do not directly engage undergraduates in
clinical questions and are not meant to suggest that traditional
didactic classroom experiences serve no purpose.”® Never-
theless, they succeed in providing course-based research
opportunities that expose students to critical thinking situa-
tions that have become increasingly important for adequate
preparation for medical careers.

The preprofessional foundation established by a research-
based active learning approach to instruction should not
be abandoned once a student reaches professional school.
Many medical students currently participate in research
experiences, usually as electives, and many of these projects
are focused on research questions related to molecular
medicine.?” At other institutions, the focus is on combining
the strengths of biomedical graduate programs and clinical
programs to produce medical professionals that have received
significant opportunities to engage in research during their
training.?® Furthermore, the drive toward precision medicine,
where prevention and treatment decisions require integrating
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individual variations in genetic, phenotypic, and psychosocial
characteristics, is currently on the horizon and will require
clinical research to inform best practices and clinicians that
can competently engage in information management.”

Applying a molecular, evidence-
based approach to integrate

genetics across medical curricula

A foundational training in genetics at the preclinical level
reflective of current research progress in molecular biology
emphasizes the molecular foundations of inheritance and
takes an interdisciplinary systems biology approach to illus-
trate the diverse set of parameters that dictate an individual’s
expression of phenotype. Many argue that it is at this level
where genetics education needs to begin as opposed to the
classic approach of simple dominant and recessive Mende-
lian traits and Punnett squares.? A genetics-based education
based primarily on Mendelian principles does the modern
medical student a disservice as it does not acknowledge
the complexities of human genetics and inheritance that
current research has revealed. As the scientific community
continues to expand its knowledge of genomics, protein
expression, and ultimately human health, it is critical to
use contemporary models based on the latest scientific
advances to provide this fundamental knowledge to students
in the medical professions. A genetics education based on
molecular understandings of genotype and phenotype thus
best equips the modern medical professional to accommodate
new molecular biology-based diagnostic and treatments into
their practices.

Problem-based learning cases, a foundation of the cur-
riculum in many medical schools, are a perfect venue for
the integration of modern genetics principles across the
foundational disciplines of medicine. In this spirit, a case-
study approach is a solid way to provide students at all
levels of their medical education with perspective on how
the complexities of human genetics reveal themselves in
real-life situations. Given the need for enhanced training in
bioinformatics and online medical genetics resources among
future medical professionals, it is encouraging to note that
case-based modules in bioinformatics are being introduced in
both preclinical and clinical training programs.* For instance,
cancer biology case studies provide an excellent venue for
teaching students about critical concepts like the acquisition
of somatic mutations during the cell cycle and how these
mutations contribute to cancer progression.®3! Organizations
like the National Center for Case Study Teaching in Science
(http://sciencecases.lib.buffalo.edu/cs/) and MedEdPortal

(https://www.mededportal.org/) have established themselves

as clearinghouses for case studies that can be used to provide
an engaging and evidence-based way to teach genetics to
future medical professionals. Also, instructors can pair
with medical professionals or adopt patient cases from the
medical literature to develop new cases most appropriate to a
specific classroom. The case study approach can give students
practice in creating pedigrees and estimating patient risk as
well as the opportunity to discuss the scientific and ethical
complexities of genetic counseling and screening.’*** The
success of a problem-based curriculum depends on having
a significant number of well-trained facilitators and some
schools have found it necessary to use computer-based
tutorials or introductory sessions prior to the problem-based
learning sessions.* Regardless, the use of case studies has
been shown to improve both fundamental understanding of
genetics principles and student confidence in using genetics
and genomics tools in future medical practice.’>*

Techniques to implement a
hands-on evidence-based genetics

curriculum

Evidence-based case study techniques can be applied in a
laboratory setting in medical curricula to make the genomic
screening of patients and the advent of precision medicine
more accessible and realistic to medical students. Case-based
virtual laboratories, for instance, have been used with suc-
cess among 1st-year medical students to illustrate the full
range of common and rare issues that can arise with respect
to applying genetics in a clinical setting, including selection
of diagnostic tests and effectively communicating results to
patients.> Cancer biology once again provides a powerful
venue in which to introduce the complexities of genom-
ics with respect to ultimate expression of phenotype. The
use of cancer-related case studies and virtual diagnostic
laboratories allows medical students across the full gamut
of professions to fully grapple with the strengths and limita-
tions of genomic tests and how the final phenotype presented
by a patient represents a complex interplay of mutation and
environment.*%3’

The simple use of concept maps and models in genetics
classrooms at all levels is a powerful method to convey and
reinforce the fundamentals of genetics and genomics needed
for success in today’s medical fields. For instance, a basic
understanding of gene expression as expressed by the “Central
Dogma” of molecular biology is a critical concept for medical
students to master so that they may understand how a genotype
is converted into a phenotype and, by extension, how defects

Advances in Medical Education and Practice 2015:6

submit your manuscript

601

Dove


www.dovepress.com
www.dovepress.com
www.dovepress.com
http://sciencecases.lib.buffalo.edu/cs/
https://www.mededportal.org/

Wolyniak et al

Dove

in this process can lead to identifiable patient symptoms. An
excellent way for students to gain an improved understanding
of these concepts is through creating representations of gene
expression and “Central Dogma” scenarios either in class or as
out-of-class projects. These representations can help students
to illustrate the relationship between allelic genotypes and
expressed phenotype and can then be applied to disease states
(see Figure 1 for an example of such a class activity).

With this framework in mind, curricula can be developed
to provide students with practice in predicting the conse-
quence of a given genetic mutation on protein expression.*
Students often perceive mutations in genes as rare events
triggered by external mutagens, but given the high number
of cell divisions stem cells undergo it is a virtual certainty
that a baseline level of genetic variation will be generated
during normal replication processes and that the number of
divisions correlates with cancer risk.*® Mutations that have
a significant effect on phenotype are those that dramatically

A

Expression from both alleles
eg, blood type

e O

> RNA - Protein - Cellular
genotype phenotype
Expression from single allele
eg, X-inactivation
M
Hﬁ | 0 )
DNA - RNA - Protein - Cellular
phenotype

genotype

Example student exercise
fill in the model for normal CFTR and mutant delta F508

CFTR - RNA - Protein - :e”ular

genotype phenotype

CFTR - RNA - Protein - Cellular - Fr’:tif’:q
delta F508 phenotype symptoms

Figure | Sample exercise for teaching basic principles in gene expression.

Notes: In (A and B), the principles of the “Central Dogma” of molecular biology
are illustrated in which DNA is transcribed into RNA and subsequently translated
into protein. The amount of protein produced as well as the subsequent protein
amino-acid sequence impacts both cellular phenotype and disease susceptibility.
(A) In some cases, the allele from each parent is expressed. In specific cases like
blood typing, codominance occurs in which each of the alleles expresses distinct
functions. (B) In other cases, only a single allele is expressed due to regulatory
elements in the DNA sequence, regulatory RNAs, or epigenetic changes including
methylation (M). Mosaicism occurs during X-inactivation with different alleles being
silenced in the same individual. (C) As an exercise, students are provided a DNA
genotype including mutant alleles (eg, CFTR delta F508) and are asked to complete
the diagram for wild type and mutant.

alter the level of the protein product or the ability of the
protein to function.’! As a means of conveying these ideas
to students, cystic fibrosis provides a classic example of
how one of thousands of potential single base pair changes
at the DNA level can result in a defect in the cystic fibrosis
transmembrane conductance regulator (CFTR) protein prod-
uct. Knowing which type of mutation a patient has can be
determined using online genetics resources (http://omim.org/
entry/602421) and is important to establish before prescribing
an appropriate treatment. If a patient has a nonsense mutation
resulting in a truncated CFTR protein, then it may be possible
to treat the disease with a drug called PTC124/Translarna that
makes the ribosome less sensitive to stop codons.** However,
other mutations in distinct locations across the CFTR protein
can lead to problems in the lung, sweat glands, and pancreas
that would not be treatable by PTC124/Translarna.*’ Thus,
the use of a contextual example such as CFTR can reveal
to medical students the great variety of phenotypes that can
emerge from different changes affecting a single gene, how
one gene can affect different human systems in profoundly
different ways, the importance of understanding how to
identify particular mutations present in a given gene and
where to find more information about what is known about
a given mutation, and how particular treatment options will
be effective only against diseases deriving from specific
mutations in a given gene.

The rapid scientific and technological advances that are
constantly occurring in genetics and genomics means that the
list of what constitutes a solid foundational understanding of
genetics for medical professionals will always be a moving
target. The interdisciplinary nature of modern science also
makes the field of genetics difficult to define with respect
to molecular biology, microbiology, and other related dis-
ciplines. The use of medical contexts in the teaching of
modern genetics and genomics concepts, however, provides
a framework for students to link basic scientific research to
clinical advances and to appreciate the power of the genomics
revolution.*! The concepts represented in modern genetics
and genomics often blur the traditional lines between life
science subdisciplines and provide the opportunity for hori-
zontal integration of these concepts across the curriculum,
particularly in a system-based curriculum. For instance,
research has shown that the competencies of a modern genet-
ics and genomics curriculum for medical professionals can be
effectively taught in a primarily microbiology background.*
Many metabolic diseases have an important biochemical
component, providing another disciplinary context in which
to introduce genetics fundamentals. In this spirit, fundamental
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concepts in genetics and genomics may be added across an
integrated medical curriculum as a demonstration of the
interdisciplinary nature of modern scientific practices.

Fundamental concepts of genetics
to emphasize in a medical

curriculum

Though developing a consensus list of the key concepts in
medical genetics may be impossible, there are certain key
points that are indispensible and that can be effectively taught
using evidence-based methodologies (Table 2 for the broad
genetics competencies recommended by the APHMG). An
example of this is the origin of the genotype, which is cre-
ated during reproduction and relies on meiosis to reassort
parental chromosomes. This is one of the areas in which
students often enter professional school with significant
misconceptions and a number of different strategies incor-
porating active modeling have been developed for teaching
chromosome assortment during meiosis.* It is critical that
students develop a sense for how this process leads to the
reassortment of alleles, how this processes is integrated
into the cell cycle, and how nondisjunction can result in the
development of trisomies such as Down Syndrome. Virtual
laboratories are available that require students to consider
abnormal karyotypes using the Denver classification, defined
as the classification of human chromosomes based on size
and centromere position.* These laboratories can give medi-
cal students the opportunity to illustrate genetic phenomena
for themselves as a key step toward their mastery of the
material at hand.

Another key concept based on a more modern understand-
ing of genetics and genomics is how phenotype is influenced
by a combination of genetic, epigenetic, and environmental
factors that can be hard to collectively predict and interpret.
The sequencing of the human genome has created a map
over which one can overlay approximately 21,000 genes
based on evolutionary homology.* This represents a figure
significantly smaller than was originally predicted, and sub-
sequent research has revealed that a substantial amount of
our DNA is transcribed as noncoding RNA. Several research
groups have invested their recent efforts in understanding the
structure of the genome in terms of how epigenetic regula-
tion through DNA chemical modifications like methylation
occurs. These epigenetic regulations greatly complicate
traditional Mendelian understandings of how genotype and
phenotype are related and how DNA sequence may accurately
predict susceptibility to a given disease. For instance, some
epigenetic markers are transmitted through generations and

accumulate over the course of a lifetime, which means that
environmental conditions that occurred during a patient’s
great grandfather’s lifetime may impact their own health.
Epigenetic silencing also results in different chromosomes
being shut off in different cell types, creating a mosaicism
best illustrated by random X-inactivation in females. Col-
lectively, these genomic complexities make the jobs of
medical geneticists quite complex and call into the ques-
tion the traditional usage of basic Mendelian terms such as
“recessive” and “dominant” when making diagnoses.*’ As
in the CFTR example described before, an evidence-based
approach in which case studies illustrate how these genomic
and epigenetic phenomena occur in patients provides a good
opportunity for students to carefully consider how to best
gather information, diagnose, and treat individual patients by
combining a patient’s symptoms and expression profile.

As genomics becomes more integrated into mainstream
medicine and genomic sequencing becomes more universally
accessible, the notion of pharmacogenomics, or the devel-
opment of drug regimens specifically tailored to individual
patients, has increasingly become a reality. While medical
science has long appreciated the wide range of side effects
from pharmacological treatments that can be exhibited
between different patients, genomics has provided the means
to better predict these side effects through screening patients
for specific markers in the genome. Such information has
already been essential in providing safe and effective range
of drug treatments for a variety of cancers and cardiovascular
diseases.*®** The importance of ethnicity in prescribing safe
and effective drug treatments has also been revealed by the
genomics revolution, as specific ethnic groups carry genetic
mutations that make them either more or less susceptible to
the positive effects of a given treatment as well as potential
deleterious side effects.*® Thus, an appreciation of genomics
fundamentals will prepare future medical professionals for
gene-based drug dosing, a direct and exciting application of
the genomics revolution.

Enabling medical students to apply
modern genetics and genomics
knowledge to successful medical
practice

A commonly cited problem among new medical students is
a lack of confidence in their abilities to work with genomic
databases and other tools of molecular genetics that are
increasingly prevalent in medical practice.*>*! As seen in
Table 3, a diverse array of genetics and genomics databases
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Table 3 Examples of online resources for teaching genetics

Tools for collecting medical history
American Medical Association
http://www.ama-assn.org/ama/pub/physician-resources/medical-science/

genetics-molecular-medicine/family-history.page

My family health portrait

US Surgeon General Department of Health and Human Services
https://familyhistory.hhs.gov/FHH/html/index.html

Genetic tests with evidence to support implementation
CDC Office of Public Health Genomics
http://www.cdc.gov/genomics/gtesting/tier.htm
Pharmacogenomics knowledge base

https://www.pharmgkb.org/

An online catalog of human genes and genetic disorders
Online Mendelian Inheritance in Man (OMIM)
http://www.omim.org/

Policy, legal, and ethical issues in genetic research
https://www.genome.gov/Issues/

are available to medical professionals for educational and
diagnostic purposes. Thus, medical schools are increasingly
adopting curricula that make an effort to vertically incorpo-
rate medical genetics and genomics at all levels. This is an
exciting development that suggests that medical programs
are taking the results of pedagogical research seriously and
are adopting best practices in teaching into their curricula. In
some cases, this has led to the development of entire genetics
academic tracks in medical schools designed both to instill
a foundational understanding of modern genetics practices
in students and to provide them with access to advanced
genetics training through elective coursework and clinical
experience.” In other situations, the use of online genetics
resources like OMIM have been integrated into the medical
school curriculum at all levels to promote increased confi-
dence among medical trainees in using databases as part of a
diagnosis.”! Overall, efforts such as these to more thoroughly
integrate molecular genetics and genomics into the medical
school curriculum may create the increased interest and
improved confidence levels among students necessary to fully
incorporate these disciplines into modern medical practice
while eliminating current deficits in the number of genetics
specialists available to the medical community.®

Communicating genetics

information to patients

A foundational knowledge of the tools of genetics and
genomics is not useful to the future medical professional if
he or she cannot communicate this information to other health
providers and patients in an effective and compassionate
manner. Several online resources are available to facilitate
medical professionals in the dissemination of medical genetic

information in language accessible to a general audience.

These include GeneReviews (http:/www.ncbi.nlm.nih.gov/
books/NBK 1116/), a service of the United States National
Center for Biotechnology Information (NCBI) that provides
a clinical perspective on the molecular basis of genetic disor-
ders accompanied by a glossary for patients. The NCBI also
provides the Genetic Testing Registry (GTR) (http:/www.
ncbi.nlm.nih.gov/gtr/), a resource that explains both the pro-

cedures behind and locations where one may seek particular
genetic tests. Finally, the Genetics Home Reference (http://
ghr.nlm.nih.gov) is a service of the United States National
Library of Medicine that explains genetic disorders and thera-
pies in general terms while also providing help in locating
genetic counselors in particular locations. Knowledge of
resources such as these is invaluable in providing medical
professionals with a means of helping patients to better
understand the difficult medical choices that they may face
with respect to their diagnoses and treatments.

In response to pedagogical research, many undergraduate
and preclinical classes have increased the amount of time
spent working in groups compared with their predecessors
to better develop both patient communication and teamwork
skills. In many cases, this has led to the use of a more active-
learning-based approach in individual classes that can then
spread throughout entire departments as more instructors see
the benefits of this style of teaching.’? Specifically, the simple
incorporation of more group-based work and presentation
opportunities alongside case study scenarios has been shown
to increase retention of key concepts in genetics, among other
subjects, for new medical students.*® In addition, role playing
in class and encounters with standardized patient simulations
increases student preparedness for facing the critical types
of encounters with patients and other personnel that are to
be expected in the clinic.>*3¢

Addressing the ethical, legal, and
social implications of genetic

information

This paper has argued for a more comprehensive focus on
genomics, molecular genetics, and their medical applications
as a vital part of a complete and modern medical education.
However, this education must also consider the many social
and ethical issues introduced by new technologies, including
patient privacy, the cost-effective use of health care resources,
and patient autonomy in the use of genomic screening.’”>
Teaching these ethical considerations will promote the
development of a medical workforce equipped not only with
the scientific ability to effectively utilize modern genetics
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and genomics techniques, but also with the understanding
of how to work with these techniques in a manner that best
supports the welfare and interests of the patient and society.
For instance, the recently emerged CRISPR-Cas9 gene
editing system can potentially be used to correct mutations
discovered in reproductive cells but also raises many of the
same ecthical issues originally brought up by gene therapy
with respect to when the use of such a system is safe and
appropriate.®® Therefore, a study of medical genetics and
genomics must embrace not only a scientific understanding of
emerging genomics and bioinformatics techniques but also a
thorough consideration of the implications such technologies
can have on patient welfare.

To engage students in ethical issues, several medical
training programs have incorporated the use of personalized
genomic testing services into their curricula as relatable
examples.®*? This approach has allowed students to better
understand the skepticism and fear that their future patients
may have with the donation of DNA for genetic testing as well
as the implications of the results.®> Such an approach has been
shown to promote a better understanding among students of
the complex interactions between genetics and the environ-
ment with respect to presentation of phenotype.® Techniques
such as the use of medical students’ own DNA for genomic
diagnostic purposes have also allowed students to more
personally consider the many ethical issues surrounding the
use of new genetics and genomics technologies.®*? In addi-
tion, classroom discussions should also include discussions
about the role of the US Food and Drug Administration in
the regulation of these technologies.*

The genomics revolution has greatly increased the amount
of patient information that can be collected and potentially
used for medical and research purposes. As such, students
must understand the legal requirements that accompany the
accumulation and dissemination of genetic information to
their patients. In the USA, the Health Insurance Portability
and Accountability Act (HIPAA) requires physicians and
researchers to protect the privacy of health information for
50 years after an individual’s death. However, future medi-
cal professionals must be trained to consider balancing this
requirement against the implications that genetic information
may have for patients and their family members.

The storage and usage of genetic information may also
be perceived quite differently by different cultural or socio-
economic communities. Medical students must understand
that different communities may have different viewpoints on
genetic information that may potentially impact participation
of a given community in patient care as well as research

initiatives.®> A “one size fits all” approach to medical care
can in many cases exclude groups that may have historical or
social traditions of mistrust toward the medical community.
As an example of developing an approach to medicine and
public health designed for a specific community, the Mayo
Clinic created the Native Cancer Information Resource
Center and Learning Exchange (Native CIRCLE) to generate
culturally appropriate initiatives on the treatment of cancer as
well as other diseases in American Indian and Alaska Native
populations.® Efforts such as this underscore the importance
of considerations of the full social and ethical ramifications
of modern genetics techniques as an essential part of training
for a career in the medical community.

Clinical training for specialized

careers in genetics
As previously suggested, the medical community requires both
a good working understanding of genetics among all clinicians
and an increased number of trained medical genetics specialists.
Medical geneticists are specially trained MDs, most of whom
have completed a prior residency, or PhDs who are certified
by societies like the American Board of Medical Genetics and
Genomics (AMBGG). They are trained through programs
required to document student exposure to clinical case pre-
sentations, medical rounds, and direct clinical contact. These
training programs ensure that future medical geneticists have
observed physicians and patients in actual clinical encounters
so that they are better able to understand the application of
genetics and genomics in clinical settings and practices. They
are also trained by interacting longitudinally with patients in
order to develop an understanding of the impact genetics may
have on the patient’s life as well as on the difficulties they may
experience when communicating genetics and genomics test
results to patients.®” There is also greater realization of the
importance of reconsidering foundational science concepts
during the clinical years. As with the initial presentation of
these concepts, this review can effectively be achieved through
case studies with small group discussion.®®

Medical genetics is a specialty approved by the ABMS;
however, it is one of the 24 specialties with the least yearly
certified members, ranging from 129 to 189 between the
years 1999 and 2013. This compares with 7.380 certified
internal medicine and 3.370 certifications issued by the
ABMS in 2013 for internal medicine and family medicine,
respectively.®’ In the future, perhaps the enriched foundational
emphasis in the modern concepts of genetics and genomics
across medical curricula advocated for in this paper would
lead to an increased interest level in this specialty among
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medical students. Increasing the number of medical students
interested in pursuing clinical medical specialties in genet-
ics will provide more trained professionals for a field that
will only increase in demand as medical diagnostics and
treatments become more precise and based on personalized
molecular biology and bioinformatics.

Conclusion

Examining the current state of genetics education among
future medical professionals serves as a reminder that no
scientific discipline stands independent of others. Genetics is
not meant to be taught either as a separate entity from other
scientific disciplines that compose a comprehensive medical
education or as a set of facts to be memorized. From the very
beginning of one’s medical education, genetics should be
presented as a key component of the continuum of disciplines
that need to be introduced and developed in medical educa-
tion through the use of authentic scientific experiences tied to
relevant clinical examples. In this way, the next generation of
medical professionals will have developed scientific critical
thinking skills that allow them to apply foundational genetic
knowledge and ethical principles to patient encounters. They
will be able to adapt to the rapidly changing practices that
are accompanying the genomics revolution, understand the
resources of molecular biology and bioinformatics that can
serve them in their practice, and treat their patients with
confidence, ethical soundness, and compassion.
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