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ABSTRACT
Rapid advancements in DNA sequencing technology have drastically increased the
accessibility of genetic testing, generating vast amounts of genomic data that require
clinical interpretation. The increasing demand for clinical genetics services has
outpaced the growth of the genetics workforce. Developing creative approaches to
genetics education could be an effective strategy to stimulate greater student interest
in genetics careers. This study explored how incorporating a variant curation module
into undergraduate coursework, as a form of context-based active learning, would
impact students’ understanding of genetic concepts, their interest in pursuing a
genetics career, and their overall learning experience. A total of 73 participants were
recruited from two undergraduate courses – Bioinformatics Applications (BA) and
Principles of Genetics (PG) – at California Polytechnic State University, San Luis
Obispo. Participants were asked to complete a pre- and post-survey before and after
the module. Both classes had a higher average score on the post-survey than on the
pre-survey when answering five genetic concept questions, and this difference was
statistically significant in the PG class, t( 25) = 3.00, p = .006. The majority of
students in both classes reported that the module reinforced their knowledge of
relevant genetic concepts and increased their understanding of the clinical
implications of variants. Thematic analysis of participant responses highlighted areas
for improvement when conducting a variant curation module in the undergraduate
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setting. The results suggest that this module may need to be modified when
implemented with students in an introductory genetics course. The module had
multiple benefits on students’ learning experience, with the majority of students
reporting an increase in their interest in genetics and several students expressing
appreciation for the clinical applications, interactive nature, and critical thinking
involved in this exercise. The results of this study demonstrate how incorporating a
variant curation module into undergraduate coursework as a context-based active
learning exercise has the potential to improve student understanding of genetic
concepts and increase interest in genetics. Genetics educators who are interested in
incorporating a variant curation module into their coursework may benefit from the
recommendations made through this study.
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INTRODUCTION
The widespread use of next generation sequencing (NGS) has altered the
landscape of clinical genetics, simultaneously creating new opportunities and
obstacles in clinical care (Han et al., 2017). NGS technology generates a vast amount
of genomic data of uncertain clinical and scientific relevance, which poses a great
challenge for the genetics community. This genomic data requires meticulous
interpretation, which optimally is conducted by specialists trained in genetics
(Bowdin et al., 2016). Variant curation, also known as variant interpretation or
classification, is the process of assessing the clinical significance of a genetic variant.
As the demand for expert variant curation has increased, the American College of
Medical Genetics and Genomics (ACMG) and the Association for Molecular
Pathology (AMP) have collaborated to develop standards and guidelines for the
interpretation of sequence variants, in an effort to establish greater consistency in
variant curation across different genetic testing laboratories (Richards et al., 2015).
In order to address this growing need for genetic variant interpretation, the
medical genetics community is developing creative strategies to increase the
throughput of expert variant curation. The Clinical Genome Resource (ClinGen) has
developed Variant Curation Expert Panels (VCEPs) that are tasked with interpreting
variants of a specific gene or group of genes in accordance with ACMG/AMP
guidelines (Rivera-Muñoz et al., 2018). Expert crowdsourcing is another approach to
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meeting the need for variant interpretation; this strategy has been adopted by CIViC,
an “open-access, open source knowledgebase for expert crowdsourcing of Clinical
Interpretation of Variants in Cancer” (Griffith et al., 2017). In recent years, the role of
genetic counselors has increasingly expanded to include genomic data analysis as a
result of the high demand for a workforce of experts trained in variant curation
(Swanson, Ramos, and Snyder, 2014). As it becomes increasingly important for
genetic counselors to be familiar with these concepts, genetic counseling programs
have begun incorporating variant curation training into their curricula. Stanford
University’s genetic counseling program has created a genomics and variant
interpretation rotation to provide genetic counseling students with the opportunity to
receive more specialized training in variant curation (Grove et al., 2019). From public
crowdsourcing efforts to expanding the role of genetic counselors, the genetics
community has been exploring different approaches to meet the increasing need for
genomic data analysis.
Increasing the Workforce of Genetics Professionals
While rapid advancements in sequencing technology have increased access
and affordability of genetic testing, the provision of precision medicine services is
still limited by a shortage of healthcare professionals trained in genetics. Providing
comprehensive, quality clinical genetics services is time-consuming and
labor-intensive, and genetics professionals are struggling to meet the increasing
demand for genetic testing (Sukenik-Halevy, Ludman, Ben-Shachar, &
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Raas-Rothschild, 2016). In addition, genetics providers are mainly concentrated in
major metropolitan areas, creating a disparity in care as some patients must travel
many miles to access genetics services (Penon-Portmann, Chang, Cheng, & Shieh,
2020).
In an effort to meet the growing demand for professionals trained in genetics,
different strategies have been explored to increase the number of genetics providers
entering the workforce. The size of genetic counseling training programs, which is in
part reflective of the availability of clinical supervisors, is one factor that limits the
number of genetic counselors that can enter the workforce each year. Program
directors and practicing genetic counselors have identified several barriers to the
expansion of clinical supervision networks, in the hopes of eventually developing
solutions that would allow for genetic counseling programs to admit larger class sizes
(Berg et al., 2018). The medical genetics community has also made an effort to
increase awareness of the genetic counseling profession, in the hopes of encouraging
students to consider pursuing a career in genetics. Various outreach initiatives have
been explored, such as conducting a genetic counseling lesson with a middle school
science club and exploring strategies for educating high school counselors on the
genetic counseling career (Hutchinson et al., 2019; Kumaravel, Tabangin, Sebera, &
Warren, 2011). Increasing student interest in genetics careers could eventually help
alleviate the current shortage of specialists trained in genetics.

4

Context-Based Education and Active Learning in STEM Courses
In an effort to increase the number of individuals entering the genetics
workforce, it is important to explore how different approaches to education may
impact student interest in a career in genetics. Context-based learning is an approach
to education that aims to make concepts relevant to the student personally and to the
society in which they live; this teaching strategy has been shown to increase student
engagement and academic performance (King & Ritchie, 2011). In one study
focusing on 10th grade physics students, teaching concepts of energy through
context-based newspaper story problems resulted in a positive impact on student
motivation and learning (Kuhn & Müller, 2014). Context-based learning has been
studied in genetics education as well, with results demonstrating significant
improvements in student performance as compared to traditional approaches to
teaching genetics (Kazeni & Onwu, 2013).
Active learning is a method of education that involves a cooperative,
engaging, student-centered approach, promoting student interaction with peers and
faculty (Park & Choi, 2014). Active learning, as opposed to traditional lecturing, has
been shown to increase student performance in undergraduate science, technology,
engineering, and mathematics (STEM) courses (Freeman et al., 2014). In various
academic settings, genetics educators have begun incorporating active learning
curricula as a means to improve student understanding of genetic concepts. In
Australia, researchers have explored the impact of incorporating an interactive
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multimedia program about fictitious dragons to teach genetic concepts to high school
students. Upon completion of the activity, student performance through online tests
showed improved genetic reasoning and many students reported that they enjoyed the
learning experience (Tsui & Treagust, 2003). In another study, students learned
concepts of genetics and bioinformatics by isolating their own mitochondrial DNA to
be sent out for sequencing and reviewing the report of their ancestry results. Upon
completion of this module, students demonstrated significant learning gains through
post-test performance and expressed more positive attitudes towards scientific
research (Yang et al., 2017).
Context-based education and active learning have been shown to improve
student engagement, performance, and satisfaction with their learning experience
(Armbruster, Patel, Johnson, & Weiss, 2009; King & Ritchie, 2011; Lumpkin, Achen,
& Dodd, 2015). Improved student performance and satisfaction could help increase
student retention in STEM majors, thus contributing to the workforce of future STEM
professionals (PCAST STEM Undergraduate Working Group, 2012). If the genetics
community hopes to increase the number of individuals entering the workforce,
incorporating context-based active learning into the classroom could be an effective
way to promote student interest in genetics careers, as well as improve genetics
knowledge for the general public and those entering other medical professions.
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Present Study
The potential for engaging undergraduate science students in variant curation,
as a form of context-based active learning, is a novel approach that has yet to be
explored in the literature. In this study, we assessed the impact of incorporating a
variant curation module into two undergraduate science courses, titled Bioinformatics
Applications (BA) and Principles of Genetics (PG). Students participated in an
interactive variant curation module and were asked to complete a pre- and
post-survey. We were interested in understanding how a variant curation module
would impact the undergraduate student learning experience and student interest in
genetics careers. We also sought to gauge whether students’ understanding of relevant
genetic concepts improved after completing the module. Lastly, we aimed to gather
feedback on how a variant curation module could be further optimized for the
undergraduate setting.

METHODS
Participants
Participants were recruited from two undergraduate courses at California
Polytechnic State University, San Luis Obispo (Cal Poly SLO): an upper division
biology course titled Bioinformatics Applications (BA) and a lower division,
introductory genetics course titled Principles of Genetics (PG). Students were eligible
to participate in the study if they were enrolled in one of these courses and they were
18 years of age or older. Individuals received no compensation for their participation
in the study.
The Cal Poly SLO biology course catalog lists the following description for
the BA course: “Introduction to new problems in molecular biology and current
computer applications for genetic database analyses. Use of software for: nucleic
acid, genome and protein sequence analysis; genetic databases, database tools;
industrial applications in bioinformatics; ethical and societal concerns.” (California
Polytechnic State University, San Luis Obispo, 2020). The BA course has the
following prerequisites: junior standing and Introduction to Cell and Molecular
Biology or Survey of Genetics. The course catalog lists the following description for
the PG course: “Principles of genetics and genetic analysis, including underlying
molecular mechanisms. Subjects include gene structure and function, inheritance
patterns, regulation of gene expression, mutation, recombination, recombinant DNA
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technology, and an introduction to population genetics.” (California Polytechnic State
University, San Luis Obispo, 2020). The PG course has the following prerequisites:
Introduction to Cell and Molecular Biology, Organic Chemistry I, and Survey of
Organic Chemistry. The two class sections from which participants were sampled
were taught by the same professor.
Design
The proposal for this research study was reviewed and approved by the
University Institutional Review Boards at California State University, Stanislaus (IRB
Protocol #1920-031) and California Polytechnic State University, San Luis Obispo
(IRB Protocol #2019-241).
The two variant curation modules consisted of an in-class lecture and an
assignment; however, the content of the module lectures and assignments were
different for the two courses, as the modules were tailored to the specific
knowledge-level and learning objectives of each course (See Appendices C–F). As
the BA class consisted of only upper division students, the module was more
open-ended, with the intention of prompting students to think creatively and critically
in their approach to variant curation. The module for the PG class was intended to
provide a more structured and simplified introduction to variant curation that could be
accessible to students in an introductory genetics course. Another major difference
between the two modules was that the module for the PG class utilized the ClinGen
Variant Curation Interface (VCI), while the module for the BA class did not. The
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ClinGen VCI is an online variant curation tool that allows users to enter evidence
regarding a variant which is automatically weighed, along with bioinformatic data
(e.g. population and functional), to determine a classification. The PG students used
the demo version of this tool.
The module assignments for both classes were structured to allow for a
student-centered active learning experience. Variant curation is an analytical process
that requires individuals to think critically, navigate complex genomic resources, and
synthesize multiple lines of evidence to come to a conclusion. Students gained
hands-on experience navigating online genomic resources and searching through the
scientific literature for papers relevant to their variant. By working in small groups,
students were encouraged to interact with their peers and work collaboratively. The
modules for both classes were also designed to provide students with exposure to the
clinical applications of variant curation. The assignments encouraged students to
assume the role of a genetics professional and reflect on the impact that their variant
interpretation would have on a patient’s medical care.
The surveys were the same for both courses and included both quantitative
and qualitative questions (See Appendices A and B). The survey questions can be
divided into four different categories: demographics, knowledge of relevant genetic
concepts, interest in pursuing a career in genetics, and experience with the variant
curation module. The genetic concept questions consisted of five questions that were
included on both the pre- and post-surveys. Students’ pre- and post-survey scores
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were recorded and compared using a dependent samples t-test, with a significance
threshold of p < .05.
Procedure
For both the BA and PG courses, students were asked to complete the
pre-survey before the variant curation module, and the post-survey after the module.
Collection of pre-survey responses began 2-3 days before the module and post-survey
responses were collected up to two weeks after the module. Participation in the
variant curation module was a required part of each course, however, participation in
the study by completing the pre- and post-surveys was optional. The variant curation
module for the BA class was conducted over the course of two class periods, each of
which were two hours long. The module began with a one-hour in-class lecture, after
which students were assigned to groups of 3. Each group worked on the assignment
together during and after class, and were required to give a presentation during the
second class period. The variant curation module for the PG course was conducted
during one two-hour class period. Similar to the BA class, the module also began with
a one-hour in-class lecture, after which students were assigned to groups of 4 or 5.
Students spent the second hour of the class period working on the assignment with
their groups. They were allowed to finish the assignment at home and submit their
completed work the following week. The assignment for the PG class did not involve
a presentation.

11

The pre- and post-surveys were distributed electronically using Qualtrics
Survey Software and could be completed on a computer or smartphone. Students
were asked to complete the pre- and post-surveys on their own time before and after
class, but were also given some time to complete the surveys in class. Upon
completion of data collection, the quantitative data was analyzed using Jamovi
software, while the qualitative data was coded for thematic analysis.

RESULTS
A total of 73 individuals participated in the study. 25 participants were from
the BA class and 48 participants were from the PG class. Out of the total 25 students
enrolled in the BA class, 21 students completed both the pre- and post-survey, a
response rate of 84%. One individual in the BA class completed only the pre-survey
and 3 individuals completed only the post-survey. Out of the total 55 students
enrolled in the PG class, 26 completed both the pre- and the post-survey, a response
rate of about 47%. 13 individuals in the PG class completed only the pre-survey and 9
individuals completed only the post-survey. Demographic information about the
participants is displayed in Table 1.
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Table 1
Participant Demographics

Age in Years

Gender Identity

Year in School

Major

Bioinformatics
Applications
(n = 22)

Principles of
Genetics
(n = 39)

21.2

20.5

Minimum

19

19

Maximum

23

31

Female

15

26

Male

7

13

2nd year

–

15

3rd year

4

20

4th year

11

1

5th year or later

7

3

Biological
Sciences

16

28

Microbiology

1

7

Animal Science

–

2

Other Sciencesa

5

2

Mean

Note. P
 articipant demographic information was collected during the pre-survey. 22
individuals from the BA class and 39 individuals from the PG class completed the
pre-survey. a Other Sciences include the following majors: Biochemistry, Chemistry,
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Biomedical Engineering, Polymers and Coating, Psychology, and Computer
Engineering.
Before participating in the variant curation module, students were asked to
rate their level of interest in pursuing a genetics career. A larger proportion of
individuals in the BA class reported that they “Strongly agree” with the statement that
they are interested in pursuing a career in genetics – 31.8% of the BA class, compared
to 10.3% of the PG class. 22.7% of individuals from the BA class and 35.9% of
individuals from the PG class responded that they “Agree” with this statement. Of
note, a larger proportion of participants in the PG class responded that they
“Disagree” or “Strongly disagree” with the statement – 23% of the PG class,
compared to 9% of the BA class.
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Figure 1
Interest in a Genetics Career Before the Module

Impact of the Module on Understanding of Genetics
Post-test survey results showed that the majority of students in both classes
felt the variant curation module reinforced their knowledge of key genetic concepts
(See Figure 2). 20.8% and 66.7% of participants in the BA class reported that they
“Strongly agree” and “Agree”, respectively, that the module reinforced their
knowledge of genetic concepts. Meanwhile, in the PG class, 5.7% and 60% of
participants reported that they “Strongly agree” and “Agree” with this statement,
respectively.

16

Figure 2
Module Reinforced Knowledge of Genetic Concepts

On average, students in the PG class answered more questions correctly on the
post-survey (M = 3.31, SD = 1.46) than on the pre-survey (M = 2.42, SD = 0.95),
showing a significant difference in performance, t( 25) = 3.00, p = .006 (See Figure 3).
In the BA class, the students also had a better average score on the post-survey (M =
2.71, SD = 1.23) than on the pre-survey (M = 2.33, SD = 1.32). This difference was
not statistically significant, t( 20) = 2.02, p = .057; however, the p value was close to
the significance threshold of p < .05 (See Figure 4).

17

Figure 3
Mean (95% CI) and Median of Pre- and Post-Scores for the PG Class

Note. Upper and lower lines represent the 95% confidence intervals around the
means.
Figure 4
Mean (95% CI) and Median of Pre- and Post-Scores for the BA Class

Note. Upper and lower lines represent the 95% confidence intervals around the
means.
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Students who were already interested in a genetics career prior to the module
were more likely to score higher on the pre-survey in both the PG class, r( 37) = .37, p
= .019, and the BA class, r( 20) = .43, p = .044. However, in both classes there was no
significant correlation between prior interest in a genetics career and post-survey
scores.
For both classes, there was no significant correlation between age and pre- or
post-survey scores. In the PG class, a higher year in school was significantly
correlated with lower pre-survey scores, r(37) = –.34, p = .034. However, in the BA
class, there was no significant correlation between year in school and pre-survey
scores. For both the PG and BA classes, there was no significant correlation between
year in school and post-survey scores.
When asked to report their level of agreement with the statement, “The variant
curation module improved my understanding of the clinical implications of genetic
variants”, 12.5% of participants from the BA class and 14.3% of participants from the
PG class reported that they “Strongly agree” with this statement (See Figure 5).
83.3% of individuals from the BA class and 60% of individuals from the PG class
reported that they “Agree” with this statement. While no individuals from the BA
class reported that they disagree with this statement, 2.9% and 8.6% of individuals
from the PG class reported that they “Disagree” and “Strongly disagree”,
respectively.
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Figure 5
Module Improved Understanding of the Clinical Implications of Variants

Experience with the Module
Participants’ ratings of their overall experience with the variant curation
module are displayed in Figure 6. For both the BA and PG classes, the majority of
participants — 54.2% and 57.1%, respectively — rated their experience as “Good”.
33.3% of participants from the BA class rated their experience as “Excellent”,
compared to 14.3% of participants from the PG class. While 11.5% of participants
from the PG class rated their experience as either “Poor” or “Terrible”, there were no
participants from the BA class who rated their experience negatively.
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Figure 6
Overall Experience with the Module

Students in the PG class who were already interested in a genetics career
before participating in the variant curation module were more likely to rate their
overall experience with the module higher, r( 24) = .46, p = .018. However, in the BA
class, there was no significant correlation between prior interest in a genetics career
and how students rated their overall experience with the module.
The majority of students in both classes – 87.5% of the BA class and 62.9% of
the PG class – rated the level of difficulty of the module as appropriate (See Figure
7). However, it is worth noting that 31.4% and 2.9% of participants from the PG class
rated the variant curation module as “Too difficult” and “Far too difficult”,

21

respectively. For both classes, there was no significant correlation between age and
the reported difficulty of the module. In the PG class, there was also no significant
correlation between the students’ year in school and the reported difficulty of the
module. However, in the BA class, students who were in a higher year in school were
more likely to find the module difficult, r(19) = –.51, p = .018.
Figure 7
Level of Difficulty of the Module

On the post-survey, students were asked to provide feedback about the
weaknesses of the variant curation module and their recommendations for how the
module could be improved. For the BA class, three common themes emerged from
the students’ responses: students needed a genetics review, instructions needed more
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clarity and structure, and length of the module was too short. Some examples of
participant comments related to these themes can be found in Table 2.
Table 2
Weaknesses of the Bioinformatics Applications Variant Curation Module
Weaknesses of the
Variant Curation
Module

Participant Comments

Students needed a
genetics review

“I feel like without a solid understanding of genetics this
may not be the most helpful module to learn about gene
expression and clinical variants.”
“More lecture on what genes express as. I don't remember
biology that well.”
“Not a lot of lecture material before starting the module, so
a lot of the information was self-learned.”
“[I recommend a] genetics crash course before doing the
module.”

Instructions needed
more clarity and
structure

“Assignment directions could have been more clear.
Include a real-life case study demonstrating the entire
process, from initial tests to research to treatment.”
“[I recommend] having specific patient models already in
place that we choose from and then investigate.”
“More firm guidelines on what you can or cannot ‘make
up’ about your patient and patient history would be
helpful.”
“I think we could've gone over more in-class examples.”

Length of the module
was too short

“I thought it was a bit short because there was only one
day in between the two classes for this week.”
“More time to prepare would facilitate better
presentations.”
“A lot of information in a short period of time.”
“It wasn't long enough, I could use more practice with it.”

Bioinformatics Applications

When the PG class was asked to provide feedback about the module, four
common themes were identified in the participants’ responses: material was too
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complex for their course level, instructions needed more clarity and structure, length
of the module was too short, and the module needed smaller group sizes.
Representative examples of participant comments are shown in Table 3.
Table 3
Weaknesses of the Principles of Genetics Variant Curation Module
Weaknesses of the
Variant Curation
Module

Participant Comments

Material was too
complex for their
course level

“As undergraduates we were far unprepared for this
assignment. From background knowledge, to
assignment expectations, this felt extremely unclear and
only confused me more about genetics.”
“From what I gathered, ClinGen was a website that was
above our pay grade considering the variants we were
assigned were so rare in the literature it was difficult to
even find information on them.”
“Students were really confused because of the difficult
vocabulary and never have done something like this.”
“Much of my experience was self-guided, and some
resources were hard to navigate or not easily
comprehensible due to my current experience level.”

Instructions needed
more clarity and
structure

“Use different language when asking questions or maybe
define uncommon words when first introduced.”
“More background knowledge on how the ClinGen site
works. Tell us how to acquire information from
scholarly sources to put into ClinGen.”
“Have a lecture where you explain what each website can
do and how to use it by demonstrating live.”
“A little too open ended, I wasn't sure how much I should
research or how little I should research.”
“It would have been helpful to see an example of someone
analyzing a specific clinical variant.”

Length of the module
was too short

“Maybe spend more than one hour in class working on it
so we are able to ask questions.”

Principles of Genetics
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“We didn't have enough time and some of the databases
felt abstract.”
“More time to understand what we are doing.”
Module needed
smaller group sizes

“Maybe have at most 3 people working on one variant
because splitting this assignment up for 5 people was
very difficult.”
“The size of the groups were too large. Unfortunately, in a
group of five, only three of us did any work.”
“I think smaller groups or partners would be better.”

On the post-survey, students were also asked to provide feedback about the
strengths of the variant curation module. For both the BA class and PG class, three
common themes were identified across students’ responses: exposure to clinical
applications of genetics, interactive and engaging, and involved problem-solving and
critical thinking. Table 4 shows some examples of participant responses that reflect
these themes.
Table 4
Strengths of the Variant Curation Modules for Both Classes
Participant Comments
Strengths of the
Variant Curation
Module
Exposure to
clinical
applications of
genetics

Bioinformatics Applications

Principles of Genetics

“You go through the motions
of what professionals do.”
“It allows us to see how many
different variables are at
play. Expression of a
phenotype is a lot more
complicated than if you
have this gene or you

“We got to apply what we
learned to something in the
real world which made it
that much more important.”
“Helped me understand how
mutations in DNA can lead
to specific consequences.”
“Real life applications. Gave
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don’t.”
an insight to how genetic
“It made me think about my
information can be used in
own health and the health of
a clinical way.”
my family.”
“A well-rounded
“It was very cool to get to go
understanding and
through the process of
exposure to different online
looking at variations in the
resources that bridge the
genome related to a
gap between genetics and
patient.”
prognoses/patients.”
“Acting as certified clinicians
“I think it is great to have such
to study a case, simulating a
a real world experience in
real-life case.”
clinical variant curation.”
Interactive and
engaging

“Fun! And very interactive,
didn't seem like mundane
class material. A real ‘learn
by doing’ approach.”
“It was helpful to go through
the process of investigating
a variant rather than just
sitting through a lecture
describing the process.”
“It was actually learning by
doing, and more fun than
just reading about it.”

“Having us learn by doing was
effective. It was cool
because this is research
people are currently
doing.”
“It really puts to use your
knowledge of genetics.”
“The exposure and hands-on
experience of researching.”
“A new experience that was a
nice break from regular
lecture.”

Involved
problem-solving
and critical
thinking

“Allowed students to think
critically to synthesize data
into a diagnosis.”
“Good problem solving within
the subject.”
“Critical thinking and
real-world application.”

“I really liked the problem
solving nature of this
assignment.”
“It forced me to… find all
sources about the mutation
so that I could synthesize
the info into a report that
made sense of the many
characteristics of the
variant.”
“Allowed for critical
thinking.”
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Impact of the Module on Interest in Genetics
The majority of students in the study reported that the variant curation module
increased their interest in genetics. 16.7% of individuals from the BA class and 20%
of individuals from the PG class reported that they “Strongly agree” with the
statement that the module increased their interest in genetics (See Figure 8). 62.5% of
individuals from the BA class and 31.4% of individuals from the PG class reported
that they “Agree” with this statement. While no individuals in the BA class disagreed
with this statement, 11.4% and 5.7% of participants in the PG class reported that they
“Disagree” and “Strongly disagree” with this statement, respectively. In both the BA
and PG classes, students who were already interested in a genetics career prior to the
module were significantly more likely to report that the module increased their
interest in genetics, with a correlation coefficient of r(19) = .60, p = .004 for the BA
class and a correlation coefficient of r( 24) = .51, p = .008 for the PG class.
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Figure 8
Module Increased Interest in Genetics

The students were also asked to provide a written response elaborating on
whether the module had an impact on their interest in a career in genetics or genomic
data analysis. Table 5 includes examples of participant comments expressing that the
module either did or did not increase their interest in a genetics career.
Table 5
Impact of the Module on Interest in a Genetics Career
Participant Comments
Impact of the
Module on
Career Interest
Increased
interest in
genetics career

Bioinformatics Applications

Principles of Genetics

“It made me more sure that I
want to be a genetic
counselor or at least a
genomic data analyst.”

“Positive because I might go
into research. It was super
cool to see what actual
research is like and the
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Did not increase
interest in
genetics career

“I am quite interested and this
has made me more
interested in pursuing a
career in genetics and
genomic data analysis.”
“Yes, learning about different
diseases and how to
diagnose them has made me
more interested in genomic
data analysis.”
“Yes, it made me more
interested in rare genetic
diseases. It made me think
about my own family
history and how different
symptoms manifest.”
“Yes, this module helped
develop my interest in
professions in the medical
field utilizing genomics to
answer questions.”

work that I may be doing in
the future.”
“Yes, I have found an interest
in a career in genetics
through this class and this
module intrigued me even
more about the possibilities
available in this field.”
“Yes. It had a positive impact
in that I could try and solve
a puzzle like a genetic
counselor.”
“Yes, it increased my interest
in the field of genetics
because it provided an
exciting example of how
the field works. I liked that
the work was all based
around tying together
separate research to come
to a conclusion based on
the known info.”

“It was interesting, but don't
think it impacted my
interest in a career.”
“It was interesting. It made me
better understand the role of
different people who are
involved in genetic analysis.
But I don't think my
decision of what I want to
do has changed.”
“Not necessarily, but it does
open up opportunities to
conversations I would not
have had in the past. I think
it is useful to understand
how variant frequencies can
provide clues to dated or
novel diseases.”
“No; it was interesting and

“I realized that I like to be
able to visualize my work
much more so than what
genetics offers.”
“Yes, it reinforced my opinion
that while I find genetics
interesting it is not what I
would like to do as a
career.”
“No, I wasn't initially
interested in a career in
genetics but I still found it
interesting.”
“No, because I don’t want to
do genetics ever again.
This class has been so hard
for me.”
“I don't see myself pursuing a
career in genetics, and
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informative but is not
relevant to my career path.”

although this was a fun
experience to have it didn’t
really have an impact on
how I already felt.”

The majority of students in the study reported that they would find it
meaningful to submit their variant classifications for expert review. 12.5% of students
from the BA class and 8.6% of students from the PG class reported that they
“Strongly agree” with the statement “I would find it meaningful to be able to submit
my variant classification to ClinVar for expert review so that I can contribute to a
larger database of variants” (See Figure 9). 45.8% of students from the BA class and
48.6% of students from the PG class reported that they “Agree” with this statement.
8.3% of individuals from the BA class reported that they “Disagree” with this
statement, while a total of 11.4% of individuals from the PG class reported that they
either “Disagree” or “Strongly disagree”.
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Figure 9
Meaningful to Submit Variant Classifications to ClinVar

DISCUSSION
Key findings of our study demonstrate that incorporating a variant curation
module into undergraduate coursework improved student understanding of genetic
concepts and increased interest in genetics. The majority of undergraduate students in
both classes reported that the variant curation module reinforced their knowledge of
genetic concepts. The module had multiple benefits on students’ learning experience,
with the majority of students reporting an increase in their interest in genetics and
several students expressing appreciation for the clinical applications, interactive
nature, and critical thinking involved in the exercise. Common themes found in
participant responses have identified areas for improvement when implementing a
variant curation module into undergraduate coursework in the future. Challenges
included the difficulty of the module, indicating that this variant curation module may
need to be modified for an introductory genetics course.
Impact of the Module on Understanding of Genetics
An improvement in student performance was demonstrated by our finding that
both classes had a higher average score on the post-survey than on the pre-survey,
with this difference being statistically significant in the PG class. The majority of
students in both classes also reported that the module reinforced their knowledge of
genetic concepts and improved their understanding of the clinical implications of
variants. The significant correlation between prior interest in a genetics career and
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higher pre-survey scores indicates that students who were already interested in
genetics may have had a better understanding of relevant concepts before
participating in the module. However, this correlation is not present in the post-survey
scores, suggesting that perhaps this gap in knowledge for students without a prior
interest in genetics was resolved after completing the variant curation module.
These results indicate that the variant curation module had a positive impact
on student understanding of genetic concepts. Consistent with past research
conducted around active learning, these findings demonstrate how incorporating an
active learning exercise into the classroom can lead to improved student knowledge
and performance (Freeman et al., 2014; Tsui & Treagust, 2003; Yang et al., 2017).
These findings are also in agreement with past research on context-based education,
which has demonstrated how providing personal or societal relevance to course
concepts improves student learning (King & Ritchie, 2011; Kazeni & Onwu, 2013).
Tailoring the Module Based on the Student Population
The results of this study have provided valuable insight into how a variant
curation module should be modified depending on a given student population. The
PG class is an introductory genetics course, open to students in any undergraduate
year so long as they have completed the course prerequisites. Meanwhile, the BA
class is an upper division life sciences course, only available for enrollment to
students with junior standing or higher. By including these two different student
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populations in this study, we were able to compare the learning experience for the
students in these two classes.
A larger proportion of individuals in the PG class found the module to be too
difficult, as compared to the BA class. The differences in the distribution of how the
BA and PG students rated the difficulty of the module suggests that the design of the
variant curation module included in this study may be too challenging for some
individuals in an introductory genetics course. The written survey responses from PG
students support this finding as well. Some of the PG students expressed that they
found the material to be too complex for their course level, citing that they had
difficulty understanding the advanced vocabulary and navigating some of the online
genomic resources.
Interestingly, a student’s age and year in school does not seem to be a strong
indicator of whether they will have difficulty with a variant curation module. This
suggests that as long as students have completed the prerequisites to enroll in a
respective course, and appropriate time and support is provided by the instructor, their
age or year in school will not be a significant factor in their ability to comprehend the
variant curation material.
These results provide insight into how a variant curation module should be
tailored depending on the target student population. Students in an upper division
biology course are capable of navigating a module with more open-ended guidelines;
they are receptive to the opportunity to think creatively and critically. Students in an
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introductory genetics course may have difficulty with some of the complex concepts,
advanced vocabulary, and uncertainty inherent in variant curation. When
incorporating a variant curation module into an introductory genetics course,
educators should be cognizant of developing a module that is structured and
simplified, supported with clear instructions and demonstrations on how to use
essential databases, and strategically planned with select variants that are frequently
referenced in the literature. The module should still be as engaging as possible and
include elements that expose students to the impact of variant curation on patients and
society as a whole.
Improving the Implementation of a Variant Curation Module
By exploring the experiences of students participating in a variant curation
module, this study has revealed some common themes in student responses that
highlight areas for improvement when incorporating a variant curation module into
the undergraduate classroom. If the module is structured as a collaborative activity,
the recommendations from this study indicate that working in pairs or groups of three
would be ideal. Due to the complexity of the material, many students expressed a
desire for more in-class time to be dedicated to the module, during which they can
work through the assignment and receive guidance from instructors when needed. If
allocating more in-class time to the module is not possible, instructors could consider
the following options: 1) create videos with instructions on how to access and utilize
key features of essential databases for students to review on their own, 2) create

35

student teaching aid positions that allow former students of the course to help with the
module, 3) add additional office hours, 4) identify areas where the module could be
simplified.
As the BA class is an upper division biology course, many students may have
completed an introductory genetics course a year or two prior. Some students in the
BA class expressed a desire for a review of relevant genetic concepts before starting
the variant curation module. When implementing a variant curation module into an
upper division biology course similar to the BA class, educators should consider
including a brief genetics review during the lecture.
Participants in both the BA and PG classes expressed a desire for greater
structure and clarity in the guidelines of the variant curation module. One of the
challenges in developing a variant curation module is finding the balance between
providing a structured learning experience, while also allowing room for open-ended
exploration that exposes students to the nuanced nature of variant curation. Educators
could consider establishing more structure in certain areas of the module by assigning
specific variants to each student, rather than having them select a variant themself, or
providing a hypothetical patient medical history. Meanwhile, the module can still
include open-ended questions that prompt students to think critically about some of
the overarching challenges involved in variant curation. The clarity of the module
guidelines could be improved by reducing the use of advanced vocabulary, or
defining these words when first introduced. Educators should also consider
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demonstrating an in-class example of the step-by-step process of curating a variant to
provide students with a better understanding of the overall workflow before they
begin their own variant curation.
Benefits of a Variant Curation Module in Undergraduate Coursework
Our study revealed that the variant curation module had multiple benefits on
the students’ learning experience. Participants appreciated the interactive and
engaging learning experience that the module provided. Some students expressed that
the process of learning by participating in variant curation gave them a better
understanding of the genetic concepts than would have been possible through a
lecture or textbook. Participant responses also reflected that they enjoyed the
problem-solving and critical thinking involved in the variant curation module. These
findings are in agreement with much of the research that has already been done
around active-learning, showing that students demonstrate increased engagement and
satisfaction with their learning experience (Armbruster, Patel, Johnson, & Weiss,
2009; Lumpkin, Achen, & Dodd, 2015).
Many students expressed that they appreciated how the module provided them
with exposure to the clinical applications of genetics. By assuming the hypothetical
role of a genetics professional conducting variant curation, students were able to
appreciate the real-world impact of genomic data analysis. Some students expressed
that the module prompted them to reflect on their own health and the health of their
families. These findings contribute to an existing body of research around

37

context-based education, demonstrating improvements in student engagement and
satisfaction when course curricula are made more relevant to the student (King &
Ritchie, 2011; Kuhn & Müller, 2014).
The majority of students in this study also reported that they would find it
meaningful to contribute to public crowdsourcing efforts by submitting their variant
classifications to ClinVar for expert review; this would allow another opportunity for
context-based education. Undergraduate students may be able to contribute to
ClinVar by performing a review of variants that need an updated classification. If
variant curation exercises were to become more widespread across undergraduate
genetics courses, this could eventually create the opportunity for higher throughput of
variant classifications to be submitted for expert review. However, submitting variant
classifications to ClinVar may only be feasible for students in an upper division
biology course. As this study has shown, a simplified and structured variant curation
exercise will be more suitable for students in an introductory genetics course. The
potential for undergraduate upper division students to contribute to variant curation
crowdsourcing efforts could be an opportunity to develop a Course-Based
Undergraduate Research Experience (CUREs) curriculum. CUREs programs have
developed in recent years in response to a national call to engage more STEM
undergraduate students in research activities (Auchincloss et al., 2017).
By implementing this module into undergraduate curricula, educators can also
address some of the goals outlined for STEM and bioinformatics undergraduate
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education. Our variant curation module satisfies the recommendation set forth by the
President's Council of Advisors on Science and Technology (PCAST) to include
more “discovery-based research” coursework in undergraduate STEM education, as a
part of a national initiative to produce more college graduates with STEM degrees
(PCAST STEM Undergraduate Working Group, 2012). Additionally, the module
satisfies the following bioinformatics core competencies for undergraduate life
sciences education: “Use bioinformatics tools to examine complex biological
problems”, “Find, retrieve, and organize various types of biological data”, and
“Interpret the ethical, legal, medical, and social implications of biological data”
(Wilson Sayres et al., 2018).
The majority of participants in this study expressed that the module increased
their interest in genetics, and this was more likely to be true for students who already
had some interest in a genetics career. This finding indicates that implementing
context-based active learning exercises, such as a variant curation module, into
undergraduate genetics coursework has the potential to increase student interest in
genetics careers. Genetics educators should consider incorporating a variant curation
module into undergraduate genetics coursework as a potential strategy to increase the
number of individuals entering the genetics workforce. By demonstrating that the
variant curation module improved student learning and increased interest in genetics,
our findings contribute to the greater body of research around the benefits of
context-based active learning in undergraduate education.

IMPLICATIONS OF THE STUDY
The incorporation of a variant curation module into undergraduate coursework
is a novel concept that has not been extensively practiced. This study provides
valuable insight into how a variant curation module can be utilized and optimized for
the undergraduate setting. Specific areas for improvement were identified such as
including a genetics review in the module, providing more structure and clarity in the
instructions, and increasing the length of the module. Genetics educators who are
interested in developing a variant curation module for their coursework may benefit
from the guidance of our module and findings.
The implementation of context-based active learning exercises, such as a
variant curation module, into undergraduate genetics courses improves understanding
of genetic concepts and increases student interest in genetics careers. This could
eventually help alleviate the shortage of genetics professionals needed to meet the
increasing demand for clinical genetics services, as well as improve genetics
knowledge for other medical professionals and the general public. Additionally, if
variant curation exercises can be incorporated into undergraduate upper division
biology courses on a larger scale, students may be able to contribute to public
crowdsourcing efforts and increase the throughput of variant curation to be submitted
for expert review. While the feasibility of variant curation submission may need to be
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further explored before being implemented into undergraduate coursework, it is worth
considering as an additional strategy to address the growing need for variant curation.

LIMITATIONS OF THE STUDY
There are some restrictions to our study that should be taken into account
when reviewing and interpreting the results. The small sample size for our study,
consisting of 25 students in the BA class and 48 students in the PG class, limits the
generalizability of these findings to undergraduate students at other institutions.
Additionally, the low survey response rate (47%) by students in the PG class is
another factor that limits the scale of our results. We were also unable to have a
control group for either class, meaning that there is no control data against which the
results of our study can be compared.
The small number of genetic concept questions that were included on the
surveys is another factor that limits the impact of the results. Only five genetic
concept questions were included on the surveys, with the intention of limiting the
length of time needed to complete each survey in order to promote a greater response
rate. Additionally, the same set of five genetic concept questions were used on both
the pre- and post-survey in order to perform a dependent samples t-test that would
allow for a comparison between participants’ scores before and after the module. The
limitation with this design is that students are seeing the same genetic concept
questions for the second time on the post-survey. There is no way to determine if the
improvement in post-survey scores can be entirely attributed to the module or
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whether the shift in scores is related to the fact that it was the students’ second time
seeing the questions.

FUTURE STUDIES
Continued research around the impact of a variant curation module in
undergraduate coursework would be valuable to confirm that our results are
reproducible. Future studies could assess the effectiveness of a module that
incorporates the recommendations from our study – include a genetics review,
increase the length of time dedicated to the module, and increase the structure and
clarity of the guidelines. Additionally, future research could explore the practicality
of allowing students to submit variant classifications to ClinVar or another public
database. If this is a feasible option, researchers could develop an undergraduate
variant curation module that incorporates ClinVar submission into the curriculum and
explore how this impacts the students’ learning experience.
As genetic counselors are increasingly taking on roles in genomic data
analysis and genetic counseling programs are creating more opportunities for students
to learn about variant curation, there is a need for more research to be conducted
around strategies for teaching variant curation to genetic counseling students.
Drawing on the results of our study which show the benefits of context-based active
learning for undergraduate students, it is likely that genetic counseling students would
also benefit from gaining exposure to variant curation through a similar exercise.
Given that genetic counseling training involves graduate-level coursework, a more
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detailed and clinically-oriented variant curation module would be appropriate for
genetic counseling students.

CONCLUSION
Rapid advances in DNA sequencing technology have significantly improved
the efficiency and accessibility of genetic testing, generating vast amounts of genomic
data that require clinical interpretation. The improved accessibility of genetic testing
has led to an increasing demand for clinical genetics services that has outpaced the
growth of the genetics workforce. In order to address the need for more specialists
trained in genetics, it is important to evaluate areas for improvement in genetics
education as a means to recruit the next generation of genetics professionals into the
workforce.
In this study, we explored how incorporating a variant curation module into
two undergraduate courses would impact students’ understanding of genetic concepts,
their interest in pursuing a genetics career, and their overall learning experience. Our
findings demonstrate that the module had a positive impact on student understanding
of genetic concepts, increased interest in genetics, and resulted in multiple benefits on
students’ learning experience. Students expressed an appreciation for the clinical
context, interactive nature, and critical thinking involved in the exercise. The results
of this study also provide insight into how a variant curation module may be further
improved and tailored to the course-level and learning objectives of a given student
population.
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The results of this study contribute to a greater body of research on the
multiple benefits of incorporating context-based active learning curricula into
undergraduate coursework. Engaging undergraduate students in a variant curation
module has the potential to improve genetics knowledge for the general population
and for those entering medical professions. By increasing student interest in genetics,
this module may result in a greater number of students choosing to pursue a career in
genetics, thus contributing to the growth of the genetics workforce. Genetics
educators at the undergraduate level should consider incorporating a variant curation
module into their coursework as a method to improve understanding of genetic
concepts, foster student engagement, and increase interest in genetics.
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APPENDIX A
PRE-SURVEY
1. Please enter the first three digits of your street address, followed by the last
three digits of your phone number (e.g. 221337). This anonymous code will
be used to match your responses on this survey to your responses on the
post-survey.
a. _____________
2. What is your age?
a. _____________
3. What gender do you identify as?
a. Male
b. Female
c. Non-binary
d. Prefer not to disclose
4. What year are you in college?
a. 1st year
b. 2nd year
c. 3rd year
d. 4th year
e. 5th year or later
5. What is your major?
a. _____________
6. I am interested in pursuing a career in genetics.
a. Strongly Disagree
b. Disagree
c. Neutral
d. Agree
e. Strongly Agree
7. I am interested in pursuing a career in genomic data analysis.
a. Strongly Disagree
b. Disagree
c. Neutral
d. Agree
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e. Strongly Agree
Use the following mRNA codon key as needed to answer the next two questions:
GCC Alanine
AAU Asparagine
CCU Proline
GGA Glycine
UGG Tryptophan
UGA “Stop” (no amino acid)
GAA Glutamic acid
GAG Glutamic acid
AGG Arginine
CCC Proline
CAU Histidine
The following DNA sequence (coding strand) occurs near the middle of the coding
region of a gene.

8. Which of the following DNA mutations is almost certain to result in a shorter
than normal mRNA?
a. A→G at position 50
b. G→A at position 53
c. C→A at position 58
d. None of the above
9. For the same DNA sequence, which of the following DNA mutations is
almost certain to result in a shorter than normal protein?
a. T→C at position 59
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b. A→G at position 61
c. Insertion of a G after the G at position 54
d. None of the above
10. You are interested in studying a gene called CFTR because mutations in this
gene in humans cause cystic fibrosis. You have made a line of mice that lack
the mouse CFTR gene. These mice are unable to clear bacteria from their
lungs, so they get lung disease. You put a normal human CFTR gene into
some of these mice and discover that the mice with the human gene are able to
clear bacteria from their lungs and no longer get lung disease. From this
experiment, you can conclude that:
a. The DNA sequences of the mouse CFTR gene and human CFTR gene
are identical.
b. The amino acid sequences of the mouse CFTR protein and the human
CFTR protein are identical.
c. The mouse CFTR gene and human CFTR gene encode proteins that
can serve a similar function.
d. B and C
e. All of the above are true.
11. Which type of DNA mutation is likely to alter multiple codons in the resulting
mRNA transcript?
a. Missense
b. Insertion
c. Deletion
d. B and C
e. All of the above
12. Polydactyly is an inherited trait that results in extra fingers or toes. In the
United States 0.1% of the population exhibits polydactyly. ZNF141 is a gene
associated with polydactyly. There is a variant in ZNF141 that has an allele
frequency of 8%. Based on this information, it is unlikely that this variant
causes polydactyly.
a. True
b. False
13. Do you think that eventually every genetic variant in the human genome could
be classified as pathogenic (disease-causing) or benign (harmless)? Please
explain your reasoning.
a. _______________________
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APPENDIX B
POST-SURVEY
1. Please enter the first three digits of your street address, followed by the last
three digits of your phone number (e.g. 221337). This anonymous code will
be used to match your responses on this survey to your responses on the
pre-survey.
a. ____________
2. Did the variant curation module have any impact (either negative or positive)
on your interest in a career in genetics or genomic data analysis? Please
explain why.
a. _______________________
Use the following mRNA codon key as needed to answer the next two questions:
GCC Alanine
AAU Asparagine
CCU Proline
GGA Glycine
UGG Tryptophan
UGA “Stop” (no amino acid)
GAA Glutamic acid
GAG Glutamic acid
AGG Arginine
CCC Proline
CAU Histidine
The following DNA sequence (coding strand) occurs near the middle of the coding
region of a gene.
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3. Which of the following DNA mutations is almost certain to result in a shorter
than normal mRNA?
a. A→G at position 50
b. G→A at position 53
c. C→A at position 58
d. None of the above
4. For the same DNA sequence, which of the following DNA mutations is
almost certain to result in a shorter than normal protein?
a. T→C at position 59
b. A→G at position 61
c. Insertion of a G after the G at position 54
d. None of the above
5. You are interested in studying a gene called CFTR because mutations in this
gene in humans cause cystic fibrosis. You have made a line of mice that lack
the mouse CFTR gene. These mice are unable to clear bacteria from their
lungs, so they get lung disease. You put a normal human CFTR gene into
some of these mice and discover that the mice with the human gene are able to
clear bacteria from their lungs and no longer get lung disease. From this
experiment, you can conclude that:
a. The DNA sequences of the mouse CFTR gene and human CFTR gene
are identical.
b. The amino acid sequences of the mouse CFTR protein and the human
CFTR protein are identical.
c. The mouse CFTR gene and human CFTR gene encode proteins that
can serve a similar function.
d. Both answers b) and c) are true.
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e. All of the above are true.
6. Which type of DNA mutation is likely to alter multiple codons in the resulting
mRNA transcript?
a. Missense
b. Insertion
c. Deletion
d. B and C
e. All of the above
7. Polydactyly is an inherited trait that results in extra fingers or toes. In the
United States 0.1% of the population exhibits polydactyly. ZNF141 is a gene
associated with polydactyly. There is a variant in ZNF141 that has an allele
frequency of 8%. Based on this information, it is unlikely that this variant
causes polydactyly.
a. True
b. False
8. After completing this variant curation module, has your opinion changed on
whether every variant in the human genome could eventually be classified as
pathogenic or benign? Please explain why your opinion has or has not
changed.
a. ________________________
9. Overall, how would you rate your experience with the variant curation
module?
a. Excellent
b. Good
c. Average
d. Poor
e. Terrible
10. Was the variant curation module too difficult, too easy, or about right?
a. Far too difficult
b. Too difficult
c. About right
d. Too easy
e. Far too easy
11. Was the length of the variant curation module (one day of class) too long, too
short, or about right?
a. Far too long
b. Too long
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c. About right
d. Too short
e. Far too short
12. I am confident in my ability to navigate genomic resources to gather
information and evidence related to a genetic variant.
a. Strongly Disagree
b. Disagree
c. Neutral
d. Agree
e. Strongly Agree
13. The variant curation module improved my understanding of the clinical
implications of genetic variants.
a. Strongly Disagree
b. Disagree
c. Neutral
d. Agree
e. Strongly Agree
14. The variant curation module helped reinforce my knowledge of key genetic
concepts.
a. Strongly Disagree
b. Disagree
c. Neutral
d. Agree
e. Strongly Agree
15. The variant curation module increased my interest in genetics.
a. Strongly Disagree
b. Disagree
c. Neutral
d. Agree
e. Strongly Agree
16. The variant curation module helped me develop intellectual skills (e.g.,
critical thinking, quantitative reasoning, problem solving, etc.).
a. Strongly Disagree
b. Disagree
c. Neutral
d. Agree
e. Strongly Agree
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17. I would find it meaningful to be able to submit my variant classification to
ClinVar for expert review so that I can contribute to a larger database of
variants.
a. Strongly Disagree
b. Disagree
c. Neutral
d. Agree
e. Strongly Agree
18. What were the strengths of the variant curation module?
a. __________________________________________________
19. What were the weaknesses of the variant curation module?
a. __________________________________________________
20. Do you have any recommendations on how the variant curation module could
be improved?
a. __________________________________________________
21. Can you think of any additional resources or support that would have been
helpful to you during the variant curation module?
a. __________________________________________________
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APPENDIX C
LECTURE SLIDES FOR BIOINFORMATICS APPLICATIONS CLASS
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APPENDIX D
ASSIGNMENT FOR BIOINFORMATICS APPLICATIONS CLASS

Clinical Genomic Variant Exercise:
In teams of three, complete the following exercise - (teams on EtherPad).
Teams will present their variants and findings to the class on Wednesday,
November 6th.
Assignment:
You are a team of clinical geneticists and are tasked with helping identify potentially
pathogenic genomic variants that could be involved in your patient’s disease. You
will have a proband (the affected child) and two parents to sequence and analyze their
genome (called a trio sequencing test). For this exercise, your patients will be from
the 1000 Genome Project. You will get to use a lot of creative license around this
family – you can pick the disease to study, the gene affected, etc. The goal is to find
a SNP in the trio, use your resource “toolkits” to investigate this SNP
(DNA/RNA/Protein/Phenotype) and then make a presentation to the rest of your
clinical team (our class) to present your findings.
Pick a few individuals (all one background vs diverse backgrounds, related or not,
women vs men, etc, up to you!) and download their exomes onto IGV
http://www.internationalgenome.org/data-portal/sample
Find a SNP in a clinically interesting gene in one or more of these patients by
annotating with SNPs and either browsing for SNPs between exomes, looking at a
gene you’re interested in/know something about, picking one SNP and querying.
Look up SNP details at dbSNP database:
https://www.ncbi.nlm.nih.gov/projects/SNP/
Look up SNP Pathogenicity via the ClinVar website.
https://www.ncbi.nlm.nih.gov/clinvar/docs/help/
Compare with OMIM results to understand the medical relevancy of this SNP

70

https://www.omim.org/
Additional Databases/Resources to Explore:
SNP location relative to the gene via UCSC Genome Browser/GeneCards.
Gene Expression Patterns (GTex)
Protein Structure/Function (UniProt)
Regulation of Gene Expression (ENCODE Project)
Population Frequencing (Gnomad)
Presentation Details
Put together a 5-10 minute presentation about your findings:
● Patient “histories” - you get to be creative about your “family and patient” - I
will demo this in class.
○ Mode of inheritance (de novo, autosomal, recessive, dominant, etc).
Pedigree.
● Clinical relevance/disease overviews
● Geographical/population relevance
● Gene and mutation details
○ Gene name, gene function, gene expression, where in the gene this
mutation occurred, type of mutation, possibly effect on important
domain (protein modeling).
● Supporting research and publications (model organisms - Monarch Initiative
database)
● Your decision on the likely pathogenicity of the variant in the proband’s
condition.
Advice:
Google widely!! And ask me for help if you get stuck or have questions.
Please post presentations on our EtherPad via open GoogleSlides before class starts
on Wednesday.
Be creative and ambitious!!
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APPENDIX E
LECTURE SLIDES FOR PRINCIPLES OF GENETICS CLASS
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APPENDIX F
ASSIGNMENT FOR PRINCIPLES OF GENETICS CLASS
BIO 351 Variant Curation Module Worksheet
You are a genetic specialist working for a genetic testing company, where your
primary role is to analyze and interpret clinical and genetic information to produce
variant curation reports. You receive the results of a genetic test that was ordered for
a pediatric patient. The test identified a variant that could potentially explain the
pediatric patient’s symptoms. You need to create a variant curation report to
determine whether the variant is pathogenic (disease-causing).
Helpful Resources:
- ClinVar: https://www.ncbi.nlm.nih.gov/clinvar/
- Mutalyzer: https://mutalyzer.nl/
- OMIM: https://omim.org/
- PubMed: https://www.ncbi.nlm.nih.gov/pubmed/
- Google Scholar: https://scholar.google.com/
- Genetics Home Reference: https://ghr.nlm.nih.gov/
- GeneReviews: https://www.ncbi.nlm.nih.gov/books/NBK1116/
Characterizing the Variant:
1. Please write down the assigned variant you will be interpreting:

2. What genetic condition is this gene associated with?

3. What is the mode of inheritance for this condition?
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4. What clinical characteristics (symptoms, physical features, labwork, etc.) are
seen in individuals with this genetic condition? (Hint: Search for the genetic
condition on Genetics Home Reference or GeneReviews.)

5. Go to the Mutalyzer website (Link: https://mutalyzer.nl/) and enter your
variant into the “Name Checker” search function -- make sure you enter the
name of the reference sequence, the gene, and the c. (ex:
NM_007294.3(BRCA1):c.5503_5564del). The resulting page will give you
information about the sequence change and the protein change. It will also
provide a visual representation of how the protein resulting from this variant
differs from the reference (normal) protein.
a. What type of sequence change is this variant?

b.

What protein change is caused by this variant (p.xxx)?

Variant Curation:
- Go to the ClinGen Test Curator Interface (Link:
https://curation-test.clinicalgenome.org/) and click on “Demo Login” in the
top right corner.
- Click on “New Variant Curation” at the top of the page. Where it says “Select
Variant by ID type”, choose “ClinVar Variant ID” → “Add ClinVar ID”. You
will need to find the Variation ID for your variant by searching for your
variant on the ClinVar website (enter the gene name and c. in the ClinVar
search engine).
- Once you enter the ClinVar ID, click “Save and View Evidence”. Click the
“Interpretation +” button on the right side of the page to begin your variant
curation.
- You will go through the “Population”, “Variant Type”, “Experimental”, and
“Case/Segregation” tabs to evaluate the criteria by choosing “Met” or “Not
Met”. When you click “Save” for each category, the criteria will automatically
be weighed to determine a classification for the variant.
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As you evaluate the criteria in each of the tabs, you can see the classification
of the variant under “Calculated Pathogenicity”.

6. Population:
a. BA1: Allele frequency is >5% in ExAC, 1000 Genomes, or ESP
(Scroll down the page in the Population tab to see population data
from ExAC and 1000 Genomes. If it says “No population data was
found”, this criteria is not met because we can assume that the allele
frequency is <5% if it is not found in population databases.)
i.
Met
ii. Not Met
b. BS1: Allele frequency greater than expected due to disorder (Hint:
Look up the estimated prevalence of the disorder to determine if the
allele frequency of your variant is greater than you would expect for it
to be disease-causing. Consider the mode of inheritance of the
condition and the equation for Hardy-Weinburg equilibrium.)
i.
Met
ii. Not Met
c. PM2: Absent from controls (or at extremely low frequency if
recessive) in ExAC, 1000 Genomes, or ESP
i.
Met
ii. Not Met
7. Variant Type:
Click on the “Loss of Function” tab under “Variant Type”.
a. PVS1: Null variant (nonsense, frameshift, canonical +/- 1 or 2 splice
sites, initiation codon, single or multiexon deletion) in a gene where
LOF is a known mechanism of disease.
i.
Met
ii. Not Met
8. Experimental and Case/Segregation:
For these sections, you will have to search through the scientific literature on
Google Scholar and PubMed to find papers that include your variant in their
study.
- To find papers that mention your variant, search the gene name
followed by either the c. or p. as papers might refer to the variant
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using either c. or p. nomenclature. When a paper comes up as a search
result, try using the Ctrl+F function to find where your variant is
mentioned in the paper or look for your variant in the tables of the
paper.
There are several different criteria under the “Experimental” and
“Case/Segregation” tabs -- you do not need to evaluate all of them.
Just evaluate the criteria that are met based on the research papers
you find for your variant. It’s possible you may only be able to
evaluate one or two criteria for this section.

a. Briefly summarize the information you found about your genetic
variant in the scientific literature.

b. For the “Experimental” and “Case/Segregation” tabs, which criteria
were met by the papers you found? (Just write the code for the
criteria, e.g. PM1 and PP4)

9. What is your final classification for the variant?

Clinical Implications:
10. This test result has confirmed a genetic diagnosis for the patient. Given this
new diagnosis, what kind of treatment and/or referrals to other medical
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specialists will the geneticist and genetic counselor likely recommend for the
patient? (Useful resources: Genetics Home Reference and Genereviews)

11. Who else in the family should the geneticist/genetic counselor consider testing
for variants in this gene and why?

12. What questions and concerns might the parents have when they receive this
genetic diagnosis for their child?

