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Objectives. To teach first-year (P1) pharmacy students to apply the principles of pharmacogenomics
underlying clinical pharmacotherapeutics to cancer patients.
Design. Using polymerase chain reaction (PCR) and high-resolution melting analysis of deoxyribo-
nucleic acid (DNA) from colorectal cancer cell lines to determine the presence of somatic mutations for
an oncogenic marker, students formulated the proper course of treatment for a patient with similar
tumor genomics.
Assessment. In a postintervention survey, students highly rated the effectiveness of the laboratory
session for learning pharmacogenomics, and subsequent examination scores reflected retention of
principles and understanding of clinical application.
Conclusion. The pharmacogenomic laboratory exercise prepared students to understand how genetic
markers give clinical insight into the appropriate application of drugs in oncology pharmacotherapy.
Further, the session inspired their interest in learning more about pharmacogenomics and their pro-
fessional roles in personalized medicine.
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INTRODUCTION
Personalized medicine is a rapidly growing field in

which healthcare providers can determine appropriate
pharmacotherapy for cancer patients by using the genetic
markers within their tumor DNA. Discoveries regarding
the importance of pathways in cancer have resulted in
a change in cancer treatments from conventional chemo-
therapy and radiation therapy to a molecular targeted ap-
proach to treatment. In particular, the field of oncology is
using identification of specific mutations within tumor
cells to determine selective pharmacotherapeutic target-
ing of the tumor cells, which results in less damage to the
patient’s normal cells.

It is important for pharmacy educators to teach future
pharmacists to optimize personalized treatment based on
patients’ genomics with the hope of increasing patient
survival. Our pharmacogenomics laboratory exercise in-
corporates the Accreditation Council for Pharmacy Edu-
cation competencies specific for pharmacists to be able to
use knowledge of the biomedical sciences and emerging
technologies to providepharmaceutical care as amember of
the health care team.1 It also addresses CAPE competency

1.1.4, Application of knowledge in foundational sciences
to solve therapeutic problems and advance patient-
centered care.2

In the last 30 years, researchers have discovered the
importance of somaticmutations in tumor cells, which are
driving the development of the tumor.3 In general, so-
matic mutations can result in alterations of proteins in-
volved in regulatory pathways such as the ERK/MAPK
(extracellular signal-regulated kinases/mitogen-activated
protein kinases) pathway, giving cells a growth advan-
tage, thus driving carcinogenesis. Epidermal growth
factor receptor (EGFR), v-Raf murine sarcoma viral on-
cogene homolog B1 (BRAF), and V-Ki-ras2 Kirsten rat
sarcoma viral oncogene homolog (KRAS) genes are ex-
amples of known oncogenes, which encode for proteins
that are involved in the ERK/MAPK pathway. A somatic
mutation altering any 1 of the 3 oncogenic proteins in
a manner that stimulates this signaling pathway results
in proliferation of tumor cells.4

To block signaling of the cancer promoting mutant
proteins, 2 types of pharmacologic inhibitors have been de-
veloped to suppress the activation of the ERK/MAPK path-
way. Cetuximab (Erbitux) and panitumumab (Vectibix) are
monoclonal antibodies that block activation of the onco-
genic EGFR protein.5-8 These antagonists impede recep-
tor signaling by either attaching to the ligand binding site,
or by hindering receptor homodimerization. Another type
of inhibitor, small molecule kinase inhibitors, directly
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binds to the mutated proteins, inhibiting their signaling
function. Sorafenib (Nexavar) is a nonselective inhibitor
that attaches to B-raf and C-raf proteins, maintaining
these kinase proteins in an inactive form.9,10Vemurafenib
(Zelboraf) inhibits by selectively binding to the mutated
form of the B-raf protein.11 Although somatic alteration
of the oncogenes are informative for tailored treatment,
the Food and Drug Administration (FDA) requires EGFR
protein expression analysis for the monoclonal antibody
therapies, but only recommends genetic testing of the
BRAF mutation for vemurafenib.12-14

Healthcare professionals may not use targeted ther-
apies because of the lack of knowledge about appropriate
molecular tests to identify these specific markers.15 Phar-
macists who can identify the appropriate markers and
apply the clinically available genetic tests can improve
patient care by helping define optimal targeted therapies.
Understanding the principles of pharmacogenomics is
a key element in bridging the gap between bench and
bedside.

The purpose of this laboratory exercise was to intro-
duce P1 pharmacy students to the fundamental concepts
and application of pharmacogenomics early in their train-
ing. Concurrently, P1 students were enrolled in Human
Biochemistry and Medical Immunology courses, which
provided important foundational concepts that were inte-
grated into the Practice Integrated Laboratory Sequence
(PILS) exercises. This P1 pharmacogenomics exercise
incorporated 6 of the 12 core competencies of the Presby-
terian College School of Pharmacy (PCSP) curriculum:
communication, problem prevention and solving, evidence-
based decisions, interprofessional interaction and team-
work, advancement of pharmacy and healthcare, and
promoting of health and public welfare.

DESIGN
The P1 students obtained a foundational knowledge

of cancer genetics, types of mutations, and monoclonal
antibody therapies for cancer treatment in their basic sci-
ence courses, including in Human Biochemistry andMed-
ical Immunology. This pharmacogenomics exercise in the
PILS demonstrated and applied these concepts of genetics
andmedication therapy using an active-learning approach
in a student-centered learning environment. The expected
outcomes of the pharmacogenomics laboratory exercise
were for students to be able to: comprehend the scientific
basis of genomicmutations; identify specificmutations in
the tumor DNA; analyze whether a specific mutation is
a drug target; and evaluate the appropriate pharmaco-
therapy based on the tumor genome. The goal of this
pharmacogenomics laboratory exercise was to illustrate
the importance of determining the proper treatment for

a specific patient through the identification of genetic
markers, in this case using the known somatic marker in
the BRAF gene of colorectal cancer patients.16

Somatic mutation of the BRAF gene is observed
in approximately 5%-10% of all colorectal cancer
cases.16,17 BRAF gene encodes for a serine/threonine-
protein kinase, which is an activating protein in the
ERK/MAPK pathway. In 90% of somatic BRAF muta-
tions, the nucleotide change is a thymidine to adenosine in
position 1799. This mutational change translates into
a substitution of a valine (V) to a glutamic acid (E) in
the protein at position 600. The missense mutation
(V600E) results in an activating event, increasing kinase
signaling which stimulates proliferation through the
ERK/MAPK pathway.18 The somatic BRAF V600E mu-
tation has been linked to alterations in the response to
several cancer treatments, such as cetuximab, panitumu-
mab, sorafinib, and vemurafenib. Because the immuno-
therapies target the Egf receptor protein in the ERK/
MAPK pathway in tumor DNA, a somatic V600E muta-
tion in the downstream effector B-raf protein of tumor
cells impairs the responsiveness to cetuximab or panitu-
mumab for colorectal patients.19-21 Studies showed that
the immunotherapies were more effective in patients who
expressed the unaltered (wild type) B-raf protein. For
EGFR-positive colorectal patients with the somatic BRAF
V600E mutation, a targeted approach could be considered
using the small Raf kinase inhibitors sorafinib and vemur-
afenib, in conjunction with the immunotherapies.9, 22 This
multi-targeted approach to oncogenic proteins more effec-
tively suppresses the activation of the ERK/MAPK path-
way in patients who possess a somatic BRAF V600E
mutation and overexpress the EGFR protein in their
tumor cells.

Because the somatic BRAF V600E mutation is
found in colorectal tumorDNA,we used 13 commercially
available colorectal cancer cell lines in the laboratory
exercise. We provided clinical and genetic information
to students about each of the cell lines from the ATCC
website, research articles, and online databases (Table 1).

Isolation of DNA
In preparation for the laboratory exercise, the cell

lines were grown using standard methods as described
in the ATCC cell culture procedures. The cell culture of
the colorectal cancer cells was a major challenge, as
growing the cells was labor intensive because of the num-
ber of cell lines. The culturing also needed to be coordi-
nated because of the individual culturing requirements
for each cell line. Confluent cell lineswere harvestedwith
lysis buffer/Proteinase K from the Agencourt GENFIND
v2 DNA isolation kit (Beckman Coulter Genomics,
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Danvers MA). An aliquot of each cell lysate was used to
confirmmutation status,while the remainderwas retained
for the laboratory exercise. The status of the V600E
mutation in the cell lines was identified with Sanger Se-
quencing and Scorpion probes. For the pharmacogenom-
ics exercise, the high resolution melting (HRM) analysis
was used as the appropriate screening technique, because
the test is high-throughput and affordable.37

The class of 78 students was divided into 2 labo-
ratory sections of 39 each, which were further orga-
nized into individual work groups. Two pharmaceutical
sciences faculty members who had a strong back-
ground in molecular biology and pharmacogenomics
were required to prepare and teach the exercise. The
2200-square-foot biotechnology laboratory has an
overhead camera for instruction of students in laboratory
techniques.

The protocol for the DNA isolation and the notes for
the pharmacogenomic exercise were available online
a week prior to the laboratory exercise. The students were
provided with a 1-hour lecture on the background of mu-
tations and polymerase chain reaction (PCR) methods, in
which the procedures for DNA isolation and HRM anal-
ysis were discussed. They were also given the clinical
information about the patient from whom the cancer cell
lines were derived, including the gender and age of the
patient, and tumor staging information. The staging in-
formation was based on the Dukes classification, which
describes the extent of the tumor growth. The majority of
the tumors were classified as stage C or D, which de-
scribes the cancer as spreading beyond the primary tumor.
The students were told that patients with late-stage cancers
would need additional therapyafter surgery.By identifying
the genetic markers, the appropriate pharmacotherapy
treatment could be applied to the cancer patient.

In addition to the lecture material, the students
reviewed 2 relevant papers on BRAF and discussed the
implications of knowing the BRAF status of the tumor
cell lines and how this knowledge could benefit individ-
uals with late-stage colorectal cancer.19,38

Extraction and Quantitation of Tumor DNA
Each group of 5 students was provided a lysate from

1 of the 13 cancer cell lines, and directed to extract DNA
using a protocol provided with the laboratory instruction
materials. The DNA extraction protocol was adapted
from the manufacturer’s protocol provided with the
Agencourt GENFIND v2 DNA isolation kit (Beckman
Coulter Genomics, Danvers MA). Tumor DNA samples
were eluted with purified nuclease-free water. Quantita-
tion of tumor DNA was done using a Thermo Scientific
NanoDrop Lite Spectrophotometer and all samples were
diluted to a final concentration of 2.5 ng/mL.

Amplification of the BRAF Marker
To identify the somatic mutation at nucleotide posi-

tion 1799, a real-time polymerase chain reaction (RT-
PCR) was performed using primers specific for a 100
bp segment of the BRAF gene, designed using the
Primer3 primer design tool (available at http://bioinfo.
ut.ee/primer3-0.4.0/) (forward, 5’-TTCATGAAGACCT
CACAGTAAAA-3’; reverse, 5’-TCAGGGCCAAAA
ATTTAATCA-3’). PCR amplifications were performed
using aBioRadC1000TouchThermalCycler andCFX96
Touch Real-Time PCR Detection System (BioRad, Her-
cules, CA). The students were instructed to make a real-
time PCR master mix containing 10ml BioRad Ssofast
EvaGreen Mastermix, 6ml of nuclease-free water, 2ml
of 5mMBRAF primers to which they added 5ng of tumor
DNA. The PCR mixes were loaded into a 96-well plate,

Table 1. Description of Colorectal Adenomacarcinoma Cell Linesa

Name Gender Age Dukes’ Classification Documented BRAF Mutation Status References

Caco-2 Male 72 C WT 23, 24

Colo-205 Male 70 D V600E 20, 24-27

DLD-1 Male 58 C WT 23, 24, 28

HCA7 Female 58 B WT 26, 29

HCT116 Male N/A D WT 25-27, 36

HT-29 Female 44 C V600E 19, 24-27, 30

Lovo Male 56 C WT 25, 26, 31, 32

LS174T Female 58 B WT 24, 26, 33

Moser N/A N/A N/A N/A 34

SK-CO-1 Male 65 C/D WT 24-26, 30

SW1417 Female 53 C V600E 26, 35

SW48 Female 82 C WT 25, 26, 35

SW480 Male 50 B WT 25-, 35

a DNA was extracted from the colorectal cancer cell lines listed. WT refers to wild-type.
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which included a control for the somatic V600Emutation
and a control for the wild type BRAF marker (commer-
cially available DNA, Promega). The PCR protocol was
designed using the BioRad CFX Manager (BioRad, Her-
cules, CA), and consisted of a 98°C for 2 min; 98°C for
5 sec, and 60°C for 10 sec; (40 cycles); 95°C for 1min and
70°C for 1min;Melt Curve 70°C to 95°C at 0.2 °C/10 sec.

Mutational Analysis
The identification of the somaticmutationswas done

using HRM software analysis (BioRad Precision Melt
Analysis). The HRM analysis clustered the curves into
2 distinct variants with different melt peaks. The students
were shown the somatic V600E mutation and wild type
controlswith theHRMresults. Each laboratory groupwas
given the opportunity to identify the status of the colorec-
tal cancer cell lines. Ten of the cell lines demonstrated
melt peaks consistent with the wild type BRAF, and the
somatic V600E mutations were observed in 3 of the cell
lines (Figure 1). After students were given the BRAF
status and clinical information for each colorectal cell
line, the laboratory groupswere asked to explain the treat-
ment options for each cell line as if they were treating
a colorectal cancer patient. The Presbyterian College In-
stitutional Review Board determined this research was
exempt.

EVALUATION AND ASSESSMENT
We defined success of the laboratory exercise as an

increase in understanding of pharmacogenomic princi-
ples by a majority of the students as reflected in their
performance on a summative examination and their pos-
itive perception of the learning experience. A week prior
to the pharmacogenomics laboratory exercise, the stu-
dents were asked to complete an in-class, preexercise
survey instrument that was anonymous and voluntary.
During the week following the laboratory exercise, the
students were asked to complete an in-class, postexercise
survey instrument to evaluate the effectiveness of the
laboratory exercise.

The survey completion rate was 100% for the preex-
ercise survey instrument and 98.7% for the postexercise
survey instrument (data not shown). Prior to the labora-
tory exercise, fewer than half of the students reported
having previously learned about PCR. Additionally, less
than a third of the students reported genotyping experi-
ence prior to the laboratory exercise (Table 2).

Survey questionswere included to determine the stu-
dents’ knowledge of the application of the laboratory
techniques in the area of pharmacogenomics. Prior to
the laboratory exercise, the average rating on understand-
ing how somatic mutations influence tumor growth was

3.7 out of 5. After the laboratory exercise, the average
score for this question was 4.6 out of 5. Similarly, the
average rating on the application of somatic mutations
in altering drug response or as a drug target increased
from 2.9 before to 4.5 out of 5 following the laboratory
exercise (Table 3).

Students were also asked to rate the effectiveness of
the laboratory exercise as an educational tool using 5
questions. The average rating for all 5 assessment ques-
tions was 4 or greater out of 5. The overall rating of the

Figure 1. Results of Laboratory Exercise. The BRAF Status of
V600 for the pharmacogenomic exercise was performed using
the high resolution melting (HRM) analysis. The V600E mu-
tation curves for the 3 samples are identified in blue and the
wild-type curves for the 10 samples are in red.

Table 2. First-Year Pharmacy Students’ Self-Assessment of
Knowledge/Experience Prior to Laboratory Exercise

Yes,
No. (%)

No,
No. (%)

Maybe,
No. (%)

Knowledge of
polymerase chain
reactions during
undergraduate studies

35 (44.9) 19 (24.4) 24 (30.8)

Performed genotyping
prior to attending
pharmacy school

25 (32.1) 44 (56.4) 9 (11.5)
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laboratory exercise was favorable (Table 4) and the feed-
back that was given on the open-ended assessment ques-
tions (data not shown) was positive as well.

Students’ knowledge of pharmacogenomics was
evaluated using short-answer application and knowledge
questions included on the PILS Biotechnology Labora-
tory final examination.Most of the students demonstrated
an understanding of how the identification of BRAF
marker applies to oncology treatment (Table 5). Students
scored especially well on their knowledge of how to dis-
tinguish a wild type sequence from the V600E mutation
using the HRM graph. In their overall performance on the
final examination questions, more than 77% of the stu-
dents showed they had developed an understanding of
pharmacogenomic principles and their application to the
pharmacotherapy of cancer.

DISCUSSION
Pharmacy educators are exploring best practices to

teach crucial topics of pharmacogenomics and targeted
oncogenic therapy.39-41 In the PCSP curriculum, we have
developed a program that emphasizes the importance of
genomics from the beginning of the student’s pharmacy
education. Responses on the initial survey instrument ad-
ministered showed that many students entering the phar-
macy program had a limited background in genomics;
thus, it is critical to begin bridging that gap as soon as
possible. By incorporating principles of genomics into
Medical Immunology and Human Biochemistry courses
in their first academic semester, we have been able to
reinforce these principles with active-learning laboratory
experience in the PILS.

The students gain practical experience from these
laboratory exercises, and this enables them to move from

basic scientific discovery of mutations to clinical appli-
cation of the data for a patient. This pharmacogenomic
exercise emphasizes the scientific foundation for under-
standing the role somaticmutations play in human disease
and therapeutics, using a well-understood BRAF somatic
mutation. Responses to examination questions showed
students’ level of comprehension of pharmacogenomic
principles and how to apply them. Students’ responses
on the presurvey and postsurvey instruments demonstrate
the value of this exercise.Not only did students’ perceived
level of knowledge of pharmacogenomics increase, but
also their interest in the subject was stimulated. Students’
examination scores reflected improved comprehension
of both pharmacogenomic principles and their clinical
application.

The pharmacogenomics laboratory exercise was
designed to address several core competencies for genetics
education established in 2007 for all health professionals
by the National Coalition for Health Professional Educa-
tion in Genetics (NCHPEG):

d 1.3 - Understanding how identification of disease-
associated genetic variations facilitates development
of prevention, diagnosis, and treatment options,

d 1.5 - Understanding the interaction of genetic, envi-
ronmental, and behavioral factors in predisposition
to disease, onset of disease, response to treatment,
and maintenance of health.

d 1.6 - Understanding the difference between clinical
diagnosis of disease and identification of genetic
predisposition to disease.42

Our pharmacogenomics laboratory exercise incor-
porated each of these principles. As students move through
the PCSP curriculum, they establish a solid scientific

Table 3. Rating of Knowledge of Pharmacogenomics Before and After Exerciseb

Preexercise Survey
(Mean Score)

Postexercise Survey
(Mean Score)

How somatic mutations can either alter a drug response or be a drug target. 2.9 4.5
How somatic mutations influence the development of tumor growth. 3.7 4.6
b Scoring on a 5-point scale. Responses are rated on a scale from 1 to 5, with 1 meaning completely disagree and 5 meaning completely agree.

Table 4. Assessment of Effectiveness of Laboratory Exercisec

Postexercise Survey
(Mean Score)

Exercise demonstrated importance of personalized medicine/pharmacogenomics for oncology treatment. 4.4
Would recommend laboratory exercise as an effective learning tool to future pharmacy students. 4.5
Exercise increased my interest in the field of pharmacogenomics. 4.1
Lecture portion of the lab increased my understanding of somatic mutations. 4.4
Exercise contributed significantly to my preparation in becoming a pharmacy practitioner. 4.0
c Scoring on a 5-point scale. Responses are rated on a scale from 1 to 5, with 1 meaning completely disagree and 5 meaning completely agree.
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foundation to apply to patient pharmacotherapeutics.
Courses in the curriculum that incorporate pharmacoge-
netic principles and their application include Pathophys-
iology in the P1 year; Pharmacology and Medicinal
Chemistry, Pharmacogenomics, and Measuring Thera-
peutic Parameters in the P2 year; and Oncology, and
Infectious Disease Medication Therapy Management
courses in the P3 year. By incorporating a comprehensive
program of pharmacogenomics throughout the PCSP cur-
riculum, these future pharmacists will be at the forefront
of meeting the challenges of personalized medicine in the
21st century.

In this era of the patient-centered medical home, it is
important for healthcare practitioners to understand the
scientific basis for clinical decisions. Pharmacists who
participate in clinical therapeutic modalities have a criti-
cal role in optimizing patient outcomes. In the next de-
cade, a patient’s genome likely will be the crucial piece of
the puzzle in personalized medicine. Pharmacists in
a wide range of practice sites will need to understand
and apply pharmacogenomics in order to maintain best
practice for the benefit of their patients.

SUMMARY
As personalized medicine and medication therapy

management become more central parts of standardized
patient care, pharmacists will need to understand how the
identification of somatic mutations will be used in tailor-
ing the appropriate cancer therapy. The pharmacoge-
nomic exercise in the PILS course was designed to
teach students about the basics of personalized oncology
therapy using a well-documented somatic mutation asso-
ciated with specific targeted therapies. Students actively
participated in the isolation of tumor DNA, the identifi-
cation of a somatic mutation, and the determination of
a course of clinical treatment appropriate to a patient with
a specific mutation. Student responses to the survey in-
struments and their performance on summative examina-
tion questions confirmed that the laboratory exercise

effectively demonstrated the importance of personalized
medicine and pharmacogenomics for oncology treatment,
while increasing their interests in learning more about the
clinical application of pharmacogenomics.
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