
Using Undergraduate Molecular Biology Labs to 
Discover Targets of miRNAs in Humans
Adam Idica1, Jordan Thompson1, Irene Munk Pedersen1, Pavan Kadandale1*

1Department of Molecular Biology and Biochemistry, University of California, Irvine, CA

Abstract
Incorporating authentic research experiences into undergraduate labs, while shown to be particularly effective at engag-
ing and retaining students in STEM majors, can be difficult to accomplish within the constraints of resource availability 
or cost, and time limitations. One area that is particularly amenable to adaptation for undergraduate lab classes is the 
discovery and validation of targets of microRNAs (miRs). The human genome encodes several hundred, possibly several 
thousand miRs, each of which is a 22 nucleotide long RNA molecule capable of regulating the expression of multiple 
target genes. miRs have been shown to be critical during development, for human health and disease, and are currently 
being investigated as both therapeutic agents, as well as possible drug targets. A lack in understanding the mechanisms 
by which miRs recognize their targets makes computer-based predictions of miR targets quite inaccurate, necessitating 
experimental verification of such predictions. In this lesson, we describe an easily adaptable lab module that can be used 
in existing undergraduate molecular biology lab courses to conduct authentic scientific research. Students use a variety 
of databases to identify likely candidate genes whose expression may be altered by a given miR, and then experimentally 
test their predictions in human cells. This inquiry-based module gives students a taste of real scientific research and excites 
them about the possibility that, even as a student, they have the potential to contribute to this cutting edge research.

Learning Goal(s)

• Understand the use, and limitation of biological databases and 
prediction algorithms

• Formulate new hypotheses
• Understand the importance of controls in experimental designs
• Understand common techniques used in molecular biology and 

their use to address scientific questions
• Understand the importance of quantitative measurements and 

reproducibility in science

Learning Objective(s)

Students will be able to:
• Use biological databases to generate and compare lists of predict-

ed miR targets, and obtain the mRNA sequence of their selected 
candidate gene

• Use bioinformatics tools to design and optimize primer sets for 
qPCR

INTRODUCTION
Including authentic research experiences into the curriculum 

has been shown to be a powerful tool in increasing student 
engagement and learning,(1,2) decreasing the performance 

gap between majority students and that of underrepresented 
minorities (URMs),(1,2,3,4) and increasing the retention of 
students in STEM majors (3-5). However, the incorporation of 
such experiences is usually costly and can be severely limited 
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by the availability of resources, especially in universities 
that teach classes with large student enrollments. Even labs 
that use inquiry-based modules often do not include real 
scientific research (6). In addition, those lab courses that 
engage students in real research are often funded by external 
grants,(1,2,3,4,2,7) and are consequently not sustainable in 
the long term. Given the limitations imposed by resources and 
time, the design of sustainable lab modules that can be used 
in large enrollment undergraduate lab is quite challenging. 
We describe one such module in which students in a large 
molecular biology lab course attempt to validate predicted 
human targets of microRNAs (miRs), thereby contributing to 
real scientific research. The module is relatively simple and 
sufficiently inexpensive to be used in most institutions. Further, 
the module has been designed so that it can be easily adapted 
to a number of different situations and contexts, including 
classes that meet for different lengths of time.

miRs are 22nt (nucleotide) RNAs of different sequences, 
each of which is capable of regulating the expression of several 
target genes.(8-10) Although estimates of the total number of 
miRs in the human genome vary widely from the hundreds(11) 
to the thousands,(12) their importance to normal health and 
disease is well established. For example, miRs are required 
for the regulation of normal development,(1,2,3,4,2,7,13,14) 
and misregulation of miRs is involved in a number of human 
diseases, including cancers,(1,2,3,4,2,7,13,14,15,16) mental 
retardation,(17) and obesity.(18) miRs are actively being 
investigated as potential therapeutic agents(19-21) and as 
targets for novel drugs.(22) The mechanisms by which miRs 
are expressed and processed is fairly well established, as is the 
final means by which they regulate their targets.(23) However, 
the exact process by which miRs target specific mRNAs is still 
unclear and, as a result, computer algorithms to predict miR 
targets are notoriously unreliable.(24)

The experimental validation of miR target predictions requires 
the use of relatively simple molecular biology techniques, 
including transfection of cells with miRs, RNA isolation, 
RT-PCR and qPCR. These techniques that are amenable for 
use in an undergraduate lab course and the kits required to 
perform these procedures are relatively inexpensive, making 
this project affordable and sustainable. At UC Irvine, we use 
this lab module in our molecular biology lab course. The 
course enrollment is approximately 100 students every quarter 
during the regular school year (for a total of 300 students in 
the academic year) and around 80 students in the summer 
quarter. Since students work in pairs, we could theoretically 
test ~190 predicted targets of a given miR every year, a level of 
effort that would make a useful contribution to the field of miR 
research. We have started by looking for targets of miR-128 in 
HeLa cells. If the lab module is more widely adopted at other 
institutions, a larger number of miRs could be tested in HeLa 
cells, or predictions for a given miR could be tested in different 
cell types. It’s important to note that results from our labs will 
be made publicly available for use by others.

From the perspective of students, the possibility of making a 
real contribution to science, particularly in an undergraduate 
lab course, generates a great deal of excitement and engages 
students more completely in the course. The module also 
exposes students to an authentic research experience, requiring 
them to generate a set of criteria to evaluate possible research 
avenues, use the published literature to ultimately select one 
candidate gene to test, and repeat their experiment (including 
troubleshooting their initial attempt if it failed!) before 
drawing a strong conclusion from their results. Students take 

ownership of their project and work on “their” gene, further 
increasing engagement with the content of the lab. The lab 
module is easily adapted to a number of different questions, 
and can be used successfully in diverse class settings to enable 
undergraduate students to get a taste of research on a modern, 
relevant, cutting edge area.

Intended audience 
The module described here is used in a large enrollment 

(100 students per quarter), upper division molecular biology 
lab course. The students meet for a common lecture by the 
instructor, and then are split into 5 lab sections of twenty 
students each. Each lab section is run by a graduate student 
TA, and the students work through the activities of the lab 
module in pairs. However, the module is easily adapted to a 
number of different contexts, since the technical complexity of 
the activities is not very high.

Learning time
The module as carried out at UC Irvine spanned three 

4-hour lab sessions, with one week between consecutive lab 
sessions. However, there are a number of stopping points in 
the procedure, so that with appropriate modifications, the 
module can be used in shorter labs (although it would then 
require a greater number of lab sessions).

Pre-requisite student knowledge
A basic background in molecular biology is strongly 

recommended for this module. Students will need to know 
what RNA is, how an RNA molecule can serve as a template for 
synthesis of DNA by RT-PCR, and how a PCR works. Lectures 
during the lab course can address more advanced topics such 
as primer design, positive and negative controls for qPCR, and 
miR biology. Basic lab skills, such as dilution calculations, 
and pipetting will be required to successfully carry out the 
experiments. Basic data mining, including searching on 
Google and PubMed, will be required to evaluate the miR 
target list.

SCIENTIFIC TEACHING THEMES

Active learning
Because it involves direct student effort, a lab module is, 
by its nature, active. This module will specifically require 
students to engage with the project by taking ownership of 
one predicted target gene of interest, which they themselves 
choose, based on their exploration of a number of different 
databases. Students will have to use their theoretical 
understanding of miRs, and miR targets to evaluate their 
results and arrive at their independent conclusions about 
their candidate gene.

Assessment
Assessment involves weekly quizzes on topics relevant to the 
lab module and a comprehensive final exam at the end of 
the quarter with questions about the procedures. Questions 
in both the quizzes and final exam require students to apply 
their learning and analyze data to draw conclusions, rather 
than just test student knowledge of miRs and the experiments 
they carried out in lab. Students also submit a final lab report 
which is written similarly to a scientific paper, in which 
students must justify the rationale for their experiments, 
present their results and conclusions, and discuss the future 
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directions of their research project.

Inclusive teaching
Students get to pick a candidate gene that interests them 
and they do so using a variety of criteria that reflect their 
individuality and diversity. Since students work in pairs 
(students randomly pair up at the beginning of the quarter, 
and keep the pairing for all lab sessions), they get to 
scientifically debate the merits and issues with picking 
different candidates, and must arrive at a consensus choice.

LESSON PLAN
The entire module takes three lab sessions of 4 hours each. 

Table 1 and 2 depict the timeline of activities in each lab 
session (see page 4).

Lab Session 1
1.A. Instructor Preparation for Lab Session 1 

Supplemental File S1 details the two databases (PicTar 
- http://pictar.mdc-berlin.de/ and TargetScan - http://www.
targetscan.org/) and the procedure to generate a list of 
predicted targets for a specific miR. We recommend that the 
instructors familiarize themselves with the two databases prior 
to teaching the students to use it. By design, we do not provide 
students with details about how to use the two databases. 
The online resources explain the databases and their outputs 
quite well, and we expect students to explore these resources 
on their own and figure out what the information available 
on the websites means. This approach mirrors the research 
experience, when scientists are forced to use unfamiliar tools 
to obtain data relevant to their projects.

We have initially chosen to identify the targets of miR-128, 
since the Munk Pedersen lab is currently studying its role in 
disease and transposon activation, and most of the targets 
of miR-128 are not known. We note here, though, that the 
choice of specific miR is relatively unimportant. Instructors 
can choose any miR for which there is scant information about 
targets.

Supplemental File S2 explains how to bioinformatics tools 
to design optimal primers for measurement of mRNA levels 
by qPCR (Primer3Plus - http://www.bioinformatics.nl/cgi-bin/
primer3plus/primer3plus.cgi, OligoCalc - http://www.basic.
northwestern.edu/biotools/OligoCalc.html and PrimerBLAST 
- http://www.ncbi.nlm.nih.gov/tools/primer-blast/). The Pre-
lab Lecture should include details about primer design, so 
students can understand the meaning of the output from these 
tools.

1.B. Lecture Prior to Lab Session 1 
You will need to cover several concepts in lecture prior 

to students entering lab. (Example PowerPoint slides used to 
cover these concepts are Supplemental File 7 & 8. In addition, 
the authors will provide podcasts of their lectures upon 
request.) Ideally, students will have much of this information in 
their lab manuals as well, so they have multiple sources to use 
to understand the background and methods. Lecture should 
cover the fundamentals of what miRs are, and their functions 
and importance in living systems, and methods to discover 
miR targets, as listed below:

• Fundamentals of miR
• What are miRs?
• What are the functions of miRs?
• What is the involvement of miRs in human diseases?

• Why are computer algorithms that predict miR 
candidates not reliable?

• Using TargetScan and PicTar to generate lists of 
potential miR targets

• If two different algorithms predict that a particular 
gene is likely to be regulated by a given miR, does that 
improve the accuracy of the prediction?

• If predictions are unreliable, of what use are they?
• How could you use overexpression of a miR in human 

cells to identify its targets?
• What predictions would you make about a gene that is 

regulated by a miR if cells are overexpressing that miR?
• From a list of candidate genes generated by TargetScan 

or PicTar, what criteria can we use to pick the most 
likely targets?

• Designing PCR primers
• Qualities of a primer that are important to consider 

during design
• Use of bioinformatics tools (Primer3Plus, OligoCalc 

and PrimerBLAST) to design and optimize PCR primers

1.C. Lab Session 1 Activities
Students will follow instructions given in lecture to generate 

lists of putative miR targets, obtain information about some of 
these targets, discuss with their lab partner, and finally choose 
one gene to test by qPCR.

Having chosen one target gene to test, students will then 
design gene specific primers for qPCR of this gene. Students 
will fill out a Google Sheet (Supplementary figure S3) with 
information on the gene that they chose, and the primer 
sequence that they designed. It is not essential to use Google 
Sheets specifically; any method by which the information can 
be obtained and shared will work.

1.D. Instructor Follow-Up After Lab Session 1
Immediately following the lab section, the instructor will 

need to order the primers that the students designed. Since the 
students are directly pasting the sequences from the Primer 
design program’s output and are testing the primers using 
OligoCalc and PrimerBLAST, the instructor does not need to 
double check the quality of the primer sequences. Make sure 
to use a primer ordering service that will deliver the primers in 
time for the next lab session.

Lab Session 2
2.A. Instructor Preparation for Lab Session 2

The instructor should be familiar with RT-PCR and qPCR, 
including the various controls that should be included in 
such experiments to get interpretable results. Supplemental 
File S4 lists the setup of tubes used in our labs. Instructors 
should also understand the meaning of the threshold cycle 
and the calculations used to convert threshold cycle values 
to fold-expression values (Supplemental File S5). The RNA 
isolation, RT-PCR and qPCR kits used at UC Irvine are listed 
in Supplemental File S6. There is no reason to use these kits 
specifically; any RNA isolation, RT-PCR and qPCR kit will do 
the job. The only considerations in choosing the kits to use are 
cost, simplicity, and time required to complete the experiments 
using the kit.

Prior to Lab Session 2, the instructor will need to transfect 
cells with either a control scrambled miR, or the miR of interest 
(For our labs, we transfected miR-128 into HeLa cells, which 
are easy to obtain and easy to transfect). The specific protocols 
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Class Activities Notes

Lab Session 1

1. Look at list of predicted targets 
for chosen miRNA

2. Search literature, and pick one 
candidate gene to test

3. Design optimal primers to test 
candidate by qPCR

1. Takes around 2-3 hours

2. Students must pick a unique gene to test

3. Students must explain their rationale for picking a candidate

4. Students fill in a shared Google Spreadsheet with their information

5. Instructor must order the student-designed primers so that they will be ready for 
the next lab session

Lab Session 2

1. Isolate total RNA from control 
and miR-treated cells

2. Set up and run RT-PCR reaction 
to generate cDNA

3. Set up and run qPCR reaction

1. Instructor must do the transfections with control or miR-128 mimics prior to the 
lab session

2. Store half the RNA isolated for next class

Lab Session 3
1. Repeat RT-PCR and qPCR 
reactions

1. This is a technical repeat, since students use the same RNA to run the 
experiment

2. If resources permit, can do a biological repeat instead, by giving students a 
second batch of independently transfected cells.

Idica, A., Thompson, J., Munk Pedersen, I., and Kadandale, P. 2015. Using Undergraduate Molecular Biology                                                                            
Labs to Discover Targets of miRNAs in Humans. CourceSource.

Table 2: miRNAs in Humans-Detailed teaching timeline for each lab session

Class Activities Time

Lab Session 1: 
Picking candidate 
and designing 
primers

1. Exploring the miRNA databases (PicTar and TargetScan)

2. Using other databases and searches (Google, Pubmed, etc.) to select a 
candidate to test

3. Using Primer3 Plus to design qPCR primers

4. Using OligoCalc and PrimerBlast to test and confirm primers

5. (If needed, students will redesign and test primers)

6. Entering data into Google Sheet

This leaves plenty of time in a four hour lab session for TAs to help students 
that need extra time to complete the activities.

1. 30 mins.

2. 60 mins.

3. 30 mins.

4. 30 mins.

5. 30 mins.

6. 10 mins.

Lab Session 2: 
RNA extraction, 
RT-PCR, qPCR 
set up

1. Extracting total RNA from cells

2. Setting up the RT reaction 

3. Running the RT reaction

4. Setting up the qPCR reaction using the cDNA from previous step

This leaves plenty of time in a four hour lab session for TAs to help students 
that need extra time to complete the activities.

1. 75 mins.

2. 25 mins.

3. 30 mins.

4. 45 mins.

Lab Session 3: 
Repeat RT-PCR, 
qPCR set up

1. Setting up the RT reaction 

2. Running the RT reaction

3. Setting up the qPCR reaction using the cDNA from previous step

This leaves time for TAs to help students with interpreting their results from the 
previous qPCR, and the repeat (when the results are sent to the students).

1. 25 mins.

2. 30 mins.

3. 45 mins.

Idica, A., Thompson, J., Munk Pedersen, I., and Kadandale, P. 2015. Using Undergraduate Molecular Biology                                                                            
Labs to Discover Targets of miRNAs in Humans. CourceSource.

Table 1: miRNAs in Humans-Teaching Timeline
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for are in Supplemental File S5, and the transfection protocol 
that we use is outlined in Supplementary S11 but again, it is 
not essential to use these exact methods - any transfection 
protocol that works for you is fine. You must transfect enough 
cells for all your students to use; the transfected cells can 
aliquoted, pelleted, and stored at -80ºC for use by the students. 
It is also highly recommended that these transfections are 
carried out well in advance of the lab, and that the transfected 
cell “batches” are tested using qPCR of a known target of the 
miR (the positive control) to ensure successful transfection.

  
2.A. Lecture Prior to Lab Session 2

Lecture should cover the principle of RNA isolation from 
cells, use of RT-PCR to make cDNA, and quantification of gene 
expression using qPCR. (The authors will provide podcasts of 
their lectures upon request. Example PowerPoint slides used 
to cover these aspects are Supplemental File 7 & 8). Important 
points to address are listed below:  

• How can RNA be isolated from cells?
• Why can’t we directly measure RNA levels in cells?
• Why do we use poly-T and random hexamer primers 

for the RT-PCR?
• The principle of qPCR, and the concept of the threshold 

cycle
• Calculating changes in expression levels based on the 

threshold cycle

2.C. Lab Session 2 Activities
Students will follow the protocols for the specific kits used 

to isolate RNA, make cDNA using RT-PCR, and then set up 
the qPCR reaction. Immediately after RNA isolation, students 
should freeze half of their RNA sample at -20ºC to run a repeat 
in the next lab session.

2.D. Instructor Follow-Up After Lab Session 2 
Once the qPCR run is complete, the instructor emails the 

qPCR results to the students.

Lab Session 3
Repeat the RT-PCR and qPCR experiments of Lab Session 

2 using the frozen RNA from lab session 2. This replication 
provides a technical repeat of the experiment. Because of 
budget constraints, we were unable to ask students to do 
a complete repetition of the experiment. This technical 
repetition provides some appreciation for the need for 
reproducibility, but the instructor may want to review why a 
better experiment would be to repeat the entire experiment 
from start to finish. Needless to say, if resources permit, one 
can have students repeat the entire experiment. If doing so, 
it would be appropriate to make two sets of independently 
transformed cells available to the students, so they can perform 
a true biological repeat.

After the Lab Session
Have students calculate changes in expression levels of 

their predicted target gene using the qPCR data. Students must 
write a lab report in the form of a scientific paper, describing 
the rationale for the experiment, justification for picking 
their candidate gene, qPCR results, their conclusions, and 
a discussion of their results. The general rubric handed out 
to students for their lab reports is provided in Supplemental 
File S10. In addition, examples of the assessment questions 

used to gauge student understanding of the experiments are 
provided in Supplemental File S9. We used these questions in 
weekly quizzes and a cumulative final exam, to provide both 
formative and summative assessment of student learning.

TEACHING DISCUSSION
The main goal of this module is to give students an authentic 

research experience. We have run this module in three 
different quarters over the regular school year (Fall 2013-Spring 
2014), and in 4 sections taught by two different instructors 
over the summer quarter (Summer 2014). The successful 
implementation of the modules by the different instructors in 
the summer demonstrates that this module is now sufficiently 
mature to be implemented by others. In addition, the cost of 
implementation is sustainable. The software tools used in this 
lab module are all freely available online and the reagents 
used for the experiments are relatively inexpensive and readily 
available. The only expensive piece of equipment required for 
this lab is access to a qPCR machine.

Based on student feedback, students appear to have a much 
higher level of engagement with this lab module, compared 
to the other, more “cookbook” type modules used in the rest 
of the molecular biology lab course. Students start referring to 
candidate genes as “my gene,” and are very excited about the 
possibility of discovering something new. Many students even 
start asking about whether they will be authors on a paper, 
and display a newfound curiosity about scientific discovery. 
We have, however, not yet conducted a formal assessment to 
measure changes in student learning or attitudes due to this 
module.

Suggestions for Adaptations
Overall, this is a very flexible lab module that can be 

easily changed for use in a number of different contexts and 
environments. The timeline described in Table 1 can be easily 
modified, since there are a number of stopping points within 
the different protocols. For example, in lab sessions that are 
less than four hours, the timeline could be adapted so that 
lab session 2 and 3 could be split into four separate sessions. 
Once the RNA is isolated or the cDNA is produced, either can 
be stored at -20C and used in the next lab session, instead of 
directly proceeding to the qPCR reaction. The first lab session 
is a “dry lab” in which students identify a gene of interest to 
test and design primers to measure expression of that gene; 
this lab session could even be used as a standalone module.

For labs with more resources, student work can be 
expanded. For example, students can transfect the cells with 
the miRNA mimic themselves. In addition, instead of testing 
only one candidate gene per group, students can work with 
two or more genes, testing them simultaneously. The module 
can also be expanded to have students test candidate gene 
expression in different cell types.

SUPPLEMENTAL MATERIALS
• Table 1. miRNAs in Humans-Teaching Timeline, 
• Table 2. miRNAs in Humans-Detailed Teaching Timeline, 
• Supplemental File S1. miRNAs in Humans-Using databases 

to generate lists of candidate targets of miRs, 
• Supplemental File S2. miRNAs in Humans-Designing 

primers to test your candidate gene. Use of free online tools 
to design primers for a candidate gene, 

• Supplemental File S3. miRNAs in Humans-Example 
spreadsheet for noting different candidate genes, and primer 



CourseSource  | www.coursesource.org 2015  | Volume 026

Using Undergraduate Molecular Biology Labs to Discover Targets of miRNAs in Humans

sequences for each, 
• Supplemental File S4. miRNAs in Humans-An example 

setup of qPCR tubes that is used in our labs, 
• Supplemental File S5. miRNAs in Humans-Calculating 

changes in fold expression based on qPCR data, 
• Supplemental File S6. miRNAs in Humans-List of reagents 

used, and links to the manufacturers’ product pages and 
manuals, 

• Supplemental File S7 and S8. miRNAs in Humans-
PowerPoint presentations used to give students the 
theoretical background underlying the lab module, 

• Supplemental File S9. miRNAs in Humans-Example 
questions used for assessment of student learning, 

• Supplemental File S10. miRNAs in Humans-General rubric 
provided to students for their lab reports and 

• Supplemental File S11. miRNAs in Humans-Transfection 
protocol used for transfecting miR-mimic and control into 
HeLa cells.
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