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Normal or lesion skin is freshly harvested and then the
epidermis and dermis are further separated to generate a
single cell suspension. Sorted single cells of interest are
loaded onto a single cell isolating device. The barcoded
and amplified cDNA is used to generate libraries for
sequencing. The sequencing data is analyzed based on
available analysis pipelines. RT, reverse transcription;
SC, single cell; tSNE, t-distributed stochastic neighbor
embedding. For more detail, see the article “Research
Techniques Made Simple: Single-Cell RNA Sequencing and
its Applications in Dermatology” by Wu et al (https://doi.
org/10.1016/j.jid.2018.01.026).
RTMS articles aim to explain in both words and graphics
the many research techniques important to the field of
dermatology. Authors may make use of free medical
illustrator services for one image to help explain their
technique.

EDITORIAL

Building on a Solid Foundation

T

he JID Connector was established to
do just that—connect. It was in that
spirit that “Research Techniques Made
Simple” (RTMS) was born. The initial concept,
conceived by Barbara Gilchrest of Harvard
University and implemented by Kathy Schwarzenberger of the University of Tennessee Health
Science Center, was to increase the accessibility
of articles that appeared in the Journal of Investigative Dermatology (JID). It was recognized,
however, that to reach trainees, interested clinicians, and non-cognoscenti, the science had to
be more accessible and understandable. RTMS is
a series of articles that provides introductions,
explanations, and illustrations of commonly used
research techniques. As a testament to its success, feedback from readers has been overwhelmingly positive. For this and other reasons,
the series has been continuously and generously
supported by an annually renewable grant from
the Lily Foundation. Several RTMS articles are
among the most frequently accessed of all JID
publications.
Our goal has been not only to continue this
popular series but to enhance its content
and relevance if possible. To this end, we
have modiﬁed the process by which RTMS articles come to fruition. We have purposefully
broadened the scope of the series to include
topics relevant to clinical and translational
research; these concentrations have become
increasingly represented within skin research,
as reﬂected in the articles published in the JID.
What has remained constant is our focus on
increasing the accessibility and value of JID
content by providing introductions to topics,
concepts, and methods that are, in actuality, not
simple.
The RTMS editorial team now includes two
physician-scientists and one non-physician scientist. One editor is a member of the European
Society for Dermatological Research member,
and two are from the United States. Jodi L.
Johnson, Research Assistant Professor of
Pathology and Dermatology at Northwestern
University, began as RTMS Editor during Barbara Gilchrest’s tenure. Jodi has a passion for
scientiﬁc writing and education, and she now

Journal of Investigative Dermatology (2018) 138, 2087e2088.
doi:10.1016/j.jid.2018.08.001

serves as the RTMS Coordinating Editor. During
2017, Jodi was joined by Brian S. Kim (Assistant
Professor of Medicine/Dermatology at Washington University in St. Louis) and Sara J. Brown
(Professor of Molecular and Genetic Dermatology at the University of Dundee in Scotland)
as Contributing Editors. Brian has recently
rotated off the editorial team, and we are
pleased to welcome Lu Q. Le (Associate Professor of Dermatology at the University of TexaseSouthwestern) as a Contributing Editor.
Collectively, the three RTMS editors share responsibility for selecting topics for RTMS articles, identifying and recruiting authors, and
shepherding submissions through the peer review and editing processes. We anticipate that
the breadth and depth of their complementary
expertise, together with their commitment to the
continued success of the RTMS series, will serve
the JID Connector and its readership well. We
are grateful for their enthusiastic participation
and look forward to the continued excellence of
the RTMS series.
The extent to which the RTMS editors complement each other is illustrated, to some degree,
by the two editorials that follow. Sara J. Brown
relates her interest in participating in the RTMS
series to her own medical educational experiences, and she also outlines the RTMS article
development process. Jodi L. Johnson extols the
virtues of participating in preparation of an RTMS
article as a trainee-author or as a subject matter
expert.
The intention of this editorial, as well as
the two that follow, is to highlight the RTMS
article series and entice you to participate
in this educational experience. In addition to
being published in the JID, these editorials
will appear in a print collection of RTMS articles that is published annually (Table 1). A
quick perusal of the titles of the articles that
will appear in this print collection reveals the
wide range of topics covered and the diverse
and impressive representation of both junior
and senior investigator authors. The entire
series of 72 RTMS articles is available free to all
readers at https://www.jidonline.org/content/
researchtecharchive.
In closing, we encourage your participation in
the RTMS series as readers, authors, reviewers,
proponents, and constructive critics. As with
all of the features of the JID and JID Connector,
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its utility lies in the value that it brings to you—as a trainee,
clinician, or investigator. Please direct feedback and suggestions regarding the RTMS series to either of us or to any of the
RTMS editors at JIDEditor@sidnet.org.
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EDITORIAL

Research Techniques Are Not Simple
“Education is not the filling of a pail, but
the lighting of a fire.”
—W.B. Yeats

S

kin is an organ that offers unique opportunities for clinical translational research
as well as fundamental laboratory research
and the application of forefront molecular technologies. If you think back to what ﬁrst ignited
your interest in dermatology or dermatological
science, it may have been the fascination with
this organ that is vital to survival in a terrestrial
environment, or the way it is a window to
internal physiology, or the fact that skin offers
insights into molecular mechanisms controlling a
diverse array of fundamental processes, from cell
division to controlled death. Dermatology
research and clinical practice also require a
detailed understanding of the importance of the
skin to a person’s well-being in a broader sense,
evidenced by the high rate of psychological
disorders observed among our patients (Dalgard
et al., 2015) and the range of behavioral responses to skin health and disease (Miller et al.,
2018; Thorneloe et al., 2018). An experienced
professor told me during my early training that he
still learned new things in dermatology on a daily
basis! I was surprised at that time, but this has
proven to be true to my experience, and the
required breadth of knowledge provides ongoing
motivation for my interest in dermatology.
However, the breadth of learning represents a
considerable challenge throughout the career
span, from trainee to senior practitioner, in clinical or laboratory work. The series of easily
accessible articles (https://www.jidonline.org/
content/researchtecharchive) entitled “Research
Techniques Made Simple” (RTMS) set out over
5 years ago to address the challenge of needing
to keep up with the most recent literature with an
attitude of life-long learning. These articles aim to
“demystify science” (Schwarzenberger, 2012)
and serve “as one means of maintaining, and a
key element in enhancing, scientiﬁc literacy
amongst dermatologists” (Gilchrest, 2012).
As medical students, my classmates and I used
a book entitled The ECG Made Easy by John R.
Hampton (1997): this was “. . . a readable
guide to ECG interpretation, with an emphasis
throughout
on
straightforward
practical
Journal of Investigative Dermatology (2018) 138, 2089e2090.
doi:10.1016/j.jid.2018.07.019

application” (Hampton, 1997). The title of this
book caused some discussion—we did not ﬁnd
electrocardiograms (ECGs) easy at all—but with
time and practice the book led us from simple to
more detailed understanding and effective interpretation of an ECG. The series of articles under
the RTMS heading are not easy reading and, in
my experience, they may not immediately fulﬁl
the aim of “demystifying” science. However,
each article is carefully crafted by a small group
of people providing complementary expertise;
additional teaching tools including review
questions and slides for Journal Club discussion
are also provided, with the aim that an understanding of complex research techniques and
clinical expertise may be shared by the wide
audience of Journal of Investigative Dermatology
readers.
I joined the RTMS editorial team (led by Jodi L.
Johnson of Northwestern University and Mark C.
Udey and Lynn A. Cornelius of Washington
University in St. Louis) in 2017, to help represent
the European research community and to
encourage participation in the series. Over the
past year I have beneﬁted from this involvement
as an author, reviewer, and editor of RTMS
manuscripts. I have also continued to beneﬁt by
reading the wide breadth of topics that include
some privileged access to pearls of advice not
shared within standard scientiﬁc publication.
Examples include the comparison of different
approaches to T-cell receptor analysis (Matos
et al., 2017) and the practical experimental
rationale to guide the choice of labeling enzymes
in methods to elucidate protein interactions
through spatial proximity (Che and Khavari,
2017). The bullet points of limitations to each
technique hold helpful cautions and are
refreshingly frank. For example, in relation to
genome-wide association analysis, “It is often not
trivial to identify how variants affect biology”
(Tsoi et al., 2018), and with reference to laser
capture microdissection, “UV-LCM is limited
by the potential to induce UV damage in the
circumferential cells, which may be subsequently collected for analysis” (Chen Gonzalez
and McGee, 2016). Through my time as a
contributing editor, I have observed a range of
opportunities for dermatologists and scientists at
all levels and stages of training to engage in and
beneﬁt from the RTMS series (Figure 1).
In this current collection of RTMS articles, the
topics vary from Förster resonance energy

ª 2018 The Author. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.
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EDITORIAL

The Value and Process of Authoring
a “Research Techniques Made
Simple” Article

T

he “Research Techniques Made Simple”
(RTMS) series has covered nearly 75
research topics in the past 6 years to help
readers build a foundation from which to understand the vast array of basic science and
clinical research tools used in the ﬁeld of
dermatology. The early RTMS articles published
in late 2012 through 2014 covered fundamental
techniques including ﬂow cytometry (Jahan-Tigh
et al., 2012), PCR (Garibyan and Avashia, 2013),
how a transgenic mouse is made (Scharfenberger
et al., 2014), and basics of systematic reviews
and meta-analyses (Abuabara et al., 2012). Since
then, many author teams have built on those
early articles to teach the ﬁeld about emerging
methods including single-cell mass cytometry
(Matos et al., 2017), single-cell RNA sequencing
(Wu et al., 2018), speciﬁc mouse models of
diseases such as psoriasis (Hawkes et al., 2018),
and how to assess and reduce risk of bias in
systematic reviews (Drucker et al., 2016; Le
Cleach et al., 2016).
With all these wonderful, educational articles
already written, aspiring RTMS authors may
wonder if any topics remain. As an RTMS
editorial team, we contend that just as there is
no end to the questions remaining to be
addressed in our ﬁeld, there is also no end to the
need to innovatively teach the research techniques being constantly developed to address
these questions.
How does an RTMS article unfold? Having
been Coordinating Editor of the RTMS series
since April 2015, I have had the privilege to work
with 42 different author teams to develop their
articles. Often, a trainee approaches us with an
idea for a topic, which could be something he or
she is already using in research or something he
or she needs to study in depth and learn about. If
the topic has not already been covered, we
request the following: (i) select an appropriate
expert in the topic to mentor and guide you
through this authorship, (ii) prepare an outline
including pertinent current references you intend
to use, and (iii) provide a reasonable timeline for
completion of the article.

We encourage authors to construct their ideal
team for their writing process by reaching out to
invite team members. Some of our author teams
have worked across universities or continents,
collaborating with topic specialists they would
not otherwise have the opportunity to publish
with. Of course, that means we also encourage
topic experts to be approachable and agree to
serve as mentors in this valuable writing process.
Upon submission of a manuscript to the RTMS
editorial team, we aim to provide a friendly and
educational editorial process. I truly enjoy
working with author teams to improve their work
and to learn about scientiﬁc writing and publishing during the process. We have been able to
provide a full professional edit of all RTMS
manuscripts for the last several years. We have
helped authors navigate through the peer review
process, often allowing more than one opportunity for resubmission to season and improve the
manuscript as a teaching tool. Furthermore, each
author team can use the services of a medical
illustrator for one ﬁgure to make that ﬁgure really
shine. We hope to provide a unique experience
even as we guide authors through the editorial
and review process toward publication.
There are many demands on the time of all
dermatology researchers, and the task of tackling
yet another writing project may seem prohibitive.
However, each RTMS article has the power to
leave a lasting educational legacy on the ﬁeld of
dermatology and other ﬁelds, to light ﬁres and spur
conversations that may lead to new discoveries,
and even to highlight how emerging methods may
be newly used to drive the ﬁeld forward. We look
forward to working with author teams to help
develop the next 75 RTMS topics and beyond.
CONFLICT OF INTEREST
The author states no conﬂict of interest.

Jodi L. Johnson1,2,*
1

Department of Pathology, Northwestern University,
Feinberg School of Medicine, Chicago, Illinois, USA;
and 2Department of Dermatology, Northwestern
University, Feinberg School of Medicine, Chicago,
Illinois, USA
*

Journal of Investigative Dermatology (2018) 138, 2091e2092.
doi:10.1016/j.jid.2018.08.002

Correspondence: Jodi L. Johnson, 303 East Chicago Avenue,
Chicago, Illinois 60611, USA. E-mail: jodi-johnson@

northwestern.edu

ª 2018 The Author. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.

www.jidonline.org 2091

EDITORIAL
Abuabara K, Freeman EE, Dellavalle R. The role of systematic reviews and
meta-analysis in dermatology. J Invest Dermatol 2012;132:1e5.

Le Cleach L, Doney E, Katz KA, Williams HC, Trinquart L. Research
techniques made simple: workﬂow for searching databases to reduce evidence selection bias in systematic reviews. J Invest Dermatol 2016;136:
e125e9.

Drucker AM, Fleming P, Chan A-W. Research techniques made simple:
assessing risk of bias in systematic reviews. J Invest Dermatol 2016;136:
e109e14.

Matos TR, Liu H, Rit J. Research techniques made simple: mass cytometry
analysis tools for decrypting the complexity of biological systems. J Invest
Dermatol 2017;137:e43e51.

Garibyan L, Avashia N. Research techniques made simple: polymerase chain
reaction (PCR). J Invest Dermatol 2013;133:e6.

Scharfenberger L, Hennerici T, Kiraly G, Kitzmuller S, Vernooij M,
Zielinski JG. Transgenic mouse technology in skin biology: generation of
complete or tissue-speciﬁc knockout mice. J Invest Dermatol 2014;134:
1e5.

REFERENCES

Hawkes JE, Adalsteinsson JA, Gudjonsson JE, Ward NL. Research techniques
made simple: murine models of human psoriasis. J Invest Dermatol
2018;138:e1e8.
Jahan-Tigh TT, Ryan C, Obermoser G, Schwarzenberger K. Flow cytometry.
J Invest Dermatol 2012;132:1e6.

Wu X, Udo-Inyang I, Ji S, Ozog D, Zhou L, Mi Q-S. Research techniques made
simple: single-cell RNA sequencing and its applications in dermatology.
J Invest Dermatol 2018;138:1004e9.

This is a reprint of an article that originally appeared in the October 2018 issue of the Journal of Investigative Dermatology. It retains its original pagination
here. For citation purposes, please use these original publication details: Johnson JL. The value and process of authoring a “Research Techniques Made
Simple” article. J Invest Dermatol 2018;138(10):2091e2092.

2092 Journal of Investigative Dermatology (2018), Volume 138

 RESEARCH TECHNIQUES MADE SIMPLE

Research Techniques Made Simple: Choosing
Appropriate Statistical Methods for Clinical Research
Noori Kim1,4, Alexander H. Fischer1,4, Beatrice Dyring-Andersen2, Bernard Rosner3 and
Ginette A. Okoye1
The statistical significance of results is an important component to drawing appropriate conclusions in a study.
Choosing the correct statistical test to analyze results is essential in interpreting the validity of the study and
centers on defining the study variables and purpose of the analysis. The complexity of statistical modeling
makes this a daunting task, so we propose a basic algorithmic approach as an initial step in determining what
statistical method will be appropriate for a particular clinical study.
Journal of Investigative Dermatology (2017) 137, e173ee178; doi:10.1016/j.jid.2017.08.007
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Description: This article, designed for dermatologists, residents, fellows, and related healthcare providers, seeks to
reduce the growing divide between dermatology clinical
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Objectives: At the conclusion of this activity, learners should
be better able to:
 Recognize the newest techniques in biomedical research.
 Describe how these techniques can be utilized and their
limitations.
 Describe the potential impact of these techniques.

INTRODUCTION

Choosing the correct statistical method when analyzing
clinical data can be a daunting task. We propose an algorithmic approach to organizing the basic key elements in a
clinical study that will guide which statistical test is best
(Altman, 1991; Rosner, 2015).
This guide is not meant to be a comprehensive guide for
data analysis. Instead, this set of instructions is meant to act
as a general overview to give the researcher a starting point
to help determine what statistical test is appropriate for data
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analysis. This article contains little discussion of the assumptions of the various statistical tests or the nuances of
statistical modeling. Thus, we encourage the reader to
investigate the speciﬁc tests to be used to ensure that the
assumptions are appropriate and to consider consulting a
biostatistician with questions about the appropriate analytic
approach. This guide also does not go in depth about
choosing the appropriate study design to address the
research question. However, we include a few resources
that may help with this aspect of the investigatory process,

1

Department of Dermatology, Johns Hopkins University School of Medicine, Baltimore, Maryland; 2Department of Dermatology, Brigham and Women’s
Hospital and Harvard Medical School, Boston, Massachusetts; and 3Channing Division of Network Medicine, Department of Medicine, Harvard Medical School,
Boston, Massachusetts

4

These authors contributed equally to this work

Correspondence: Noori Kim, 601 North Caroline Street, 8th Floor Dermatology, Baltimore, Maryland 21287, USA. E-mail: nkim34@jhmi.edu

ª 2017 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.

www.jidonline.org e173

RESEARCH TECHNIQUES MADE SIMPLE 
SUMMARY POINTS
It is important to initially deﬁne two main elements to
help identify the appropriate statistical method for a
study:
 What is being measured in the study? (Study
variables)
 How are these variables related? (Purpose of
analysis)
It is important to identify the assumptions of various
statistical tests to ensure selection of an appropriate
method for a study.

LIMITATIONS
This reference offers a basic algorithmic approach to
choosing a statistical test in clinical research. This
reference cannot capture all of the nuances of
statistical testing, and it should not serve as a
substitution to the consultation of a biostatistician.

including clinical research study design (Besen and
Gan, 2014), clinical trials (Williams et al., 2015), and
comparative effectiveness research (Nambudiri and
Qureshi, 2013).
The two main elements to determining the correct statistical
test are deﬁning the study variables and deﬁning the purpose
of the analysis, which will be explained in more detail. To
help contextualize these concepts, we refer to two speciﬁc
arbitrary examples throughout the text:
 the association between sunburn and the number of pigmented nevi a person has and
 the association between tanning bed use and risk of
melanoma.
DEFINING THE STUDY VARIABLES

It is important to have a good grasp of the study variables. The
variable characteristics will dictate which statistical tests can
be performed.
Generally, when examining an association, variables ﬁt
one of two types. The outcome variable, synonymous with
the dependent variable, refers to the variable that we want to
explain or predict as a result of the variation in the explanatory variable, or independent variable. In this case, the
number of nevi in example 1 or risk of melanoma in example
2 would be the outcome variables of interest. The explanatory
variables would be sunburn in example 1 and tanning bed
use in example 2.
Both explanatory and outcome variables are further subcategorized by the distribution of the data as categorical or
continuous variables. Categorical variables with only two
categories (e.g., yes, no) are called dichotomous or binary
variables (e.g., history of tanning bed use, history of melanoma, sex). Categorical variables with more than two
qualitative, nonvalue measurements are referred to as
e174 Journal of Investigative Dermatology (2017), Volume 137

Table 1. Summary statistics to describe a study
population or group
Variable Distribution
Continuous (normally distributed)
Continuous (not normally distributed)
Ordinal
Dichotomous
Nominal

Summary Statistic(s)
Mean (standard deviation)
Median (interquartile range)
Median (interquartile range)
Proportion
Relative proportions

nominal variables (e.g., race, state of residence). Categorical
variables with ordered ranges in which the differences between values have no well-deﬁned meaning are referred to
as ordinal variables (e.g., pain score, patient satisfaction
scale, or Likert item [e.g., strongly agree, agree, neutral,
disagree, strongly disagree]). In contrast, continuous variables are quantitative, where the differences in values are
meaningful (e.g., age, body mass index). Parametric statistical tests can be used to analyze continuous variables that
follow a particular distribution. A histogram can be used to
get a general sense of the distribution. Knowing whether a
continuous variable follows a normal distribution (i.e., a
symmetric bell-shaped Gaussian distribution) is important
for choosing the appropriate statistical test for a continuous
variable. Sometimes regression analyses include variables
that follow a count distribution, meaning that there are a
discrete number of events over a time period (e.g., number
of sunburns, number of total body skin examinations).
Table 1 can be used as a reference for summarizing these
different types of variables.
An additional consideration that should be made is
whether the different groups that make up a categorical
explanatory variable are related. Examples could include
applying topical treatment and placebo to two different lesions on each individual in the study population. Another
example could be a baseline and follow-up visit(s) of the
same group of individuals in the study population. Analytic
points to keep in mind in this situation are discussed in the
section on “Independence of Observations.”
DEFINING THE PURPOSE OF THE ANALYSIS

It is important to determine the purpose of the analysis to
choose the appropriate statistical test to support the research
question. It is important to ensure that the statistical analysis is
appropriate for the way that the study was designed and the
data were collected. This article offers a logical way to
approach selection of the appropriate statistical test.
 If the purpose is to determine if two continuous variables in
the study population are correlated, a Pearson correlation
should be used if both variables are normally distributed or
if the relationship between the two variables is linear, and a
Spearman correlation should be used if at least one variable
is not normally distributed. For example, we could examine
whether the number of lifetime sunburns correlates with the
number of pigmented nevi that a person has.
 If the purpose is to determine if the distribution of a variable
(outcome variable) is different across two or more subgroups (explanatory variable), then Table 2 can be used. For
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Table 2. Choosing a statistical test to determine if the
distribution of the outcome variable is different across
two or more explanatory subgroups
Explanatory Variable

Outcome
Variable
Continuous
(normally
distributed)

Three or
Three or
More
More
Dichotomous Dichotomous Subgroups Subgroups
(Unrelated)
(Related)1 (Unrelated) (Related)1
Two-sample t
test

Paired t test

Ordinal,
Wilcoxon rank
Wilcoxon
Continuous
sum test
signed rank test
(not normally
distributed)
McNemar test
Categorical
Chi-square
test, Fisher
exact test2

Analysis of
variance
(ANOVA)

KruskalWallis test

Chi-square
test, Fisher
exact test2

Mixedeffects
model for
repeated
measures
Friedman
test,
SkillingsMack test
Cochran Q
test3

1
Analyses in which the groups of the explanatory variable are related may
be better addressed using multilevel modeling techniques, and thus the
investigator should consider consulting with a biostatistician to help
appropriately incorporate these analytic techniques.
2
Fisher exact test should be used if at least one expected count is less
than 5.
3
For dichotomous outcome only.

example, we could examine whether the number of pigmented nevi differs between individuals who have ever
sunburned in their lifetime versus individuals who have
never sunburned in their lifetime.

 If the purpose is to determine if two variables are associated, with or without adjustment for other variables, then
the information regarding regression analysis in Table 3
may be used (Wakkee et al., 2014). For example, we
could examine whether number of years of tanning bed use
was associated with risk of melanoma, adjusting for differences in age, Fitzpatrick skin type, and frequency of tanning
bed use among individuals.
ADDITIONAL ITEMS TO KEEP IN MIND

Finally, analyses are rarely completely straightforward.
Below, we discuss a few topics that have commonly come up
in our research when determining the correct statistical test to
use.
Independence of observations

In general, most statistical tests hinge on the assumption that
the observations (individual patients) are independent, or
unrelated, unless otherwise stated. As we alluded to earlier
when describing the different types of variables, a variable
may include observations that are related. Examples include
conducting analyses on multiple samples or sites from the
same person, repeated samples, studies with longitudinal
follow-up of the same patient cohort, and matched casecontrol studies. It is important to note that related observations should not be treated as independent observations. The
statistical analysis must reﬂect the assumption that related
observations are likely to be more similar to each other than
independent observations. Examples that appropriately take
these assumptions into account include the tests for related

Table 3. Choosing an appropriate statistical model to examine if an outcome variable is associated with one or
more explanatory variables
Outcome Variable
Continuous variable

Measure of
Association

Regression
Model1

Notes

Difference in
means

Linear regression Residuals should meet assumptions, otherwise the continuous outcome may
need to be broken into categories and analyzed using multinomial logistic
regression.
Ordinal variable
Odds ratio
Ordinal logistic
Model should meet proportional odds assumption.
regression
Count variable
Incidence rate ratio
Poisson
The count variable should meet the Poisson assumptions; otherwise, other
regression
models may be used including negative binomial regression, zero-inﬂated or
zero-truncated models, etc.
Dichotomous variable (case-control
Odds ratio
(Unconditional) Because of the case-control study design and thus the inability to determine
analysis)
logistic
prevalence of the outcome of interest, the odds ratio is the only measure of
regression
association that can be used.
Dichotomous variable (matched caseOdds ratio
Conditional
If additional confounding is still present after matching, multivariable
control analysis)
logistic
conditional logistic regression may be used.
regression
Dichotomous variable (cross-sectional Prevalence ratio
Log binomial Prevalence odds ratio using logistic regression may also be used; however, if
analysis)
(relative risk)
regression
the prevalence of the outcome exceeds 10%, the odds ratio will overestimate
the relative risk. Poisson regression with a robust variance estimator can be
used if the log binomial regression fails to converge.
Dichotomous variable (longitudinal
Cumulative
Log binomial
Poisson regression with a robust variance estimator can be used if the log
analysis with a discrete time interval)
incidence ratio
regression
binomial regression fails to converge.
(relative risk)
Dichotomous variable (longitudinal
Hazard ratio
Cox proportional
Model should follow the proportional hazards assumption.
time-to-event analysis)
(relative risk)
hazards model
Nominal variable
Odds ratio
Multinomial
Odds ratios for the different categories will be compared with a common
reference category.
logistic
regression
1

Regression models can incorporate one or more categorical or continuous explanatory variables.
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Confounding Variable
(age)

Explanatory Variable
(tanning bed use)

6

10
2

Outcome Variable
(risk of melanoma)

Figure 1. Confounding variables. When examining the potential association
between the main explanatory variable and the outcome variable of interest,
confounding variables to consider are those variables that are risk factors for
the outcome variable of interest, associated with the main explanatory
variable, but not in the causal pathway between the main explanatory variable
and the outcome variable of interest.

categorical variables (Table 2) and conditional logistic
regression (Table 3). If the study design is more complicated
than these tests allow, more complex multilevel modeling
approaches will likely be required, and the investigator
should consider consulting a biostatistician to appropriately
incorporate these analytic methods.
Confounding

One of the most fundamental ideas behind a research
experiment is having a controlled environment in which only
one variable is changed at a time. Although this idea is much
more attainable in a randomized controlled trial, in observational studies we often see that the subgroups being
compared are not completely comparable. This lack of
comparability, or confounding, will skew results so that the
true association between the outcome variable and the
explanatory variable of interest is biased. We often try to
avoid confounding either in the study design stage (e.g.,
matched case-control study, randomized controlled trial) and/
or data analysis (e.g., adjustment for potential confounding
variables using multivariable regression analysis [Wakkee
et al., 2014] or stratiﬁed analyses, explained in the section
on “Interactions”).
Confounding variables are classically identiﬁed as variables that are (i) risk factors for the outcome variable, (ii)
associated with the main explanatory variable, and (iii) not
in the causal pathway between the main explanatory variable and the outcome variable. When adjusting analyses
for confounding using multivariable regression analysis,
the idea is to look at analyses between the main explanatory variable and the outcome variable of interest,
assuming that the distribution of the confounding variable
is the same across the various groups of the explanatory
variable. After adjusting for confounding variables, the
relationship between the main explanatory variable and
the outcome variable of interest is thus considered independent of the confounding variable. Examples of potential
confounding variables when examining the association
between indoor tanning use and risk of melanoma may
include age and Fitzpatrick skin type, because the distribution of age and Fitzpatrick skin type among individuals
who tan indoors is likely to be different from individuals
who do not tan indoors (Figure 1).
Interactions

When examining whether an association between an
explanatory variable and an outcome is different in one
e176 Journal of Investigative Dermatology (2017), Volume 137

2
1 (Ref)

Yes

1
No

No
Yes

Figure 2. Interaction analysis. When examining the interaction between two
explanatory variables to predict a given outcome, we would consider an
interaction to be observed if the presence of both explanatory variables
resulted in risk for the outcome that was different (higher in this case) than the
risk that would be expected from both individual variables combined, in
reference to risk for the outcome without both explanatory variables.

subpopulation versus another, it is not enough to simply
compare the magnitudes of association. Essentially, there
are two explanatory variables that need to be accounted for
in this analysis, and thus this joint association should be
formally tested with an interaction term. An example in
which an interaction analysis would be necessary would
be if we were to examine whether the magnitude of association between tanning bed use and risk of melanoma was
greater in individuals with Fitzpatrick skin type 1 versus 2
(Figure 2). Using this example, a general stepwise
approach would be to examine the magnitudes of association between tanning bed use and risk of melanoma in all
individuals. Next, examine this association in individuals
with Fitzpatrick skin type 1 and separately in individuals
with Fitzpatrick skin type 2. If the magnitudes of association were signiﬁcantly different by an interaction test, then
we would consider this a signiﬁcant interaction, and we
would want to present this interesting ﬁnding in stratiﬁed
analyses. If the magnitudes of association changed in both
subpopulations by more than 10% and in the same direction (interaction test was not signiﬁcant), then we would
consider Fitzpatrick skin type to be a confounding variable,
and we would want to adjust analyses for Fitzpatrick skin
type. If the magnitudes of association did not change by
more than 10%, we would generally not consider Fitzpatrick skin type to be a confounding variable and would not
adjust analyses for this variable, unless we deemed this
variable to be important to our question of interest.
P-values in relation to sample size and multiple comparisons

Although a P-value less than 0.05 is generally used as a cutoff in
determining statistical signiﬁcance, there are factors that may
affect what P-value cutoff is used. If multiple pairwise associations are examined, results should be adjusted for multiple
comparisons. The idea behind this is that if we take a P-value less
than 0.05 to be signiﬁcant and test multiple pairwise comparisons, we would expect that 5% of these comparisons would end
up being signiﬁcant just by chance alone. Thus, a more stringent
cutoff for statistical signiﬁcance should be used in this case.
Examples of correcting for multiple comparisons include the
Bonferroni correction, weighted Bonferroni corrections, false
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MULTIPLE CHOICE QUESTIONS
1. Ordinal variables
A. are called dichotomous or binary variables.
B. have no well-deﬁned meaning between
values, for example, pain score.
C. include nonvalue measurements such as
race.
D. are outcome variables.
2. Most statistical tests hinge on the assumption
that the observations are independent. An
example of this is
A. multiple samples or sites from the same
person.
B. repeated samples from the same person.
C. studies with longitudinal follow-up of the
same patient cohort.
D. one sample per patient in the target group
and control group.
3. What is NOT a characteristic of a confounding
variable?
A. Risk factors for the outcome variable
B. Can skew the true association between the
outcome and explanatory variable
C. Measures whether the association between
an explanatory and outcome variable is
different in one subpopulation versus
another
D. Can be adjusted for by using a multivariable
regression analysis
4. If our study were comparing the number of nevi
among individuals based on whether they have
ever or never had a sunburn, what would be the
most appropriate statistical method to analyze
the difference, assuming that the number of
nevi did not follow a normal distribution in each
group?
A. Two-sample t test
B. Analysis of variance (ANOVA)
C. Ordinal logistic regression
D. Wilcoxon rank sum test
5. We are trying to evaluate whether a history of
tanning bed use is associated with melanoma
risk. Data on the number of months from when a
patient is enrolled in the study until the patient
is diagnosed with melanoma or censored from
the study are available. What is the most
appropriate statistical test?
A. Ordinal logistic regression
B. Cox proportional hazards model
C. Linear regression
D. Chi-square test

discovery rate corrections, and Tukey corrections. Sample size
also affects the ability to observe statistically signiﬁcant results.
Studies using a larger sample size may achieve statistical signiﬁcance at a smaller magnitude of association compared with
studies using a smaller sample size. Thus, although uncommon,
some studies with small sample sizes have used different P-value
cutoffs such as 0.10. We would advise investigators to consult a
biostatistician to conduct power calculations during the design
phase of their clinical studies to determine what sample size
would be necessary to achieve statistical signiﬁcance for a
certain magnitude of association.
Although P-values are the probabilities of observing an
effect size as large as or larger than that detected in a study
purely by chance alone, P-values do not account for the direction or size of the difference or relative risk in a particular
study. In this instance, conﬁdence intervals may provide more
information, particularly when the results are not signiﬁcant.
Conﬁdence intervals are a range of possible values for a target
population calculated by various statistical methods,
including the probability with which this range covers the real
value. The probability is usually deﬁned in advance at 95%,
meaning that the conﬁdence interval includes the true value
in 95 of 100 studies performed. Like P-values, the size of the
conﬁdence interval will depend on sample size. Larger
sample sizes lead to narrower conﬁdence intervals, whereas
smaller sample sizes lead to wider conﬁdence intervals. A
higher probability of including the true value means the
conﬁdence intervals will be wider. Whether there is statistical
signiﬁcance can be assumed by determining if the conﬁdence
interval does not include the value of zero effect within the
range, such as the value of 0 for difference or a relative risk of
1. Conﬁdence intervals are generally more informative
than P-values, because they provide information on the certainty of the population estimate of interest (Gardner and
Altman, 1986).
Examples of biostatistics in recent Journal of Investigative
Dermatology literature

Here we have compiled a brief list of studies from recent
Journal of Investigative Dermatology literature that have
exempliﬁed biostatistical methods used in clinical research in
dermatology:
 Dusingize JC, Olsen CM, Pandeya NP, Subramaniam P,
Thompson BS, Neale RE, et al. Cigarette smoking and the
risks of basal cell carcinoma and squamous cell carcinoma. J Invest Dermatol 2017;137:1700e08.
 Egeberg A, Gislason GH, Nast A. Birth outcomes in children
fathered by men treated with immunosuppressant drugs
before conception—a Danish population-based cohort
study. J Invest Dermatol 2017;137:1790e2.
 Hamer MA, Pardo LM, Jacobs LC, Ikram MA, Laven JS,
Kayser M, et al. Lifestyle and physiological factors associated with facial wrinkling in men and women. J Invest
Dermatol 2017;137:1392e9.
 Walker JL, Siegel JA, Sachar M, Pomerantz H, Chen SC,
Swetter SM, et al. 5-ﬂuorouracil for actinic keratosis treatment and chemoprevention: a randomized controlled trial. J
Invest Dermatol 2017;137:1367e70.
www.jidonline.org e177
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CONCLUSIONS

In conclusion, we offer an algorithmic approach to help
identify the appropriate statistical test for an investigator’s
clinical research question. Because this reference offers a
basic approach to choosing a statistical test in clinical
research, this reference cannot capture all of the nuances of
the methodology. We strongly encourage readers to take
biostatistics and/or epidemiology courses at their local medical centers or online (e.g., Stanford University’s self-paced
version of Statistics in Medicine [https://lagunita.stanford.edu/
courses/Home/MedStats/Medicine/about]).
Finally,
we
encourage investigators to collaborate with statistical experts
for guidance on study design and appropriate analytic approaches to answer their clinical research questions of interest.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to this paper. Teaching slides are available
as supplementary material.
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Research Techniques Made Simple: Methodology
and Applications of Förster Resonance Energy
Transfer (FRET) Microscopy
Joshua A. Broussard1,2 and Kathleen J. Green1,2
Classical biochemical techniques have contributed a great deal to our understanding of the mechanisms
regulating fundamental biological processes. However, these approaches are typically end-point, populationbased assays and are often insufficient in examining transient molecular events. Förster resonance energy
transfer (FRET) microscopy is a powerful technique capable of investigating dynamic interactions between
proteins and a plethora of biochemical signaling events based on the development of specific biosensors. This
technique exploits the principle that when FRET occurs, energy from a donor fluorophore is transferred to an
acceptor fluorophore only when certain conditions are met. These include dependence on both distance and
fluorophore orientation. In this article, applications of FRET microscopy to protein interactions and modifications are discussed, and examples are given of the types of biosensors that can be developed. There are a
number of methods to measure FRET. The most common modalities and specific advantages and shortcomings
for each are reviewed. Finally, general considerations and guidelines for choosing a method are discussed.
Journal of Investigative Dermatology (2017) 137, e185ee191; doi:10.1016/j.jid.2017.09.006
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INTRODUCTION

Macromolecular interactions and modiﬁcations are the
foundation for every biological process and pathological
condition occurring in our bodies, functioning in an
extraordinarily complex and dynamic network of cellular
signaling events. The advent of modern light-based microscopy has enabled researchers to observe molecules in their
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native habitat, in real-time, in living cells and tissues. However, the inherent applications of light-based microscopy to
the study of protein interactions and modiﬁcations is somewhat limited. This can be overcome by combining conventional light-based microscopy with other techniques. Förster
resonance energy transfer (FRET) is a process by which energy
is transferred from one ﬂuorophore (the donor) to a second
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ADVANTAGES
 The ability to perform biochemical assays in real
time in living cells
 A large number of FRET-based biosensors have
already been created and characterized
 New biosensors can be generated to assess a
protein of interest, although some expertise is
necessary
 Some FRET measurement methods are relatively
inexpensive and can be performed on standard
wide ﬁeld microscopes
 Potential applications in high-throughput
screening

SHORTCOMINGS
 Data analysis can be complex, depending on
sensors and methodology
 Some FRET measurement methods require
expensive specialized equipment
 FRET efﬁciency can be quite low, and false
positives and false negatives must be controlled
for
 Some FRET-measurement methods are best
suited as an endpoint assay
 Biosensors using FPs as donors and acceptors
require careful characterization, because the
bulky FP-tag can affect protein function

DEFINITIONS
 Fluorescence: The process by which a molecule
that has absorbed light emits light at a longer
wavelength than the absorbed light
 Nonradiative transfer: Transfer of energy without
releasing a photon of light
 Anisotropy: Unequal physical properties along
different axes
 Tension: Pulling force transmitted along an axis

ﬂuorophore (the acceptor) in a nonradiative manner, rather
than being emitted as a photon of light from the donor
(ﬂuorescence). This phenomenon is strongly dependent on
the distance between the two ﬂuorophores, occurs most
efﬁciently when they are within 10 nm of each other
(Figure 1), and decreases exponentially with increasing distance (Pietraszewska-Bogiel and Gadella, 2011). Therefore,
FRET has historically been used to determine the close
proximity of two molecules of interest.
One of the most widely used applications of FRET in the life
sciences is FRET microscopy using genetically encodable
biosensors containing ﬂuorescent proteins (FPs) as the donor
e186 Journal of Investigative Dermatology (2017), Volume 137

Figure 1. Requirements for FRET. The donor molecule emission (Em.) and
acceptor molecule excitation (Ex.) spectra must overlap. FRET efﬁciency is
highest when the donor and acceptor molecules are within 10 nm of
each other and their dipoles are at a parallel orientation. FRET, Förster
resonance energy transfer.

and acceptor ﬂuorophores (Day and Davidson, 2012). For
this reason, FRET has sometimes been dubbed ﬂuorescence
resonance energy transfer. Often, cyan and yellow FPs are
used, because there is sufﬁcient spectral overlap between
the emission of cyan FP and the excitation of yellow FP for
FRET to occur (Figure 1), and these FPs have a high quantum
yield (i.e., emission efﬁciency). Other suitable pairs of FPs
include green and red pairs, which offer advantages for
live cell imaging such as low phototoxicity and less photobleaching. In addition to using two FPs as donor and acceptor
molecules, other ﬂuorophores including quantum dots,
lanthanides, SNAP-tags, and ﬂuorescein arsenical hairpin
binder (i.e., FLAsH)-based tags, among others, can be used
on their own or in combination with FPs to generate
FRET biosensors (Emami-Nemini et al., 2013; Rajendran
et al., 2014; Stanisavljevic et al., 2015). For the sake
of simplicity, we will focus on sensors using FPs in our
examples.
Unlike conventional biochemical approaches, FRET-based
biosensors facilitate the examination of protein interactions
and signaling events in their normal cellular environment, in
many cases in living cells. Because FRET is performed in
intact samples, it provides a distinct advantage for studying
skin biology, because its use enables investigators to examine
functions in speciﬁc layers of the epidermis, for instance in
three-dimensional epidermal equivalent culture models. The
use of FRET probes allows the investigator to retain spatial
information that can be lost when using traditional
biochemistry techniques. Here, we describe common applications of FRET biosensors (Figure 2) and the methods used to
measure FRET.
APPLICATIONS
Protein-Protein Interactions

Because FRET is highly dependent on the distance between
the two FPs, it is often used to observe the interactions
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Figure 2. Common applications of FRET sensors. (a) FRET can be used to study protein-protein interactions. Here, two proteins of interest (X and Y) are tagged
with a donor and acceptor, and FRET occurs upon interaction between the two proteins. (b) In this biosensor, an inactive GTPase (a), bound to GDP, does
not interact with a downstream effector protein that is part of the same fusion protein (b). Once activated, the GTP-bound GTPase interacts with the effector,
and FRET occurs. (c) A biosensor can be designed to examine the activity of a protease. Here, protease-mediated cleavage inhibits FRET. (d) A ligand
tagged with a donor will FRET with a receptor tagged to an acceptor upon ligand binding. Biosensors can be designed to observe conformational changes in a
protein of interest. (e) For example, posttranslational modiﬁcations such as phosphorylation induce conformational changes that cause the biosensors to FRET.
(f) Biosensors can be designed to assess tension within a protein of interest by incorporating a FRET module with a ﬂexible linker that loses the ability to
FRET when force is applied to the molecule. FRET, Förster resonance energy transfer; GDP, guanosine diphosphate; GTP, guanosine triphosphate.

between two proteins of interest. In the case of intermolecular
FRET, one protein contains the donor FP and the other the
acceptor FP. When the two proteins come close enough
together (i.e., through binding), then FRET occurs between the
FPs (Figure 2a). When performing intermolecular FRET
analysis, variation in the expression levels of the two
FP-containing proteins must be taken into account, complicating data analysis. However, when properly controlled, this
method enables researchers to visualize where in a cell two
proteins are interacting. For example, De Filippo et al. (2017)
coexpressed the melanogenic enzyme tyrosinase tagged with
a donor FP and a trafﬁcking mutant version of G-proteinecoupled receptor 143 tagged with an acceptor FP and
determined that, unlike wild-type G-proteinecoupled
receptor 143, the trafﬁcking mutant interacts with tyrosinase
at the plasma membrane (Figure 3).

Many of the newer FRET biosensors are intramolecular
probes containing both the acceptor and donor within the
same construct. Intramolecular probes can still be used to
examine protein-protein binding, if designed properly. For
example, intramolecular biosensors have been generated that
measure Rho family GTPase activation by including both the
GTPase and a downstream effector protein domain in the
same sensor (Nakamura et al., 2006). In this case, when
bound to guanosine diphosphate, the inactive GTPase and
effector do not interact, producing no FRET. When bound to
guanosine triphosphate, the active GTPase binds to the
effector, and FRET occurs (Figure 2b).
Enzymatic cleavage

FRET biosensors can also be generated to examine the
enzymatic activity of a protein of interest (Zauner et al.,
www.jidonline.org e187
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Figure 3. FRET of G-protein-coupled receptor 143-EYFP and tyrosinase-CFP in COS7 cells. In this example, the authors use sensitized emission FRET to observe
where in COS7 cells G-proteinecoupled receptor 143 (GPR143) tagged with YFP (the acceptor) is interacting with the melanogenic enzyme tyrosinase (TYR)
tagged with CFP (the donor). A color scale of the localized FRET efﬁciency is shown to the right. Both wild-type (wt) and a trafﬁcking deﬁcient mutant (mt)
GPR143 interact with TYR in vesicles in the perinuclear and peripheral regions of the cell, but only the trafﬁcking deﬁcient mutant is found to interact with
TYR at the plasma membrane. This example highlights the ability of FRET microscopy to differentiate localized changes in protein-protein interactions. White
arrows indicate the plasma membrane regions where the FRET signal is localized. Scale bar ¼ 20 mm. Reprinted with permission from De Filippo et al., 2017.
CFP, cyan ﬂuorescent protein; FRET, Förster resonance energy transfer; YFP, yellow ﬂuorescent protein.

2011). For example, a biosensor can be designed to include a
peptide containing the cleavage sequence of a protease of
interest. In this case, at steady state the acceptor and donor
FPs are within close enough proximity that efﬁcient FRET
occurs (Figure 2c). When the protease of interest becomes
active, it cleaves the peptide sequence within the sensor, and
the donor and acceptor FPs move apart. This is measurable by
both a decrease in the FRET signal and an increase in the
donor signal, which results from loss of donor quenching.
This method was used by Li et al. (2014) to show that
kynurenine increases matrix metalloproteinase activity using
a commercially available matrix metalloproteinase assay
ﬂuorimetric kit.
Conformational changes

In addition to a dependence on distance, FP orientation is
crucial for FRET, because FRET occurs most efﬁciently when
the dipole of the acceptor and donor FPs are parallel to each
other. These properties make FRET a powerful technique for
examining conformational changes within a protein of interest. A multitude of stimuli induce conformational changes in
protein structure, leading to alterations in cell signaling. For
example, ligand binding to a receptor often induces conformational changes that recruit downstream signaling partners.
Therefore, biosensors sensitive to ligand binding can be
designed to either decrease or increase FRET upon association with ligand, allowing real-time examination of receptor
activation. Experiments can be designed to detect FRET between a ligand and a receptor by coupling each to a donor or
acceptor (intermolecular FRET), and FRET occurs upon ligand
e188 Journal of Investigative Dermatology (2017), Volume 137

binding (Figure 2d). Alternatively, if the donor and acceptor
are within the receptor (intramolecular FRET), ligand binding
can induce a conformational change that causes FRET to
occur. These approaches have been heavily used in characterizing G-proteinecoupled receptors and their ligands
(Emami-Nemini et al., 2013).
Downstream signaling often involves posttranslational
modiﬁcations of signaling components, the most common of
which is phosphorylation. The addition of a phosphate group
can have multiple effects on protein structure through alterations in hydrophobicity, electrostatic attractive and repulsive
forces, and protein-protein interactions. For example, phosphorylation of common recognition domains can alter
interactions between domains of the same protein or between
binding partners, and FRET biosensors can be designed to
examine these alterations (Figure 2e). Finally, environmental
changes such as pH and ionic concentration can induce
conformational rearrangements that can be examined with
FRET. For example, Celli et al. (2016) used the cameleonbased endoplasmic reticulum (ER)-targeted calcium sensor
D1ER to show that ER calcium is released after barrier
perturbation in human epidermal equivalent cultures
(Figure 4).
Molecular tension sensors

Mechanotransduction, the conversion of mechanical stimuli
into biochemical responses, is emerging as a critical regulator
of a number of cellular behaviors, including proliferation,
differentiation, and migration, as well as pathological conditions such as hypertension, atherosclerosis, myopathies, and
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Figure 4. Calcium ﬂuxes in reconstructed human epidermal equivalent cultures. Here, the authors use the endoplasmic reticulum (ER)-targeted, FRET-based
calcium sensor D1ER to examine stress-induced ER calcium release in reconstructed human epidermal equivalents. In this case, the presence of calcium induces
FRET to occur between CFP (the donor) and YFP (the acceptor). A form of sensitized emission, the ratio of YFP/CFP ﬂuorescence is reported by the authors
as an indicator of FRET. As calcium increases, the relative ratio of YFP/CFP increases. The authors used this method to that show ER calcium is released in
response to barrier perturbation (tape stripping), as evidenced by the decreased YFP/CFP ratio at early timepoints. ER calcium is then replenished (increased
YFP/CFP ratio) over the course of minutes and eventually returns back to homeostatic levels. Data are presented as mean  standard error of the mean. Asterisks
indicate statistically signiﬁcant deviations from unperturbed stratum granulosum calcium levels, P < 0.02. Modiﬁed with permission from Celli et al., 2016.
CFP, cyan ﬂuorescent protein; FRET, Förster resonance energy transfer; min, minute; YFP, yellow ﬂuorescent protein.

cancer progression. Mechanotransduction is mediated by a
variety of cellular components, and the cytoskeleton with its
associated adhesive organelles and motor proteins is a major
contributor. At the molecular level, mechanotransduction is
often facilitated via protein conformational alterations that are
the result of tension within the amino acid backbone of a
protein. Recently developed FRET-based force sensors are
capable of measuring tension within mechanosensitive adhesive organelles. These include components of focal adhesion, which link cells to their extracellular environments, and
adherens junctions, which couple cell-cell interfaces. A FRET
module containing both the donor and acceptor FPs joined by
a calibratable, ﬂexible linker region is genetically inserted
into the backbone of the protein of interest. Under conditions
of low tension, the donor and acceptor FPs are in close
enough proximity for efﬁcient FRET to occur. As tension is
applied to the molecule, the FPs move apart, and FRET
decreases (Figure 2f). For example, Borghi et al. (2012)
developed a tension sensor for the epithelial cell-cell adhesion molecule E-cadherin and showed that it is under
constitutive tension generated by actomyosin, which is
increased at cell-cell contacts upon stretching. There are a
number of caveats to these sensors, because intermolecular
FRET must be controlled for, and there is an assumption that
the protein acts as a linear spring, which has not been
conﬁrmed in all cases.
MEASUREMENT METHODS
Acceptor photobleaching
One of the most straightforward methods of detecting FRET involves
acceptor depletion. During FRET, energy is transferred from the
donor to the acceptor, essentially quenching (i.e., decreasing) the
light emitted by the donor. Therefore, if the acceptor is selectively
depleted through photodestruction, the emission of the donor FP will
increase accordingly, assuming the process of photobleaching also
abolishes acceptor absorption. Images of the donor emission are
taken before and after photobleaching the acceptor, and the increase
in intensity of donor FP emission is used as an indicator of FRET.

Acceptor photobleaching can be easily implemented on a wide
variety of microscope systems, with the condition that photobleaching of the acceptor does not bleach the donor FP. However,
this method has some limitations. It is relatively slow, is innately
destructive, and is affected by sample movement during acquisition.
Therefore, it is most suitable for ﬁxed sample applications. Nevertheless, this method is a good ﬁrst step because it can quickly provide
useful information about differences between experimental samples
and verify that FRET is occurring before optimizing other FRET
methods.

Sensitized emission
Ratio-based FRET measurements are founded on the principle that
during FRET the acceptor ﬂuorescence emission is responsive, or is
sensitized, to the donor emission. As FRET is increased, the emission
for the donor FP decreases, resulting in an increased FRET/donor
ratio. This method requires the acquisition of a number of sample
and control images. In the simplest variation, in the case of an
intramolecular FRET sensor, images of the donor (donor wavelength
excitation and emission) and FRET (donor wavelength excitation and
acceptor wavelength emission) signals are acquired, processed, and
presented as a FRET/donor ratio image. For intermolecular FRET, the
acquisition and processing is much more complicated, because
varying levels of donor and acceptor concentration and localization
require correcting for direct excitation of acceptor and bleed through
of donor emission into the FRET signal. Therefore, calculation of a
corrected FRET image requires the use of multiple controls and
correction factors (Broussard et al., 2013). However, there are a
number of advantages of this method, including ease of implementation on both wide ﬁeld and confocal microscopes. In addition,
this method is suitable for live cell imaging of dynamic events,
because image acquisition can be quite fast depending on microscope setup.

Fluorescence-lifetime imaging microscopy (FLIM)-FRET
Fluorescence occurs when an excited ﬂuorophore spontaneously
emits a photon, dropping back to the ground state. The frequency at
which this occurs, or ﬂuorescence lifetime, is unique for each ﬂuorophore and can be affected by local environmental factors that
www.jidonline.org e189
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Table 1. General guidelines for choosing a FRET
method
Sample Type: Live Cell
Sample Type: Fixed

Slow Dynamics

Fast Dynamics

Acceptor
photobleaching
Polarized anisotropy

Acceptor
photobleaching
FLIM-FRET

Sensitized
emission
Polarized anisotropy

Abbreviations: FLIM, ﬂuorescence-lifetime imaging microscopy; FRET,
Förster resonance energy transfer.

quench ﬂuorescence. In the case of FRET, the presence of an
acceptor quenches (i.e., decreases) the ﬂuorescence of the donor
through nonradiative transfer of energy, resulting in a decrease in
ﬂuorescence lifetime of the donor. FLIM can be used to measure
ﬂuorescence lifetime, typically by use of either time- or frequencydomain methods. Both of these methods enable the calculation of
FRET efﬁciency using different instrumentation. Major advantages of
FLIM-FRET include that it is not dependent on protein concentration,
is less affected by photobleaching, and requires imaging of only the
donor FP. However, ﬂuorescence lifetime can be affected by other
environmental factors such as pH, the presence of ions, and the
refractive index of the medium, necessitating carefully controlled
experiments. FLIM imaging is relatively slow and expensive;
specialized instrumentation for either time- or frequency-domain
measurements is also required but can be incorporated into existing wide ﬁeld or confocal microscope setups. Finally, many ﬂuorophores exhibit multi-exponential decay curves in living cells,
requiring complex data analysis during quantitation.

Polarized anisotropy
Another method of detecting FRET uses polarized light to examine
the anisotropic characteristics (i.e., directional variance) of donor
emission. When a ﬁeld of ﬂuorophores is excited with polarized
light, only a subset of ﬂuorophores are excited, those whose absorption vectors are oriented parallel to light polarization. Because of
the size of FPs and the timescale at which measurements are taken,
there is minimal FP rotation, and emitted light remains anisotropic,
polarized in the direction of excitation. If a donor FP transfers energy
to an acceptor molecule (FRET), then the emitted photon is polarized
based on the orientation of the acceptor FP, resulting in a decrease in
anisotropy. Samples are excited with polarized light using either an
inherently polarized laser or a polarization ﬁlter placed in the excitation light path. A variable polarization ﬁlter in the emission path is
then used to collect light parallel and perpendicular to the excitation
orientation. These images are used to calculate the anisotropy, and
decreased values of anisotropy indicate a greater amount of FRET.
This imaging modality is quite rapid and well suited for high-content
screening and live cell imaging. However, it is less sensitive than
other methods to FRET efﬁciency and is often used for qualitative
assessment, especially in the case of high FRET versus low FRET
conditions.

CHOOSING A METHOD

Because each of the methods used for FRET measurement has
its own set of pros and cons, there is no overall best method.
Moreover, many FRET-based biosensors have their own eccentricities. Some general guidelines to choosing an appropriate method include the following (see also Table 1). For
ﬁxed samples, acceptor photobleaching and FLIM-FRET
e190 Journal of Investigative Dermatology (2017), Volume 137

MULTIPLE CHOICE QUESTIONS
1. Which of the following applications can be
assessed using FRET microscopy?
A. Protein-protein interactions
B. Tension within a molecule of interest
C. Ligand binding to a receptor
D. All of the above
2. What physical parameters affect FRET efﬁciency?
A. The orientation of the donor and acceptor
molecules
B. The distance between the donor and
acceptor molecules
C. Both A and B
D. Neither A nor B
3. Which method of measuring FRET is best used
ﬁrst?
A. Sensitized emission
B. Acceptor photobleaching
C. FLIM-FRET
D. Polarization anisotropy
4. To obtain a corrected intermolecular FRET image
using sensitized emission, one must correct for
which of the following?
A. Bleed-through of donor emission into the
FRET signal
B. Direct excitation of acceptor by donor
excitation
C. Both A and B
D. Neither A nor B
5. Measuring FRET using acceptor photobleaching
is based on the principle of which of the
following?
A. Dequenching of the acceptor molecule
B. Quenching of the acceptor molecule
C. Dequenching of the donor molecule
D. Quenching of the donor molecule

would be appropriate, because there are no dynamic or
time considerations. In the case of live cell imaging of very
dynamic events, sensitized emission and polarized anisotropy
have the advantage of rapid acquisition. Sensitized emission
can often provide more information than polarized anisotropy; however, for intermolecular FRET it requires a multitude
of additional controls. FLIM-FRET methods provide an
advantage for intermolecular FRET measurements, because
they are not dependent on the stoichiometry of the donor and
acceptor FPs. Therefore, FLIM-FRET would be preferred over
other methods as long as an appropriate acquisition timescale
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can be achieved. Overall, the best practice is to use and
compare all methods available to determine what works best
for a biosensor under any given experimental conditions.
CONCLUSION

FRET-based microscopic assays leverage a simple physical
phenomenon, the transfer of energy from a donor to acceptor
molecule, to address complex biological questions that many
other techniques cannot achieve. These include the ability to
visualize localized, dynamic protein-protein interactions and
biochemical signaling events in real time and in living cells.
The potential applications of FRET microscopy to both basic
and clinically relevant research questions are mostly limited
to the availability of biosensors and accessibility to an
appropriate method for visualizing FRET. As these are
improved and become more accessible, FRET-based microscopic studies have remarkable potential to contribute both to
our understanding of the fundamentals of life and to the
development of high-throughput screening assays for drug
discovery.
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Research Techniques Made Simple: Emerging
Methods to Elucidate Protein Interactions
through Spatial Proximity
Yonglu Che1 and Paul A. Khavari1,2
Interactions between proteins are essential for fundamental cellular processes, and the diversity of such interactions enables the vast variety of functions essential for life. A persistent goal in biological research is to
develop assays that can faithfully capture different types of protein interactions to allow their study. A major
step forward in this direction came with a family of methods that delineates spatial proximity of proteins as an
indirect measure of protein-protein interaction. A variety of enzyme- and DNA ligation-based methods measure
protein co-localization in space, capturing novel interactions that were previously too transient or low affinity
to be identified. Here we review some of the methods that have been successfully used to measure spatially
proximal protein-protein interactions.
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Interaction between proteins underlies a signiﬁcant amount of
the mechanical, structural, and signaling processes that are
necessary to support various functions of living cells. The
variety of protein-protein interactions is highly diverse and
heavily context dependent. Methods to study protein-protein
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many others have provided key insights to understanding
function, but each method suffers from limitations. Most
existing methods require stable protein interactions to survive
the harsh processing steps necessary to extract proteins from
cells, and many others query interactions outside the native
cellular context, relying on empirically reconstituted conditions (Table 1).
Proximity-based protein labeling attempts to address some
of these limitations through a different approach. Instead of
purifying protein complexes or searching for evidence of
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SUMMARY
 Proximity protein labeling allows detection of
spatially proximal proteins.
 BirA, Apex, and HRP are enzymes that generate
spatially conﬁned reactive biotin intermediates,
providing the mechanism by which spatial
labeling is possible.
 Proximity labeling can also be used to label
cellular compartments using localization
sequences or to perform conditional proteomics
with split versions of the enzymes.
 DNA-based proximity ligation is an alternative,
low-throughput method that also assays spatial
proximity.

interactions between recombinant proteins in vitro, proximity
labeling allows identiﬁcation of proteins that reside within a
10- to 20-nm radius of an introduced labeling enzyme. Such a
labeling strategy allows surveillance of transient and weak
interactions. Because proximity labeling can be done in living
cells, it can also detect interactions that require fragile
macromolecular assemblies, intact subcellular structures,
lipid or nucleic acid cofactors, and posttranslational modiﬁcations that are difﬁcult to retain or reconstitute in vitro. This
idea of using spatial information to expand and inform the
networks of interactions inside a cell is increasingly being
applied in new techniques and applications. This review focuses on how proximity labeling has been successfully used
thus far, the limitations of the data it provides, and the potential for further development.
ENZYMATIC PROXIMITY LABELING (BirA, APEX, HRP)

At the heart of proximity labeling are enzymes that produce
distance-constrained reactive biotin molecules. Although
spatial proximity of proteins within a cell could to some
extent be measured by modern microscopy techniques, the
reagents and time necessary make microscopy impractical as
a high-throughput discovery method. In contrast, labeling
followed by protein isolation allows for unbiased discovery
through mass spectrometry. The discovery of several enzymes
that generate short-lived, reactive biotin intermediates have
made the latter approach possible. These enzymes generate
reactive biotin that can covalently link to proteins but are also
quickly quenched within 10e20 nm of travel through the
cell. If reactive biotin reaches a protein before being
quenched, it can covalently link to the protein, providing a
permanent biotin handle for puriﬁcation. Three types of enzymes successfully used for this purpose are promiscuous
variants of Escherichia coli and Aquifex aeolicus biotin ligases
(BirA) (Kim et al., 2016; Roux et al., 2012), an engineered
ascorbate peroxidase (APEX/APEX2) (Lobingier et al., 2017),
and horseradish peroxidase (HRP) (Honke et al., 2012),
although ongoing efforts promise to diversify and improve on
this existing toolset. BirA enzymes are usually responsible for
biotinylation of an acetyl-CoA carboxylase subunit, but mutations that cause them to prematurely release their reactive

biotin intermediates have made them useful for proximity
labeling. HRP and ascorbate peroxidase are both peroxidases
that use hydrogen peroxide to perform oxidation reactions.
HRP has been a staple enzyme in activity assays, ﬁnding wide
applications from ELISAs to Western blotting long before its
application in proximity labeling. HRP is unfortunately inactive in the cytosol, necessitating investigation of other peroxidases. Ascorbate peroxidase was therefore engineered as
an HRP substitute and given the new name APEX (Martell
et al., 2012). APEX was ﬁrst applied to electron microscopy
but quickly found a role in proximity-dependent protein labeling because of its ability to rapidly generate short-lived,
spatially conﬁned reactive biotin intermediates.
When a construct of these labeling enzymes fused with a
protein of interest is expressed within a cell, the fusion protein
can properly localize and perform its usual biological functions (Figure 1aec). Proteins that stay within the labeling
radius of the enzyme longer than would be expected by
random motion become enriched in the total biotinylated
subset of proteins. During this time, cells can be exposed to
biochemical and genetic perturbations appropriate for the
given experiment. At the end of the biotin-labeling period,
cells can be lysed to isolate total protein (Figure 1d). Because
biotin labels are covalently linked to proteins themselves,
lysis conditions are unlikely to introduce artifacts, providing a
signiﬁcant advantage to afﬁnity puriﬁcation methods where
lysis conditions must be carefully chosen to preserve interactions and where lysis itself can compromise the separation of cellular compartments and lead to false positive and
false negative ﬁndings (Table 2). A key advantage of the biotin
handle is biotin’s strong but reversible afﬁnity for streptavidin
(Chivers et al., 2011). The high afﬁnity of the biotinstreptavidin complex allows biotinylated proteins to be efﬁciently captured from the lysed solution and then stringently
washed to remove nonspeciﬁc interactions (Figure 1e). After
protein elution and digestion, samples can be subjected to
Western blotting to query speciﬁc interactions or mass spectrometry to broadly map all of the spatially proximal proteins
detected (Figure 1f). The ﬁdelity of resulting candidate interactions can be tested by determining if previously known
protein interactions were detected and by using gene
ontology annotations to cross-check for functions known to
be associated with the protein of interest (Figure 1g). Novel
associations between proteins can frequently be shown in
such data. However, the veracity of each detected association
invariably requires further validation by orthogonal technical
approaches. An example of how proximity proteomics can be
used to investigate the novel interactors is illustrated by
Perez-White et al. (2017) in their study of the receptor tyrosine kinase EphA2 (Figure 1h and i).
The choice of labeling enzyme must be carefully considered for a number of practical experimental reasons. BirA
converts biotin into reactive biotineadenosine monophosphate, whereas APEX and HRP create free radicals of
biotin as intermediates. BirA can be used in living tissue, as
has been successfully applied within organotypic skin models
(Perez-White et al., 2017). Unlike the simple biotin used for
BirA, the biotin-phenol reagent used for APEX and the
hydrogen peroxide reagent used for HRP are not suitable for
organoid or in vivo studies because of the tissue toxicity of
www.jidonline.org e198
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Table 1. Comparison of techniques to study protein-protein interactions1
Technique
Proximity-dependent protein labeling
Proximity-dependent DNA ligation
Afﬁnity-capture complex puriﬁcation
Surface plasmon resonance
Isothermal titration calorimetry
Yeast-two-hybrid screening
Florescence resonance energy transfer

Spatial Proximity or Direct Interaction

Maintains Cellular Context

High/Low Throughput

Spatial proximity
Spatial proximity
Direct interaction
Direct interaction
Direct interaction
Direct interaction
Spatial proximity

Yes
Yes
Yes2
No
No
No
Yes

High
Low
High
Low
Low
Low
Low

1
A brief list of representative techniques used to study protein-protein interactions. Techniques that measure spatial proximity also detect direct interaction
because direct interaction is usually within the labeling radius. Techniques categorized as high throughput can be adapted as low-throughput techniques but
not vice versa.
2
Although protein complexes form within the proper cellular context, artifacts can arise during cell lysis.

Figure 1. Proximal protein labeling workﬂow. (a) A protein of interest for which proximal proteins are to be interrogated is ﬁrst selected and fused on a selected
terminus to an enzyme to catalyze biotinylation. (b) A functional fusion protein expressed at physiologic levels in the cells interacts with normal protein partners.
(c) Stimulation of the biotinylation enzyme covalently labels proteins in an approximately 1  108-m space around the fusion protein. (d) Denaturing cell lysis is
used to liberate all proteins and (e) biotinylated proteins are isolated by streptavidin pulldown. (f) After elution off of streptavidin beads, the biotinylated proteins
can be detected in a sensitive but low-throughput manner in Western blotting or more comprehensively by mass spectrometry. (g) Comparison of proximal
protein interactors when analyzed with proper control datasets can capture both previously known interactions and potentially novel ones. (h) Perez White et al.
(2017) used a BirA tag to identify the proximal protein interactome of the receptor tyrosine kinase EphA2 in primary human keratinocytes and reconstituted threedimensional human epithelium. The broad landscape of the interactome can be partially understood by identifying common pathway annotations of EphA2
interactors. (i) Individual interacting proteins of interest are visualized by peptide spectral matches. The BirA-tagged protein is commonly among the most highly
enriched because of self-biotinylation but in the case of EphA2 could also be caused by receptor dimerization.
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Table 2. Proximity-dependent protein labeling versus afﬁnity-capture complex puriﬁcation
Method

Advantages

Disadvantages

 Detects low-afﬁnity interactions

Proximity-dependent protein labeling

 Direct interactors vs. spatial interactors
cannot be differentiated.

 Spatially proximal proteins can be
used to infer localization.

Afﬁnity-capture complex puriﬁcation

 Covalent biotin tag allows for harsh
lysis and stringent washes.

 Target proteins do not always have an amino
acid amenable to biotinylation that is
accessible to the enzyme, resulting in
missed interactions.

 Detects robust direct interaction.

 Weak interactions are lost to lysis and wash steps.

 Detects protein complex association.

 Cell lysis can compromise cellular
compartments and introduce artifacts.

both phenol and peroxide-containing reagents. APEX and
HRP can label signiﬁcant amounts of protein in minutes, but
BirA needs hours to a day for optimal labeling. APEX and HRP
may thus be more suitable for experiments where temporal
resolution is critical, whereas BirA is more suitable for studying
interactions during homeostasis. The amino acids favored for
reaction also differ by enzyme. BirA favors lysine residues,
whereas APEX and HRP prefer tyrosine, so proteins detected by
one method may not necessarily be detected by the other
because of differences in accessibility of target residues. In
addition, the cell’s many compartments can have drastically
different conditions, changing how each protein and the
reactive biotin intermediates behave. HRP, for example, contains four disulﬁde links critical to its structure. It is therefore an
impractical choice for the study of proteins primarily localized
to the reducing environment of the cytoplasm, but it functions
well on the cell surface or in the endoplasmic reticulum and
Golgi apparatus. Reactive intermediates also are likely to
behave slightly differently depending on where they are
generated in the cell, underscoring the need for corroboration
of proximity proteomics ﬁndings using orthogonal methods.
Proximity-dependent proteomics have been successfully
applied a number of times to study the interactions of proteins
in the epidermis. EphA2, a receptor tyrosine kinase and
regulator of epidermal homeostasis, was discovered to facilitate tight junction formation through interaction with afadin
(Perez-White et al., 2017). In the process of epidermal differentiation, proximity-dependent labeling led to the discovery of interactions between MPZL3 and FDXR (Bhaduri et al.,

a

b

2015), as well as CALM5 and SFN (Sun et al., 2015). MPZL3FDXR interaction drives an increase in reactive oxygen species to progress differentiation, and CALM5-SFN interaction
controls expression of late differentiation genes.
CAVEATS AND CONTROLS

Although proximal protein labeling shows previously undetected interactions and can help prioritize exploration into unknown protein functions, it is important to remember that the
reliability of the method strongly correlates with the ﬁdelity with
which the protein-enzyme fusion behaves like the native protein. When fusion of the selected labeling enzyme compromises
function or localization of the linked protein of interest, or when
exogenous expression delivers supraphysiologic levels of protein, the interactome will be less faithful to that of the endogenous protein. Additionally, the linker between enzyme and
protein of interest must be carefully considered. Both the length
and composition of the linking sequence will determine the
range and accessibility of the enzyme to target proteins (Chen
et al., 2013). Another important caveat when interpreting such
data is that proximal protein labeling shows only spatial
co-localization. Determining whether protein co-localization
occurs because of direct or indirect protein-protein interactions requires separate analysis by other methodologies.
As with other high-throughput methods for discovering
protein-protein interactions, proper controls must be included
to determine the likelihood that a discovered interaction is
biologically meaningful. Although the most appropriate
controls must be determined for each individual experiment,

c

d

Figure 2. Alternative applications for proximity labeling. (a) Expressing APEX with a subcellular localization sequence allows proteins within that space to be
labeled. For example, cytosolic, mitochondrial intermembrane, and mitochondrial inner membrane space proteins can be spatially resolved. (b) HRP can be
targeted to a surface protein using a complementary molecule or protein to label proteins close on the cell surface. (c) The fast labeling time of APEX allows
dynamic processes like receptor-agonist responses to be resolved in time. (d) Splitting BirA into two separate proteins results in a nonfunctional biotin ligase.
By fusing the two halves to separate proteins, the BirA activity can be induced when those separate proteins come into proximity of one another.

www.jidonline.org e200

RESEARCH TECHNIQUES MADE SIMPLE 
a

b

Figure 3. Assessing endogenous protein-protein proximity by DNA ligation. (a) Proximity of two endogenous proteins inside an intact cell or tissue can be
measured by DNA ligation. Attached to antibodies targeting the two proteins are oligos complementary to a connector probe. Proximity of the two proteins and
therefore the oligos serves as a template to circularize the connector probe, which then templates a rolling circle ampliﬁcation reaction that incorporates
ﬂorescent probes into the ampliﬁed product. Each proximal interaction event can be visualized as a ﬂorescent dot using microscopy. (b) Perez White et al. (2017)
used proximity-dependent ligation to validate an interaction between EphA2 and afadin discovered by proximity labeling.

a generally useful control is to express the biotinylating
enzyme alone. Biotinylated proteins captured from cells
expressing the biotinylating enzyme in the absence of a
protein of interest include proteins that are biotinylated as part
of their usual function, highly expressed proteins that are
likely to be background, and proteins with afﬁnity to the labeling enzyme itself. Proteins that are robustly represented in
this control dataset are likely to be background and are often
excluded from further analysis. More speciﬁc controls include
mutants of the protein of interest that result in speciﬁc loss or
gain of function or localization sequences to enrich for the
background labeling in speciﬁc cellular compartments in
which a protein of interest is known to reside.
APPLICATIONS OF PROXIMAL PROTEIN LABELING

Proximity labeling has been used most commonly to study
protein-protein interactions, but several additional uses of the
labeling enzymes are worth mentioning.
Cellular compartment labeling

One major caveat to proximity labeling is that the method reﬂects only spatial co-localization, not direct interaction. Hung
et al. (2016) have used this to their advantage to study the protein populations that make up different compartments of the
mitochondria. By linking APEX to localization tags targeted to
the cytoplasm, the mitochondrial intermembrane space, and the
inner membrane space, proteins uniquely expressed in each
compartment have been identiﬁed (Figure 2a).
Cell surface labeling

Studying proteins expressed at the cell surface poses challenges and opportunities different from those of an intracellular
protein. An opportunity to study an unaltered, endogenous
protein arises if an antibody or complementary small molecule
exists to the protein of interest and can be fused to HRP
(Miyagawa-Yamaguchi et al., 2014). A complementary
molecule-HRP fusion labels proteins proximal to the
e201 Journal of Investigative Dermatology (2017), Volume 137

endogenous protein of interest on the cell surface without
having to introduce an exogenous construct (Figure 2b).
Time-resolved agonist response

The short (w1-minute) labeling period of APEX allows time
course studies to be performed for rapid biological processes.
Paek et al. (2017) fused APEX to G protein-coupled receptors
(angiotensin II type 1 receptor and the b2 adrenoceptor) to
study the dynamic receptor-agonist interactions (Paek et al.,
2017). Lobingier et al. (2017) took a similar approach, also
with G protein-coupled receptors (B2AR and DOR). In cases
like this, proximity labeling can further elucidate previously
known interactions by permitting facile measurement of such
interactions through time (Figure 2c).
Conditional proteomics with split proteins

As it is becoming increasingly clear that proteins interact
within vast and intricate networks and complexes, the ability
to perform conditional proteomics is a rising challenge. BirA
has been adapted for such a purpose by splitting the protein
into two nonfunctioning parts that regain function when
localized together (Schopp et al., 2017). By fusing the two
halves to different proteins, proximity labeling can be limited
to only the occasions during which those two proteins
interact (Figure 2d). This type of conditional labeling may be a
tool with which puzzles of protein complex assembly can be
solved with minimal starting information about the constituents of such complexes.
VALIDATING PROXIMAL INTERACTION THROUGH DNA
LIGATION

Many methods exist to test protein-protein interactions,
prominent among which is co-immunoprecipitation, but
there is a relative shortage of methods outside of proximity
labeling to study protein proximity. Microscopy and ﬂorescence resonance energy transfer are useful tools, but proximity ligation analysis was developed as an easier method to
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MULTIPLE CHOICE QUESTIONS
1. All of the following are reasons that proximity
labeling may detect previously unknown
interactions EXCEPT which of the following?
A. Interactions are low afﬁnity, transient, or
short lived.
B. Cell lysis conditions disrupt protein-protein
interactions.
C. Mass spectrometry does not detect or map
the peptides in a target protein.
D. Previous in vitro assays did not reconstitute
the necessary subcellular environment for
interaction.
2. What is the reaction that determines the spatial
constraint of the proximity ligation assay?
A. Blocking
B. Antibody binding
C. DNA ligation
D. Isothermal ampliﬁcation
3. When is APEX a more appropriate choice than
BirA?
A. When the protein of interest is larger than
100 kDa
B. When the protein of interest is smaller than
100 kDa
C. When minute resolution of interactions is
necessary
D. For conditional proteomics using a split
protein
4. When is BirA a more appropriate choice than
Apex?
A. When the protein of interest is larger than
100 kDa
B. When the protein of interest is smaller than
100 kDa
C. When minute resolution of interactions is
necessary
D. When the desired experiments must be done
in a tissue organoid system
5. Which of the following is unsuitable for
cytoplasmic use?
A. APEX
B. BirA
C. Split BirA
D. HRP

antibodies are two oligonucleotides that can facilitate the
ligation of a free-ﬂoating connector probe (Figure 3a). The
two oligonucleotides must both be present for successful
ligation, and successful ligation creates the template for an
isothermal rolling circle ampliﬁcation reaction. This reaction
can be performed to incorporate ﬂuorescent dye, resulting in
a local hotspot of ﬂuorescence whenever the two target
proteins are within close vicinity to each other. Over an
entire cell or tissue, detected interactions can be visualized
microscopically by ﬂuorescent clusters, each representing
one instance of protein-protein co-localization. Perez White
et al. (2017) use this technique to validate an interaction
initially discovered with proximity labeling of EpHA2
(Figure 3b).
FUTURE DIRECTIONS IN PROXIMAL PROTEIN LABELING

The principles underlying use of proximity labeling by
BirA, APEX, and HRP came from an earlier technique,
DNA adenine methyltransferase identiﬁcation (i.e.,
DamID) that maps DNA-protein interactions using a
spatially conﬁned methyltransferase reaction (Van Steensel
et al., 2000). True to its origins, proximal protein labeling
has been adapted back to studying DNA-protein interactions. Although DNA adenine methyltransferase
identiﬁcation allows one to pick a protein of interest and
investigate proximal DNA sequences, CRISPR/Cas9-APEX
does the reverse: ﬁrst identifying a genomic locus of
interest and then identifying proteins in the immediate
vicinity (Myers et al., 2017). Improvements of methods to
study DNA-protein interactions with proximity labeling
and its adaptation to study protein-RNA interactions are
likely to soon follow. Although it is not currently possible,
the study of proximal protein interactomes in living
organisms would be an invaluable insight into tissuespeciﬁc protein biology. With the development of more
efﬁcient labeling enzymes and given the robustness of the
biotin-streptavidin interaction, proximity labeling in vivo
may soon be achievable.
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Research Techniques Made Simple:
Murine Models of Human Psoriasis
Jason E. Hawkes1,2, Jonas A. Adalsteinsson2, Johann E. Gudjonsson3,5 and Nicole L. Ward4,5
Psoriasis vulgaris is a common, inflammatory skin disease affecting approximately 3% of the population in the
United States. The etiology of psoriasis and its associated comorbidities are complex and the result of
complicated interactions between the skin, immune system, disease-associated susceptibility loci, and multiple
environmental triggers. The modeling of human disease in vivo through the use of murine models represents a
powerful, indispensable tool for investigating the immune and genetic mechanisms contributing to a clinical
disease phenotype. Nevertheless, modeling a complex, multigenic disease like psoriasis in mice has proven to
be extremely challenging and is associated with significant limitations. Over the last four decades, more than 40
unique mouse models for psoriasis have been described. These models can be categorized into three major
types: acute (inducible), genetically engineered (transgenic), and xenograft (humanized). The purpose of this
Research Techniques Made Simple article is to provide an overview of the common types of psoriasis-like
mouse models currently in use and their inherent advantages and limitations. We also highlight the need
for improved psoriasis mouse model systems and several key factors to be considered as this field of laboratory
science advances.
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ADVANTAGES
 The ability to model human disease in animals is
a powerful in vivo laboratory tool that permits
scientists to elucidate genetic and immune
mechanisms contributing to psoriasis.
 Acute mouse models of psoriasis represent a
relatively inexpensive, easy-to-use system that
results in the rapid induction of skin
inﬂammation.
 Advanced mouse models permit gene alterations
to be restricted to speciﬁc tissues or cell types
and allow control of expression within a desired
time-frame (spatiotemporal control).

LIMITATIONS
 Transgenic models of psoriasis are expensive and
labor intensive, and they may result in death or
the potential undesirable expression of a
transgene (i.e., a “leaky” system).
 Xenotransplantation models of psoriasis are
technically difﬁcult, labor intensive, and highly
dependent on inherent donor characteristics,
and they require substantial amounts of
tissues.
 All mouse models of psoriasis have intrinsic
disadvantages, and no current model fully
recapitulates all features of human psoriasis.

INTRODUCTION

Psoriasis vulgaris is a chronic T-cellemediated skin disease
typiﬁed by thickened, scaly, erythematous plaques on the
scalp, trunk, and extremities. The development of psoriasis is
the result of a complex interaction between skin, the immune
response, psoriasis-associated genes, and multiple environmental exposures (Hawkes et al., 2017). Patients with psoriasis also exhibit signs and symptoms of systemic
inﬂammation, resulting in an increased risk for multiple
comorbid conditions, including polyarthritis, cardiovascular
disease, and metabolic syndrome (Takeshita et al., 2017).
However, the precise molecular mechanisms driving the
development of psoriasis and its associated comorbid conditions have not been fully elucidated.
The ability to model human disease in animals represents a
powerful in vivo laboratory tool that permits scientists to
systematically study the genetic and immune mechanisms
contributing to psoriatic disease. The purpose of this article is
to provide an overview of the common types of mouse
models currently being used to study psoriasis. The laboratory
techniques used to generate theses various types of mouse
models can be reviewed in previously published Research
Techniques Made Simple articles (Grifﬁn et al., 2015;
Gunschmann et al., 2014; Scharfenberger et al., 2014;
Tellkamp et al., 2014). Finally, we will discuss the importance of these mouse models in helping further advance our
e2
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understanding of psoriasis and our ability to manage this
multifaceted skin disease.
CURRENT MOUSE MODELS OF PSORIASIS

Over the last four decades, more than 40 unique mouse
models for psoriasis have been described. Each of these
murine models recapitulates various aspects of human psoriasis. The extent to which a certain mouse model mirrors
human psoriasis can be explained, in part, by the genetic
and/or biological basis of that speciﬁc model system. The
current models being used to study psoriasis can be divided
into three major types: acute (inducible), genetically engineered (transgenic), and xenograft (humanized). An overview
of these three model types is summarized in Table 1. The
advantages and limitations associated with each model type
underscores the complexity of modeling multigenic human
diseases such as psoriasis.
Acute (inducible) models

Since the initial description of the imiquimod (IMQ)-induced
psoriasiform dermatitis model (van der Fits et al., 2009), acute
or inducible mouse models have rapidly become one of the
most widely used systems for studying human psoriasis. Acute
models of psoriasis involve the induction of a psoriasiform-like
skin phenotype (e.g., erythema, scale formation, epidermal
thickening, immune cell inﬁltration, and/or joint disease)
following the topical application, intradermal injection, or
disruption of the epidermal skin barrier via mechanical forces.
Common examples of this model include the repeated application of immune-activating chemicals to the skin of mice,
including IMQ, 12-O-tetradecanoylphorbol-13-acetate, oxazolone, and 2,4-dinitroﬂuorobenzene (DNFB). Inﬂammation
in the skin can also be induced by the intradermal injection of
proinﬂammatory cytokines (e.g., IL-23) or antigens (e.g.,
mannan from Saccharomyces cerevisiae). Finally, cutaneous
inﬂammation can be provoked in mice by the repeated
application and removal of tape, which results in disruption of
the epidermal barrier by stripping off layers of the stratum
corneum (Sano et al., 2005).
The advantages of these acute models are primarily due to
their low cost, rapid induction of skin inﬂammation, and
relative ease of use compared with other, more labor intensive model types that will be described. The capability of
these chemical agents to stimulate skin inﬂammation in
multiple genetic strains of mice enables scientists to study
inﬂammatory reactions and to test the effects of potential
psoriasis treatments in innumerable combinations. The convenience of the acute model systems has had a directing
inﬂuence on preclinical psoriasis studies as illustrated by the
dramatic increase in publications using the IMQ-induced
model and its application to more than 85 unique transgenic models (Hawkes et al., 2017). Finally, the ability to
induce a skin disease phenotype at a speciﬁc time point in
mice of a certain age may be beneﬁcial, depending on the
speciﬁc research question being studied.
However, the acute model systems have signiﬁcant limitations. One of the primary limitations of these model systems
are due in large part to the relatively nonspeciﬁc nature of the
induced skin inﬂammation. This issue is particularly problematic when studying human skin diseases that lack
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Table 1. Summary of the major types of preclinical mouse models currently being used to study psoriatic disease
Model Type
Acute
(inducible)

Model Description

Common Examples

Induction of psoriasis-like
 IMQ-induced
 Convenient, easy to
phenotype after the topical
dermatitis
use, inexpensive
application of a chemical,
intradermal injection, or
 TPA application  Limited requirements
physical disruption of the skin  Cytokine injection
for speciﬁc genetic

(e.g., IL-23)
 Epidermal
tape-stripping
model
 Delayed-type

Genetically
engineered
(transgenic)

Advantages

background of mouse
strain
 Limited technical
training before use
 Inducible disease at

hypersensitivity

desired age or speciﬁc

(e.g., oxazolone
and DNFB)

time point

KO: development of psoriasis- KO
 Whole-body gene
like features resulting from the  CD18e/e (hypoalterations: KO or
absence of speciﬁc gene(s)

morphic CD18)

Tissue-speciﬁc and conditional  Il1rne/e
systems: further phenotype
modiﬁcation by limiting the
perturbed gene(s) to speciﬁc
cell populations or tissue
types under the regulation of
speciﬁc gene promoters
and/or modulators of gene
expression (e.g., tamoxifen or
tetracycline/doxycycline)

overexpression mouse

Limitations

References

 Unintended consequences

Asherson and
Zembala (1970), Kopp
et al. (2003), Rose
et al. (2012), Sano
et al. (2005), Stanley
et al. (1991), van der
Fits et al., (2009)

of topical agent, chemical,
or vehicle
 Inappropriate use due to
model advantages
 Nonstandardized
protocols/treatment
 Models not suitable
for chronic use
 Inﬂuenced by genetic
background of mice

 Often results in embryonic/
prenatal death

Bullard et al. (1996),
Shepherd et al. (2004)

 Gene perturbation may not

model
reﬂect the actual gene
 Powerful mouse model
altered in human disease
system that allows for
 Whole-body alterations
the testing and investilimit ability to isolate
gation of gene-speciﬁc
cellular or tissue-speciﬁc
effects in vivo

gene effects
 Single gene alterations do
not recapitulate complex,
multigenic diseases like
psoriasis

Tissue-speciﬁc
overexpressor

 K14-AREG
 K14-VEGF
 K5-Stat3C
Tissue-speciﬁc KO
 K14-Cre-Ikk2ﬂ/ﬂ

 Limits gene expression  Labor-intensive model
to speciﬁc cell popsystem
ulations or tissue types  Conditional gene expres Overexpression or KO

sion may still result in

constructs
 Design may overcome

embryonic or early prenatal
death

Cook et al. (1997),
Detmar et al. (1998),
Sano et al., (2005),
Stratis et al. (2006)

lethality associated with  Potential undesirable
whole-body gene KO
expression of gene of
interest (“leaky” system)
 Gene perturbation may not
reﬂect the actual gene
altered in human disease

Inducible KO

 K5-CreERT2
JunBﬂ/ﬂ c-Junﬂ/ﬂ
Repressible
overexpressor
 K5-IL-17C
 KC-Tie2

 Gene controlled by
tamoxifen or tetracycline/doxycycline
(on/off)
 Gene alterations
restricted to speciﬁc tissues or cell types within
a desired time-frame
(spatiotemporal control)
 Circumvents lethality
issues
 Ability to control dis-

 Labor-intensive model
system
 Transgene may affect more

Johnston et al. (2013),
Wolfram et al. (2009),
Zenz et al., (2005)

than target gene
 Potential undesirable
expression of gene of
interest (“leaky” system)
 Confounding effects due to
short- and long-term
treatment with the inducer
 Gene expression or
deletion inﬂuenced by drug

ease enables study of

application, dose, and

acute or early phenotype changes

feeding behavior
(continued )
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Table 1. Continued
Model Type

Model Description

Common Examples

Xenograft
(humanized)

Transplantation of psoriatic
human skin or immune cells
into severely
immunocompromised mice

 Lesional
psoriatic skin on

Advantages

Limitations

 Most closely mimics the  Technically difﬁcult and
cellular, phenotypic,
labor intensive

AGR129 (IFNa/

and genetic characteris-  Graft phenotype dependent

b/gRe/e)

tics of human disease in

 CD4þCD45RBhi

mice

References
Boyman et al., (2004);
Ma et al. (2008)

on immune populations
already present in skin
 Phenotypic variation

cells into C.B-17/
Prkdcscid

observed with different
donor tissues and graft
quality
 Human tissues inﬂuenced
by host factors

Abbreviations: IMQ, imiquimod; KO, knockout; TPA, 12-O-tetradecanoylphorbol-13-acetate.

pathognomonic features and have signiﬁcant overlapping
clinical and histologic ﬁndings, such as psoriasis, systemic
lupus erythematosus, and atopic dermatitis. As a result, the
literature contains multiple examples wherein mouse models
commonly used in preclinical psoriasis studies are simultaneously being used to support ﬁndings for human
diseases with entirely different etiologies, such as the 12-Otetradecanoylphorbol-13-acetate model for acute irritant
dermatitis (Dai et al., 2017) and IMQ-induced skin inﬂammation for systemic lupus erythematosus (Yokogawa et al.,
2014). Other limitations associated with the inducible
models are related to the speciﬁc methods used to stimulate
skin inﬂammation. There is a general lack of standardized
protocols for the topical application or intradermal injection
of proinﬂammatory chemicals. Common variations include
treatment frequency, duration, product manufacturer, dosage
or chemical concentration, animal housing conditions,
genetic background of animals, and treated anatomical site.
These differences make it difﬁcult to interpret or compare
studies and likely explain some of the challenges experienced
when trying to reproduce speciﬁc research ﬁndings. Finally,
the acute model systems are not amenable to long-term
treatment and, therefore, do not fully recreate the prolonged
inﬂammatory state observed in patients with chronic forms
of psoriasis.
Genetically engineered (transgenic) models

Genetically engineered or transgenic models are mice with
speciﬁc gene alterations resulting in the overexpression or
loss/knockout (KO) of a particular protein. In contrast to the
acute model systems, traditional transgenic mice have gene
alterations that are present at birth and involve all cell types
throughout the body (i.e., germline or whole-body KO).
However, advanced laboratory techniques now allow for the
creation of transgenic mice with genetic alterations restricted
to a certain tissue type or cell population under the regulatory
control of a speciﬁc gene promoter (e.g., keratin 5 or 14)
and/or a modulator of gene expression such as tetracycline/
doxycycline or tamoxifen (Gunschmann et al., 2014;
Scharfenberger et al., 2014).
The principal advantage of whole-body KO mice is that the
absence of a gene allows scientists to investigate the in vivo
e4
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effects of gene-speciﬁc alterations. This technology represents
an essential laboratory tool for investigating the genetic and
molecular mechanisms contributing to particular clinical
phenotypes and potentially provides insights into the etiology
of human disease. Some common examples of whole-body
KO mice used to study human psoriasis are the Il1rne/e
(Shepherd et al., 2004) and hypomorphic CD18-null mice
(Bullard et al., 1996), which result in the spontaneous
development of a psoriatic-like phenotype. The limitations of
whole-body KO mice are that they are labor intensive, time
consuming, expensive, and often result in embryonic or early
prenatal death. Single gene perturbations are also not
necessarily reﬂective of the genetic alterations found in
human tissues and are not representative of complex, multigenic disease states like psoriasis. The alteration of a gene
throughout the body also limits the investigator’s ability to
determine which cells populations or tissues are primarily
responsible for an observed phenotype.
Tissue-speciﬁc and conditional transgenic mice offer many
advantages over those with germline alterations. A gene
perturbation in a speciﬁc cell population or tissue type often
overcomes the lethality commonly seen with traditional
germline alterations. The restriction of gene alterations to
speciﬁc tissues or cell types, such as the epidermis, permits
experiments that can determine an individual gene’s contribution to a disease state or phenotype. Several examples of
tissue-speciﬁc mice that overexpress a particular gene and
exhibit a psoriasis-like skin phenotype have been described,
including the K14-AREG, K14-VEGF, and K5-Stat3C mouse
models (Cook et al., 1997; Detmar et al., 1998; Sano et al.,
2005). Conversely, tissue speciﬁc-KO mice have been
described, such as the K14-Cre-Ikk2ﬂ/ﬂ mouse model (Stratis
et al., 2006). The tissue-speciﬁc model systems also allow
further phenotype modiﬁcations by limiting gene perturbations to speciﬁc cell populations or tissue types that are under
the control of inducers or repressors of gene expression. The
K5-CreERT2 JunBﬂ/ﬂ c-Junﬂ/ﬂ mouse model (Zenz et al., 2005)
is a common example of a tissue-speciﬁc inducible KO
mouse. In contrast, the K5-IL-17C (Johnston et al., 2013)
and KC-Tie2 (Wolfram et al., 2009) mouse models represent
tissue-speciﬁc overexpressors, in which the gene of
interest can be repressed by administered doxycycline.
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The spatiotemporal control system of conditional mice enables scientists to customize gene expression and resultant
disease manifestations to better mimic the disease state
observed in humans. Some of the limitations of the tissuespeciﬁc and conditional transgenic mouse models are that
they may still lead to embryonic or early prenatal death,
affect the expression of more than one gene, or result in
undesired (“leaky”) expression of the gene of interest. Additionally, the requirement for the use of a gene modulator like
doxycycline results in potential confounding and/or discrepancies in laboratory results as a result of variations in drug
delivery and the feeding behaviors of mice.
The recent discovery of the clustered regularly interspaced palindromic repeats (i.e., CRISPR)-associated (Cas9)
system in prokaryotes has transformed the laboratory science of genetic engineering. This gene editing technology is
already being used in dermatology research (Guitart et al.,
2016) and has been used to generate transgenic mice for
preclinical psoriasis studies (Ippagunta et al., 2016). The
primary advantages of this technology are the precision of
its gene editing mechanisms, the ability to alter multiple
genes simultaneously via a single guide RNA, and the
decreased amount of time required to generate a transgenic
mouse compared with traditional technologies. Its main
limitations are its off-target biological effects and the
observed variations in single guide RNA efﬁciency.
Although CRISPR/Cas9 technology represents an exciting,
powerful gene editing technology with enormous potential,
its introduction into dermatology research is relatively new.
Therefore, the implications of this technology are not fully
understood.
Xenograft (humanized) models

Xenotransplantation mouse models of psoriasis offer an
alternative to transgenic mice. The xenograft or humanized
models are created when mice are engrafted with human
tissues or cells. In preclinical psoriasis studies, nonlesional
or lesional psoriatic skin is transplanted on the backs of
immunocompromised mice, such as severe combined
immunodeﬁcient or AGR129 mice. Both model systems
allow engraftment without undergoing tissue rejection
due to the absence of B and T lymphocytes, whereas
AGR129 mice also lack type I(A) and II(G) IFN receptors
and Rag-2/, which results in impaired natural killer cell
activity (Boyman et al., 2004). In this way, transplanted
human tissues develop into psoriatic plaques because of the
expansion of resident immune cell populations found in
donor skin.
The main advantage of using the xenograft models of
psoriasis is that they use human-derived tissues and, therefore, most closely mimic the immunologic and genetic basis
of the human disease. The frequent use of xenograft mice is
hampered by several limitations, including its extensive
technical prerequisites and the requirement of large amounts
of donor tissue. Signiﬁcant phenotypic variations are also
observed because of variations in the quality of the tissue
graft, intrinsic immunologic and genetic differences between
human donors, and the inﬂuence of murine host factors (e.g.,
absent transgenic expression of psoriasis-associated human
cytokines).

TOWARD BETTER MOUSE MODELS IN PSORIASIS

Despite remarkable advances in the technologies that allow
for the generation of advanced mouse models, no current
system fully reproduces all features of human psoriasis.
Although the prospect of perfectly modeling any human disease in mice may be unattainable, there is still a need for the
improved use of existing models and the continued development of novel mice. Here, we brieﬂy discuss several
obstacles impeding the study of human psoriasis in mice and
make several suggestions to aid scientists in their efforts to
create better mouse models.
Innate anatomic, immunologic, and genetic variations

Mice have several obvious cellular and anatomic differences
compared with humans (Figure 1), including thinner dermal
and epidermal tissue layers with increased keratinocyte
turnover, densely arranged hair follicles (fur), short segments
of interfollicular epithelium with absent rete ridges, improved
wound healing, and the presence of a striated muscle layer
(panniculus carnosus) deep to the adipose tissue (Gudjonsson
et al., 2007). The immune system of mice varies widely from
that of humans, including major differences in innate immunity (e.g., increased expression of defensins and the absence
of MHC II expression on T lymphocytes), the presence of
different immune cell populations (e.g., CD8þ dendritic cells),
modiﬁcation mechanisms for the skewing of T helper type
1 and 2 lymphocytes, and the predominance of gd T cells in
murine epidermis (Mestas and Hughes, 2004). Mice also have
a dramatically increased metabolic rate and shortened lifespan compared with humans. Finally, the genetic diversity of
mice compared with humans is relatively limited because of
inbreeding. These interspecies differences need to be carefully considered when interpreting preclinical laboratory
ﬁndings because a disease phenotype or anti-psoriatic treatment response observed in mice may not represent a viable
mechanism of human disease.
Need for standardized procedures, assessments, and
validation studies

The variations in laboratory treatment protocols, diet and
housing environments, scoring systems used to characterize
joint and skin ﬁndings (e.g., modiﬁed Psoriasis Area Severity
Index scoring system), and biologic assessment used to
evaluate mouse tissues represents a serious impediment to the
in vivo study of psoriatic disease. These variations undermine
our ﬁeld’s ability to reliably compare studies and meaningfully interpret published ﬁndings. Laboratory procedures and
immunohistologic assessments in need of standardization or
deﬁnition include the adoption of objective methods for
assessing histologic features of disease (e.g., measurements of
epidermal thickness vs. qualitative comparisons), scoring
systems that deﬁne disease phenotypes, methods for properly
orienting and processing mouse tissues (e.g., ﬁxation
method), and use of a set of histologic and biological markers
to help deﬁne true psoriasis phenotypes (e.g., keratin 6/16,
Ki67, antimicrobial peptides like S100 proteins, and markers
of TNF/IL-23/IL-17 signaling). The generalizability of results or
ﬁndings produced in a single mouse model of psoriasis are
likely to be of less signiﬁcance than those that are validated in
other model types. Furthermore, the formal testing of highly
www.jidonline.org
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Figure 1. Representative cellular, histologic, and immunohistochemical differences between control and inﬂamed skin from C57BL/6 mice versus human.
Murine skin displays several cellular, histologic, and immunohistologic differences compared with human skin, including thinner skin tissue layers, increased
keratinocyte turnover, densely arranged hair follicles, short interfollicular epithelial segments with absent rete ridges, and the presence of a striated muscle
layer (panniculus carnosus) deep to the adipose tissue. Composite of images showing the H&E staining of (a) untreated wild-type C57BL/6 mouse skin with
correlating immunohistochemistry staining for (b) Ki67 and (c) S100A8 compared with the (d) H&E, (e) Ki67, and (f) S100A8 staining in a psoriasiform mouse
model. Similar H&E staining of (g) control human skin with correlating immunohistochemistry staining for (h) Ki67 and (i) S100A7 compared with the (j) H&E,
(k) Ki67, and (l) S100A7 staining in lesional psoriatic skin. Scale bars in f and l ¼ 100 mm. H&E, hematoxylin and eosin.

effective human psoriasis therapies (e.g., cyclosporine, TNF
inhibitors, or antagonists of IL-23/T17 signaling) in mouse
models of psoriasis can also serve as a sieve to help determine
the clinical signiﬁcance of reported results.
Recognition of potential confounding variables

Many factors have been reported as potential confounding
variables or unintended consequences of treatment in preclinical psoriasis studies. First, intrinsic differences in the
immune system of various genetic strains of mice commonly
used in psoriasis research (e.g., C57Bl/6 and BALB/c) have
e6
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been reported (Watanabe et al., 2004). The additional inﬂuence of sex on the psoriatic phenotypes elicited in mice has
not been systematically evaluated and should be considered.
These dissimilarities have the potential to signiﬁcantly alter
study results and should be deliberately considered when
choosing a speciﬁc breed of mice to study. Second, the
unintended consequences of potential intralesional or topical
treatments have also been described and are often overlooked. This concept is best illustrated by the IMQ-induced
model of psoriasis wherein topically applied IMQ results in
a variable skin phenotype due to differences in the product

RESEARCH TECHNIQUES MADE SIMPLE 
MULTIPLE CHOICE QUESTIONS
1. The imiquimod (IMQ) model used to study
human psoriasis is what type of murine model?
A. Acute (inducible) model
B. Whole-body transgenic model
C. Tissue-speciﬁc knockout
D. Xenograft model
2. Which is a primary limitation of the IMQinduced model used to study human psoriasis?
A. The need for long-term topical application to
induce an inﬂammatory skin phenotype
B. The signiﬁcant technical expertise required
to use this model system
C. The nonspeciﬁc nature of the skin inﬂammation induced by topical IMQ
D. The ability of IMQ to induce skin inﬂammation in a single genetic strain of mice
3. Compared with whole-body transgenic mice,
what is one advantage of a tissue-speciﬁc
transgenic mouse model?
A. Tissue-speciﬁc transgenic models are not
associated with embryonic or early prenatal
death.
B. Tissue-speciﬁc transgenic models are less
inexpensive and are not labor intensive.
C. Tissue-speciﬁc transgenic models overcome
the potential for undesirable/leaky gene
expression.
D. Tissue-speciﬁc transgenic models enable
scientists to isolate the molecular mechanisms directly contributing to an observed
phenotype.
4. Which type of mouse model is believed to most
closely mimic the cellular, phenotypic, and
genetic characteristics of human disease?
A. Acute (inducible) model
B. Whole-body transgenic model
C. Tissue-speciﬁc knockout
D. Xenograft model
5. Which of the following factors are potential
confounding variables that may affect the interpretation of an inﬂammatory phenotype in a
psoriasis-like mouse model?
A. Gestational age or sex of the mice
B. The vehicle of topical applications
C. Alterations in the murine microbiome
D. All of the above

vehicle used by different manufacturers (Walter et al., 2013).
Additionally, the oral ingestion of IMQ has been shown to
induce a robust systemic inﬂammatory response in mice

(Grine et al., 2016). Both examples emphasize the absolute
necessity of proper experimental and treatment controls when
studying psoriasis-like phenotypes in mice. Other potential
confounding variables that need to be contemplated include
differences in the ages of the mice, comparative response of
intralesional versus topical interventions, anatomic-speciﬁc
disease responses (e.g., truncal skin vs. body appendages
such as the ears or tail), and the impact of intentional or
unintentional alterations in the mouse microbiome.
CONCLUSION

The complexity of human psoriasis combined with the
intricacies of mouse biology creates a formidable challenge
for laboratory scientists. There is a growing need for improved
murine models of psoriasis and the standardization of laboratory procedures used to study the phenotype and treatment
response observed in these models. Although no single
psoriasis-like mouse model is likely to embody the totality of
human psoriasis, in vivo systems are indispensable tools for
advancing our understanding of this inﬂammatory disease
and elucidating the molecular basis of this inﬂammatory
condition and its associated comorbidities.
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Research Techniques Made Simple:
Pharmacoepidemiology Research Methods
in Dermatology
Megan H. Noe1 and Joel M. Gelfand1,2
Clinical trials have several important limitations for evaluating the safety of new medications, leading to many
adverse events not being identified until the postmarketing period. Descriptive studies, including case reports,
case series, cross-sectional, and ecologic studies, help identify potential safety signals and generate hypotheses. Further research using analytic study methods, including case-control studies and cohort studies, are
necessary to determine if an association truly exists and to better understand the potential for causation.
Pharmacoepidemiology research examines the use and effects of drugs when used in large populations of
patients, using a variety of study designs and biostatistical techniques to reduce the confounding and systematic error associated with observational research. Understanding the strengths and limitations of pharmacoepidemiology research techniques is necessary to interpret the validity of drug safety studies, guiding
both individual patient decisions and broader public health decisions.
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SUMMARY POINTS
 Pharmacoepidemiology research uses a variety
of study designs and biostatistical techniques,
including propensity scores, instrumental variables, and external adjustment, to reduce the
confounding and systematic error associated
with observational research.
 Descriptive studies, including case reports, case
series, cross-sectional, and ecologic studies are
best used to identify potential safety signals and
generate hypotheses.
 Analytic study methods, including case-control
studies, cohort studies, and clinical trials, are
necessary to determine if causation can be
inferred from an association and to conﬁrm or
refute a safety signal identiﬁed through descriptive studies.

INTRODUCTION

Pharmacoepidemiology applies the basic science of clinical
epidemiology to study the use and effects of drugs in large
populations (Strom, 2012). According to data from the National Health and Nutrition Examination Survey, in 2012,
59% of all adults reported the use of at least one prescription
drug in the previous 30 days, and 39% of adults over 65 years
of age reported the use of ﬁve or more prescription medications (Kantor et al., 2015). Pharmacoepidemiology research,
using a variety of study designs and biostatistical techniques
to reduce the confounding and systematic error (i.e., bias)
associated with observational research, is necessary to understand the effects of medications in large, heterogeneous
populations over time and guides both individual decisions
for patients and broader public health decisions.
CLINICAL TRIALS HAVE SIGNIFICANT LIMITATIONS FOR
DETECTING DRUG SAFETY

Drugs are approved by the US Food and Drug Administration
(FDA) based on data from preclinical animal studies and
safety and efﬁcacy studies in humans, typically from randomized controlled trials (RCTs). Although RCTs are the criterion standard for showing the efﬁcacy of a drug, they have
limitations with regard to fully understanding the safety of a
medication. These limitations represent a tradeoff between
the need to bring new, effective medications to market and
the duration of exposure and sample size required to detect
rare adverse effects that are important to patients and society.
As a result, many potentially serious adverse effects of medications are detected in the postmarketing phase. For
example, among prescription drugs approved between 2000
and 2009, 26.7% received a black box warning after
approval (Frank et al., 2014).
There are several reasons why preapproval clinical trials do
not deﬁnitively address safety issues. First, clinical trials are
performed in relatively healthy subjects with minimal
comorbidities and frequently do not include an ethnically
diverse patient population. Therefore, the generalizability of
e14
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safety data from RCTs is often uncertain in a diverse patient
population and in combination with other medications or
comorbidities. Also, RCTs typically monitor exposure to the
medication over a period of only weeks to months, providing
minimal information on the safety of long-term exposure.
Finally, RCTs are designed to detect relatively common
adverse effects. When a drug is approved by the FDA, typically only several thousand patients have been treated with
the drug for a relatively short time period. The “rule of three”
states that if an event was not observed in a clinical trial with
N participants, it can be concluded with 95% conﬁdence that
fewer than 3/N people will experience the event (Strom,
2012). As a result, trials can usually accurately describe
only adverse event rates that occur in about 1 in 100 patients
and often cannot detect rare adverse events that occur in
fewer than 1 in 1,000 people.
CLASSIFICATION OF ADVERSE REACTIONS TO
MEDICATIONS

Adverse reactions to medications are divided into three types
(Strom, 2012). Type A reactions are pharmacological effects
of the drug and are generally well described in RCTs by the
time a drug is approved for marketing. They are usually
common and dose related, and they can be mitigated by
using doses that are appropriate for an individual patient. An
example is isotretinoin-related cheilitis. Cheilitis is common
and expected based on the pharmacology of isotretinoin and
typically improves with a decreased dose. Type B reactions
are idiosyncratic or allergic, occur in close proximity to drug
initiation, and are rare (<1 in 1,000). Type B effects are
usually discovered through descriptive studies (spontaneous
reports) after approval, given their rarity. Agranulocytosis
from diaminodiphenyl sulfone (dapsone) is an example of a
Type B reaction because agranulocytosis is a rare, nonpredictable reaction not associated with the predicted
mechanism of action of the drug. Type C reactions introduce
new morbidities by altering the risk of diseases that occur
over time and can often have substantial impacts on public
health. Because they are statistically rare and often delayed,
they are typically not detected before drug approval. Type C
adverse events typically require analytic studies, including
cohort or case-control studies, to investigate the association of
the drug with the effect in question. An example is squamous
cell carcinoma induced by psoralen plus UVA that was
identiﬁed in a cohort study of over 1,300 patients who were
followed for more than 5 years (Stern et al., 1984).
THE DETECTION OF ADVERSE SAFETY EVENTS

Given the limitations of clinical trials for evaluating drug
safety, many adverse events are identiﬁed in the postmarketing period, beginning with spontaneous reports. Prescribers, patients, pharmacists, and drug manufacturers can
all ﬁle MedWatch reports that are collected in the FDA
Adverse Event Reporting System. Spontaneous reporting
programs also have important limitations. Studies have shown
severe underreporting of adverse events, with only about 1%
of adverse effects reported (Khong and Singer, 2002). Additionally, the number of people exposed to a medication in a
population captured by a spontaneous reporting system is not
well deﬁned. As a result, the incidence of a potential adverse
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Table 1. Overview of pharmacoepidemiology study designs
Study Design
Case report/case
series

Description
A description of a single patient or a series of
patients

Strengths
 Efﬁcient source for hypothesis
generation

Limitations
 Cannot rule out chance/bias
 Unable to determine incidence
 Observation may not be
generalizable to other patients

Cross-sectional
study

The presence or absence of both exposure
and disease are assessed at a single point in
time

 Establish prevalence

Ecological or
secular trend study

A study comparing geographic and/or time
trends of illness versus trends in risk factors

 Rapid and easy support for or

 Hypothesis generation

against a hypothesis

 Cannot establish temporal
relationship
 Associations made at the
aggregate population level may
not apply to individuals

Case crossover
study

A study comparing the pattern of exposure
between an event time and a control time
with each patient serving as his/her own
control

 Minimizes confounding by
indication

 Exposure must be transient
 Outcome must be an acute event
that increases sharply and then
subsides
 Recall bias

Case-control study

Cohort study

Clinical trial

A study that selects patients with the disease
of interest (cases) and individuals without the
disease of interest (controls). The case and
control participants are evaluated for
differences in prior exposure to various risk
factors, yielding odds ratios as a measure of
association.
A study that selects subjects on the basis of
the presence (exposed population) or
absence (control population) of exposure to a
factor of interest. Researchers then follow
subjects over time, looking for differences in
a variety of outcomes, yielding relative risks
as a measure of association.
The investigator determines which patients
receive an exposure and then follows the
patients for the outcome.

 Can study multiple risk factors for
a single disease, especially useful
for rare diseases

 Bias in measurement of exposure
 Confounding by indication

 Time efﬁcient
 Can study multiple outcomes
from an exposure
 Can measure incidence (risk) of
outcome
 Randomization controls for

 Selection bias
 Confounding by indication
 Prolonged duration
 Costly
 Generalizability

confounding, selection bias, and

 Ethical issues

confounding by indication.

 Statistical power

 Blinding controls for information

 Costly

bias
 Criterion standard to establish

 Prolonged duration

causality
Adapted from Gelfand and Langan (2013).

effect of a medication cannot be reliably determined. There
also exists substantial bias in the reporting of adverse events.
Adverse event reporting is more likely to occur within the ﬁrst
2 years of drug approval or if there is media attention related
to a speciﬁc adverse event (Tsintis and La Mache, 2004).
Finally, it is often difﬁcult to determine true causation from an
individual case report. Therefore, spontaneous reports should
be considered as hypothesis generating and require conﬁrmation through further studies. To address the limitations of
the FDA Adverse Event Reporting System, in 2008 the FDA
launched the Sentinel Initiative to improve the ability of the
FDA to test safety signals identiﬁed through spontaneous
reporting, using de-identiﬁed electronic health care data from
multiple sources. A safety signal is deﬁned as information on
a possible causal relationship between an adverse event and
a drug, the relationship being unknown or incompletely
documented previously. The full Sentinel System is now
operational and allows the FDA to rapidly access information

from more than 193 million patients in the United States and
efﬁciently perform further studies when safety signals are
identiﬁed (Psaty and Breckenridge, 2014).
PHARMACOEPIDEMIOLOGY STUDY DESIGNS

Descriptive studies, including case reports, case series, crosssectional and ecologic studies, are best used to identify
potential signals and generate hypotheses. Further research
using analytic study methods, including case-control studies,
cohort studies, and clinical trials, are necessary to determine
if an association truly exists to conﬁrm or refute a safety signal
identiﬁed through descriptive studies. Although RCTs are the
criterion standard for causality, case-control and cohort
studies are often more appropriate for addressing the
hypotheses generated by case reports. Meta-analyses
combine the data from multiple studies and are considered
the highest level of evidence; however, it is important to
understand that the data are only as accurate as the individual
www.jidonline.org
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Table 2. Sources of error in pharmacoepidemiology studies
Source of Error
Confounding

Confounding by
indication
Selection bias

Information bias
Generalizability
(external validity)
Type I (alpha error)
Type II (beta error)
Conﬁdence interval
Precision

Deﬁnition

Question To Be Answered

An observed association, or lack of association, that is due to a
mixing of effects between the exposure, the outcome, and a
third confounding variable
Systematic error that occurs when the disease itself, or
symptoms of the disease, are risk factors for the outcome being
studied.
Systematic error that arises from methods to select participants
for a study that is related to the probability of developing the
outcome of interest.
Systematic error that is associated with the measurement of the
exposure or outcome.
The applicability of the results to other populations

Is there a third factor associated with both the treatment
(exposure) and the outcome?

The probability of ﬁnding a signiﬁcant association when the
association is actually due to chance
The probability of concluding that there is no difference when a
real difference exists
The range within which the true magnitude of the effect exists
The accuracy of the measured results, including the width of the
95% conﬁdence interval

Is the underlying disease being treated in the study a risk
factor for the outcome?
Were the two study groups selected into the study
similar, with the exception of the exposure of interest?
Were data on the exposure and outcome measured/
collected the same way in both groups?
Do the results apply to the general population? Your
patient population?
Were the observed results due to chance alone?
What magnitude of effect was the study powered to
detect?
Does the conﬁdence interval include/exclude the
relative risk that is important to detect?
What was the range of results statistically consistent with
the observed ﬁnding?

Adapted from Gelfand and Langan (2013).

studies that have been included, and therefore the individual
studies must be scrutinized to understand the accuracy of a
meta-analysis. An overview of pharmacoepidemiology study
designs is presented in Table 1.
Both descriptive and analytical studies have important
limitations that must be considered when interpreting study
results. Table 2 summarizes potential sources of error and
methodological issues that must be considered when interpreting studies looking at adverse drug events. Bias is any
systematic error in the design, conduct, or analysis of a study
that results in an incorrect estimate of the exposure’s effect on
the outcome. A special type of bias that affects pharmacoepidemiology studies is confounding by indication (channeling
bias, protopathic bias), which occurs when the disease or
symptoms of the disease being treated are also independent
risk factors for the outcome being studied. An example of
confounding by indication encountered in dermatology
research is the increased risk of lymphoma, particularly
cutaneous T-cell lymphoma, in patients with more severe
psoriasis. A hypothetical study comparing the rate of cutaneous T-cell lymphoma in patients with more severe psoriasis
receiving an investigational medicine to the rate of cutaneous
T-cell lymphoma in the general population (SEER, for
example) might erroneously conclude that the drug increases
the risk of lymphoma, when the association is due to the
underlying treatment indication (more severe psoriasis).
Finally, after understanding any potential methodological
issues, when determining the causal nature of an association,
one needs to consider time sequence, biologic plausibility,
dose-response, strength of study design, strength of association, and consistency with previous research (Table 3).

unobserved covariates between treated and untreated
patients. In observational studies, patients in the treated group
may differ from those who are untreated in ways that affect
the likelihood that the outcome under study will occur.
Traditional multivariable regression can be used to adjust for
measured covariates, but multivariable regression can be
problematic when the outcome is rare. Propensity score
methods improve statistical efﬁciency by creating a single
covariate that estimates the probability of receiving a speciﬁc
treatment. Propensity scores create a balance of baseline
clinical characteristics, allowing for direct comparison of
similar individuals, but cannot adjust for unmeasured confounders (Strom, 2012). Instrumental variables (IVs) are secondary analysis techniques that can be used to address the
effects of unmeasured confounding. An IV tries to mimic
randomization, using a variable associated with variations in
treatment but not the outcome. Use of an IV assumes that the

Table 3. Factors to consider when understanding
causal associations
Time sequence
Biological plausibility
Dose-response
Strength of study design

Strength of association

e16

Does the time sequence between the
exposure and the outcome make sense?
Is the relationship between the exposure
and the outcome biologically plausible?
Is there a dose-response relationship?
Clinical trials provide more strength for a
causal association than observational
studies (case-control or cohort studies),
which in turn provide more strength for a
causal association than descriptive
studies.
How high is the point estimate? How
wide is the conﬁdence interval?
Are there other studies with strong study
designs showing an association?

ADVANCED BIOSTATICS METHODS APPLIED TO
PHARMACOEPIDEMIOLOGY

Consistency with previous
research

In clinical trials patients are randomized to a treatment group
and there are minimal systematic differences in observed or

Adapted from Gelfand and Langan (2013).
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IV is predictive of the treatment (exposure), is independent of
the outcome, and is not associated with measured or unmeasured confounders. Not all studies have an appropriate
IV, but common IVs include calendar time, provider treatment preference, geographic distance to a hospital, and insurance plan. An IV analysis should be used with caution
because these assumptions are often difﬁcult to fulﬁll
(Strom, 2012). Finally, external adjustment methods can be
used to determine the likelihood that unknown or unmeasured confounding may explain an association observed between an exposure and an outcome (Schneeweiss, 2006). If
external data sources contain information about a relationship
between potential unmeasured confounders and the outcome
of interest, the numeric measurement of this relationship can
be used to estimate the amount of unmeasured confounding
necessary to meaningfully alter the conclusions.
AN EXAMPLE OF PHARMACOEPIDEMIOLOGY IN
DERMATOLOGY: THE ASSOCIATION BETWEEN
ISOTRETINOIN AND INFLAMMATORY BOWEL DISEASE (IBD)

Isotretinoin was approved by the FDA for severe, recalcitrant
nodulocystic acne in 1982, based on studies of the drug in
fewer than 100 people. Two years after approval, a warning
was added to the package insert about a possible association
between IBD and isotretinoin, based on spontaneous reports
to the FDA, but the safety signal was not investigated further.
Two decades later, lawsuits started to emerge related to a
possible association between isotretinoin and IBD. This
spurred a large increase in the number of cases being
reported. An analysis of cases reported to the FDA between
2003 and 2011 concluded that attorneys reported 87.8% of
cases, physicians reported 6.0%, and consumers reported
5.1%. In the entire FDA Adverse Event Reporting System
during that same period, only 3.6% of reports were made by
attorneys (Stobaugh et al., 2013).
Decades after the initial safety signal was identiﬁed by case
reports, analytical studies emerged. Initial observational
studies offered conﬂicting results on the relationship between
isotretinoin and IBD. These studies were limited by a small
number of cases and lack of adjustment for concurrent
medications associated with the development of IBD, mainly
tetracycline antibiotics that are also used to treat moderate to
severe acne. Alhusayen et al. (2013) performed a retrospective cohort study using population-based electronic health
data from British Columbia. The study included information
from over 4.5 million people and found no association between IBD and the use of isotretinoin (relative risk ¼ 1.14;
95% conﬁdence interval [CI] ¼ 0.92e1.41). In secondary
analyses, there was a weak but signiﬁcant association between isotretinoin and IBD in people aged 12 through 19
years (relative risk ¼ 1.39; 95% CI ¼ 1.03e1.87). There was
also a weak but signiﬁcant association in people who used
topical acne medications only and the development of ulcerative colitis (relative risk ¼ 1.19; 95% CI ¼ 1.00e1.42).
Taken together, these associations suggest that IBD may be
associated with acne itself, not isotretinoin (i.e., confounding
by indication). Strengths of this study over previous research
include a large, population-based design; adjustment for oral
tetracycline antibiotics; and the use of a control group of
patients using topical acne medications to address an

MULTIPLE CHOICE QUESTIONS
1. A new drug has been studied in 3,000 patients
before approval. The upper limit for the detection of rare adverse reactions in this safety
database would be
A. 1 in 100.
B. 1 in 1,000.
C. 1 in 10,000.
D. 1 in 1,000,000.
2. Who can report a potential adverse drug reaction
to the FDA?
A. Patients
B. Physicians
C. Drug manufacturers
D. All of the above
3. Which of the following is an example of a type A
adverse reaction?
A. Agranulocytosis after starting
diaminodiphenyl sulfone (dapsone)
B. Cheilitis associated with isotretinoin
C. Squamous cell carcinoma after psoralen plus
UVA treatment
D. Progressive multifocal leukoencephalopathy
after efalizumab
4. Which of the following is true about spontaneous
reporting of adverse drug events?
A. Most adverse drug events that occur are
reported to the FDA.
B. Spontaneous reports can be used to calculate
the incidence of an adverse event.
C. Information generated from spontaneous
reports should be subjected to further
studies.
D. Events are reported more commonly for
older drugs.
5. Which of the following is an advantage of using
propensity scores over traditional regression
analysis?
A. Propensity scores improve the efﬁciency of
the analysis.
B. Propensity scores can adjust for unmeasured
confounding.
C. Propensity scores randomize patients to a
treatment arm.
D. Propensity scores adjust for confounding by
indication.

association between acne itself and IBD. The study suggests
that it is unlikely that isotretinoin causes IBD, but the 95% CI
indicates that a potentially clinically signiﬁcant increased risk
cannot be ruled out statistically. A meta-analysis of six
www.jidonline.org
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observation studies conﬁrmed no increased risk of IBD in
patients exposed to isotretinoin (OR ¼ 1.08, 95% CI ¼
0.82e1.42) (Lee et al., 2016).
CONCLUSIONS

New medications are being developed at an increasingly
rapid rate in current clinical practice. Therefore, pharmacoepidemiology research is increasingly important to provide
a fuller understanding of drug safety in the postapproval
setting. Understanding pharmacoepidemiology study design,
validity, and the complexity of causal associations is crucial
to guide physician decisions for the individual patient and
public health and public policy decisions.
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Research Techniques Made Simple: Using
Genome-Wide Association Studies to Understand
Complex Cutaneous Disorders
Lam C. Tsoi1,2,3, Matthew T. Patrick1 and James T. Elder1,4
Complex cutaneous disorders result from the combined effect of many different genes and environmental
factors, with individual genetic variants often having only a modest effect on disease risk. The ability to examine
large numbers of samples is required for correlating genetic variants with diseases/traits. Technological
advances in high-throughput genotyping, along with mapping of the human genome and its associated
inter-individual variation, have allowed genetic variants to be analyzed at high density in large case-control
cohorts for many diseases, including several major skin diseases. These genome-wide association studies
focus on showing differences in the frequencies of variants between case and control groups, rather than
co-transmission of a variant and disease through a family, as is done in linkage studies. In this review, we
provide overall guidance for genome-wide association study analysis and interpreting the results. Additionally,
we discuss challenges and future directions for genome-wide association studies, focusing on translation of
findings to provide biological and clinical implications for dermatology.
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ADVANTAGES AND LIMITATIONS OF
GWAS
Advantages
 GWASs can identify new susceptibility regions
without the need to know which variants may be
relevant in advance (“hypothesis-free”
approach).
 Knowledge obtained from GWASs can be used to
guide other types of experiments.
 GWAS is a well-developed approach with many
tools available for data analysis and interpretation of results.
 GWAS is suitable for complex polygenic
diseases, with many genes contributing only
modestly to disease risk.
 GWAS has the potential to guide development of
precision (personalized) medicine and health
care, especially when combined with other
biomarkers.
Limitations
 GWAS needs a large sample size to achieve sufﬁcient power (i.e., the multiple testing problem).
 It is often not trivial to identify how variants affect
biology.

INTRODUCTION

Large-scale efforts, such as the Human Genome Project and
the 1000 Genomes Project (1000 Genomes Project et al.,
2015), have allowed common genetic variations (e.g., genetic differences between individuals in which the rare
variant is present in >5% of individuals) to be mapped across
multiple populations. This has facilitated development of new
techniques to study the genetics and genomics of human
diseases, including statistical tools for correlating genetic
variants with diseases/traits of interest in genome-wide association studies (GWASs). GWASs have signiﬁcantly advanced
the identiﬁcation of susceptibility regions (i.e., diseaseassociated regions in the human genome) for cutaneous disorders in different populations, including psoriasis (Tsoi et al.,
2017; Yin et al., 2015), atopic dermatitis (Hirota et al., 2012;
Paternoster et al., 2015), alopecia areata (Betz et al., 2015),
acne vulgaris (He et al., 2014; Navarini et al., 2014), vitiligo
(Jin et al., 2016), and lupus (Morris et al., 2016)
(see Supplementary Table S1 online). These discoveries have
led to the uncovering of disease pathways and thus
have potential to facilitate novel drug development, including
the notable example of PCSK9 as a therapeutic target to
reduce low-density lipoprotein (LDL) cholesterol levels in
hypercholesterolemia (Price et al., 2015).
Results from GWASs are also shaping our understanding of
biological effects. Far from the early expectations that GWAS
would uncover “nonsynonymous” disease-associated mutations (i.e., genetic changes that alter protein structure), interpretation of recent GWAS results has led to an appreciation
that disease-associated genetic differences commonly affect
e24
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the efﬁciency of regulatory elements in a cell type-speciﬁc
manner (Farh et al., 2015), rather than altering proteins.
Coupled with the sheer numbers of variants correlating with
disease (for instance, more than 60 distinct loci in psoriasis
alone [Tsoi et al., 2017]), it becomes apparent why most
variants, when considered individually, have only modest
effect on disease risk. It is important to understand that this
modest risk does not mean that these variants are unimportant, only that further experiments are needed to (i) identify
which genes are actually affected by these variations and (ii)
understand how the affected genes participate in the disease
process.
This review aims to provide an overview of GWAS and its
associated techniques. Speciﬁcally, we illustrate how GWAS
data, methods, and results can be interpreted, and we discuss
the beneﬁts and limitations of GWAS. Although we focus on
genotyping arrays, some topics discussed can also be applied
to genetic data generated from DNA sequencing experiments.
STRATEGIES FOR GWAS
Genotyping

To understand the GWAS strategy, it is important to understand the concept of linkage disequilibrium. Figure 1a shows
that by crossover during meiosis recombination over many
generations, our ancestors’ chromosomes formed small
“chunks” of genetic materials (i.e., haplotypes) in which their
underlying variations have been preserved (Ott, 1999).
GWAS takes advantage of linkage disequilibrium structure to
genotype only one or a few of the correlated variants in the
haplotypes and offers clues about causal disease-associated
variants.
Genotyping is the most commonly used approach to proﬁle
genetic data for GWAS (Bush and Moore, 2012). Genotyping
arrays exploit DNA hybridization and ﬂuorescence technologies (Figure 1b). To detect a single-nucleotide polymorphism, several probes are placed on the array in such a
way that for any given probe, the hybridization efﬁciency of
one single-nucleotide polymorphism allele is substantially
different from the other allele(s).
Various genotyping arrays have been developed for association studies (Table 1). Traditional GWAS arrays cover the
entire genome and focus on genotyping common variants.
Custom arrays, such as Metabochip or Immunochip (Illumina,
San Diego, CA), provide high density genotyping in
speciﬁc regions of interest identiﬁed by earlier GWAS studies
(Cortes and Brown, 2011). For example, the exome array
(Exomechip; Illumina) focuses on the approximately 2% of
the genome transcribed and translated into proteins. There is
general agreement that even if most disease-associated
variation relates to gene regulation, ﬁnding associations that
inﬂuence protein structure is of high importance, even if this
is uncommon (Rivas et al., 2011; Tang et al., 2014). Largescale genotyping and sequencing projects (1000 Genomes
Project et al., 2015) have advanced the development of
genotyping platforms and efﬁcient strategies in tagging
common variants in GWAS arrays. These arrays can be used
to study small insertions/deletions in addition to singlenucleotide polymorphisms. Genetic data from genotyping
arrays can have many different formats, but the ﬁle format
used by the PLINK software (a publicly available whole-
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Figure 1. Basic illustrations for GWAS. (a) Chromosomes are “sliced and diced” by meiosis over thousands of generations, such that only small chunks of the
ancestral chromosomes persist intact in the present-day chromosome (linkage disequilibrium). Each haplotype is represented by a different color, with the
crossing point of the blue and orange haplotypes indicating crossover (i.e., the exchange of haplotypes during meiosis). The square brackets indicate a mutation
from A to G, which occurs within a small chunk of the blue haplotype. (b) Hybridization and ﬂuorescence technologies deﬁne genotypes for each marker across
different samples (here represented as dots). The x-axis corresponds to the contrast between the two ﬂuorescent intensities for the two alleles; the y-axis is the
average intensity. Samples with homozygous genotypes are colored in red or blue, and the heterozygous genotype is colored purple. Classiﬁcation of genotypes
does not work well if the intensities of the samples do not fall in any one of the three clusters (black). (c) GWASs identify genetic signals (i.e., where there is a
statistically-signiﬁcant difference in allele frequencies) for a particular trait using a statistical model. These markers may lead to a speciﬁc phenotype through
changes to proteins or regulatory mechanisms. GWAS, genome-wide association study; SNP, single-nucleotide polymorphism.

genome data analysis toolset [Purcell et al., 2007], with
PLINK 2.0 being the latest version) is commonly supported.
Association

Single-variant association is performed to associate the
alleles/genotypes of each variant with the trait of interest,
typically through a generalized linear model (Bush and
Moore, 2012). To determine which variants are associated
with the trait, a genome-wide signiﬁcance threshold (P < 5 
10e8) is normally used (Fadista et al., 2016). This value was
chosen to account for P-values being signiﬁcant by random
chance (a frequent problem in multiple testing) by controlling
the family-wise error rate, under the assumption of one
million independent haplotypes (0.05/106 ¼ 5  10e8). The
criterion is sufﬁciently robust for common variants in European populations; however, more stringent criteria might be
needed for less common variants or association studies in
other populations (Fadista et al., 2016). In case/control
studies, odds ratios are often reported as effect sizes for the
associated variants identiﬁed. Findings from earlier GWAS
studies tend to have higher odds ratios (Tsoi et al., 2012)
because of the limitations in showing modest signals with a
small sample size, whereas the newer loci revealed by later

Table 1. Commonly used array platforms for GWAS
Properties

GWAS
Array

Number of
markers

500,000 to
5,000,000

Regions of
interest
Allow
imputation
Requires prior
knowledge
Variants to
study

Exome Array

Targeted Array

w200,000
(can add
GWAS content)
Exome

Vary (e.g., Immunochip
and Metabochip,
w200,000)
Targeted

For tagging

No, if without
GWAS content
Exonic regions

Yes, but well-imputed
markers are limited
Candidate regions

Common

Rare

Common/low allele
frequency variants

Whole
genome
Yes

Abbreviations: GWAS, genome-wide association study.

association studies (revealed by larger sample size) tend to
have smaller odds ratios.
Quality control

Quality control is a critical data processing procedure for
ensuring robustness of any downstream analysis for genetic
data (Winkler et al., 2014), as with other omics data. In
www.jidonline.org
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Table 2. Common procedures in performing genomewide association analysis and result interpretation
Step
Quality control

Description
Array
Check genomic build
Sample genotyping rate
Check sex inconsistencies
Marker
Marker genotyping rate
Mapping probe to genome (to
ensure unique mapping)
Remove monomorphic markers
Hardy-Weinberg equilibrium
Genotype clustering
Principal component analysis

Imputation

Relationship inference
Phasing

Imputation

Association

HLA imputation
Single variant association/burden
test for rare variants
Meta-analysis

Annotation
Pathway analysis

Annotate variants
Identify enriched functions

Candidate gene
prioritization

Provide inference for
the best candidate genes
from associated loci

Example
Software
Programs
PLINK
GTOOL

Z-call
optiCall
EIGENSTRAT
LASER
KING
MaCH
ShapeIT
Beagle
Minimac
IMPUTE2
Beagle
SNP2HLA
PLINK-1.9
EPACTS
METAL
rareMETAL
ANNOVAR
INRICH
ALIGATOR
MAGENTA
MEAGA
GRAIL
OntoFing
DEPICT

Table 2, we lay out some typical quality control procedures
(and commonly used software) for genetic studies, and here
we use the quality control metrics used by a genetic study on
psoriasis for illustration (Tsoi et al., 2012). The quality of
genotyped data may be evaluated using different metrics, and
only samples/markers with high quality are considered (e.g.,
only including samples and markers with 95% of genotyping rate; using Hardy-Weinberg equilibrium, P < 1  10e6 as
a cutoff to ﬁlter out markers with observed genotype frequencies deviating from expected) (Bush and Moore, 2012).
Most often, raw intensity ﬁles are provided, which provide
valuable quantitative information regarding hybridization intensity. Cluster plots (Figure 1b) can be produced from intensity ﬁles to validate the genotypes that have been
generated from the genotype calling algorithm. Such plots are
particularly important for rare genetic variants, for which
genotype calling is often not trivial (Goldstein et al., 2012).
False positive results can creep in through dependencies
between related individuals (including cryptic relatedness)
and differences in the underlying genetic structures of the
case and control populations (population stratiﬁcation).
Under the latter scenario, the difference in allele frequencies
e26
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will reﬂect only the systematic ancestry differences between
the two groups (Price et al., 2010). This can be particularly
challenging if either the cases or the control groups are
enriched in outliers for the population being studied and can
be problematic even for studies that use shared controls.
Kinship coefﬁcient (e.g., KING) (Manichaikul et al., 2010) can
be used together with a mixed model (Kang et al., 2010) to
address these issues effectively. Principal component analysis
or multidimensional scaling, dimension reduction techniques
that project genetic data to lower-dimension space, can also
be used to generate covariates for association (Price et al.,
2010) to address population stratiﬁcation. By performing
principal component analysis/multidimensional scaling
analysis together with different populations (e.g., 1000 Genomes [1000 Genomes Project Consortium, 2012]), outliers
can be shown by comparing their principal component
analysis/multidimensional scaling coordinates with those
from the population of interest. Although these are promising
approaches for common variants, more advanced techniques
may be needed to control for population stratiﬁcation in the
context of rare variant analysis (Lee et al., 2014) and targeted/
exome platforms (Wang et al., 2015). Finally, genomic control (lGC) is a metric of population stratiﬁcation (Devlin and
Roeder, 1999) that may be applied to evaluate association
results after principal component analysis adjustment or
mixed model correction (Devlin and Roeder, 1999). Under
the null hypothesis that genetic variants are not associated
with the trait of interest and the population stratiﬁcation is
adequately corrected, the lGC value would be equal to 1.
Genotype imputation

Genotype imputation is a powerful statistical genetic technique (Marchini and Howie, 2010) that allows combining
multiple cohorts (through meta-analysis) by providing a
common framework to analyze genotypes derived from
different platforms. Meta-analysis can signiﬁcantly enhance
power to show more subtle signals associated with the traits
of interest. Variants that are not genotyped in a cohort can be
imputed (Das et al., 2016) using reference haplotypes from
panels with high variant density (e.g., 1000 Genomes,
Haplotype Reference Consortium [McCarthy et al., 2016]).
First, the haplotypes of genotyped variants in the cohort are
inferred (i.e., phased), with alleles assigned to either the
maternal or paternal chromosomes (Delaneau et al., 2012).
Then, the haplotype structure and frequencies (as well as the
markers present in both the cohort and reference panel) are
used to impute genotypes for the missing variants. In addition
to single-nucleotide polymorphisms and insertions/deletions,
one can also impute HLA alleles and their amino acid sequences for different classical alleles in the major histocompatibility complex region (Jia et al., 2013). This is particularly
useful in ﬁne-mapping (i.e., high-resolution mapping for
disease-associated variants) major histocompatibility complex associations for immune-mediated diseases, such as
psoriasis (Okada et al., 2014).
Because a statistical model is used to infer genotypes for the
unobserved markers, they must be represented using a
continuous “dosage” value (Howie et al., 2011). Typically,
this value is set to between 0 and 2, indicating the expected
number of times the alternative allele occurs. So that dosage
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values may be used in regression models (i.e., as part of association analysis), genotyped markers are represented in the
same way (with 0 indicating that both copies have the reference allele, 2 indicating that both copies have the alternate
allele, and 1 being the heterozygous case). By comparing
the allele frequency of the marker in the reference samples
with that inferred from the cohort, imputation quality metrics
measure the accuracy of imputed markers (e.g., r2 for MiniMac [Das et al., 2016], “info score” for IMPUTE2 [Howie
et al., 2011]). Markers with low imputation quality (e.g., r2
< 0.7 [Tsoi et al., 2017]) are removed from the downstream
analysis. Imputation works very well for common variants
(e.g., a recent study used imputation to evaluate more than 6
times the number of genotyped markers and thus identiﬁed
ﬁve novel disease susceptibility regions for psoriasis
[Tsoi et al., 2015b]) but is not as effective for variants
with low allele frequencies. Large reference haplotypes
(e.g., 1000G via public access [1000 Genomes Project et al.,
2015]) or Haplotype Reference Consortium [HRC] via
Imputation Server [Das et al., 2016]) can help enhance
imputation quality for less common variants.
Applications to interpret association results

The interpretation of GWAS ﬁndings is of critical importance
to understand how these genetic signals relate to biological
events (Foulkes et al., 2017). One of the ﬁrst steps in downstream analysis is to perform functional annotations for the
identiﬁed markers (Figure 1c). These annotations can be used
to classify the potential role(s) of the implicated variants (e.g.,
coding or noncoding regions) and to identify nearby genes of
interest (Wang et al., 2010). As noted, recent large-scale
GWASs have found that disease-associated genetic variants
(or signals) tend to play regulatory roles. By integrating
information from recent large-scale epigenomics projects,
such as ENCODE (ENCODE Project Consortium, 2012) and
the National Institutes of Health (NIH) Roadmap (Romanoski
et al., 2015), we can provide inference for the chromatin
states and corresponding cell types of the associated regions.
Once markers have been annotated, pathway analysis can
be used to identify biological functions for the genes among
the disease loci. Bioinformatics approaches identify the
pathways/functions that are enriched among the genes in
associated loci (Lee et al., 2012) compared with genes
from the (nonsigniﬁcant) background regions. Identifying the
best candidate genes from disease regions can also be
important, especially when designing replication experiments
(e.g., resequencing selected candidate genes or regulatory
sequences). Various approaches (based on text mining
[Raychaudhuri et al., 2009], gene expression [Pers et al.,
2015], or ontology [Tsoi et al., 2009]) have been proposed
to integrate independent information with traits/tissue types of
interest to enhance the prioritization of candidate genes in
each locus. Pathway analysis can also prioritize genes that are
mapped to the enriched functions (Tsoi et al., 2015a), and
network-based approaches capturing gene-gene interactions
can be used to identify gene clusters with signiﬁcant connectivity (Rossin et al., 2011) or shortest distances (Tsoi et al.,
2015a). Statistical genetics techniques have also been
developed to provide robust estimation of heritability using
GWAS data. For example, genome-wide complex trait

MULTIPLE CHOICE QUESTIONS
1. Which of the following is NOT a type of array
used for genotyping?
A. Exomechip
B. Immunochip
C. Metabochip
D. Compuchip
2. What is the typical range of values for imputed
genotypes?
A. 0 to 1
B. 0 to 2
C. e1 to 1
D. 0 to 100
3. Which of the following can be used to address
population stratiﬁcation?
A. Annotation
B. Genomic control
C. Multiple testing
D. Phasing
4. What P-value threshold is commonly used for
genome-wide signiﬁcance?
A. 5  10e4
B. 5  10e6
C. 5  10e8
D. 5  10e10
5. Which of the following is not a priority for
GWAS research in skin disease?
A. Increased sample size and integration across
ethnicities
B. Inferring the biological function of the
disease loci identiﬁed
C. Integrating information from clinical data for
precision medicine
D. Identifying differences in gene expression

analysis (i.e., GCTA) uses variance component estimation to
estimate the heritability of genetic variants captured by the
genotyping platform (Yang et al., 2011).
CHALLENGES AND FUTURE DIRECTIONS

GWASs have facilitated both the generation and evaluation of
new hypotheses in basic science and clinical research over
the last decade (Claussnitzer et al., 2015; Price et al., 2015;
Turner et al., 2012). Most GWASs have been conducted in
European populations, with relatively less comprehensive
genetic information for other underrepresented populations
(e.g., Arabic, Indian). Although GWASs with increased sample size and transethnic components are ongoing (Morris
et al., 2016; Paternoster et al., 2015), the current challenges
are to provide biological inference for each of the disease loci
www.jidonline.org
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identiﬁed. Speciﬁcally, functional assays need to be in place
to test hypotheses developed from GWAS results, providing in
silico/in vitro experimental evaluations on the biological
effects for the susceptibility loci. In addition, it is important
that follow-up studies involve appropriate cell types, because
disease-associated regulatory events are usually cell type
speciﬁc (Farh et al., 2015). Epigenetic and expression data
(ENCODE Project Consortium, 2012; Lonsdale et al., 2013)
can be used to investigate whether disease-associated genetic
variants alter the chromatin accessibility of speciﬁc genes and
thereby gene expression. Complex cutaneous disorders are
unique in that the affected tissues are readily available and
relatively easy to obtain, thus making the design and implementation of downstream analysis more efﬁcient, as illustrated in the large-scale transcriptomic studies conducted on
skin tissues (Johnston et al., 2017). There is potential for a
higher rate of ascertainment bias in self-reported or health
record data related to skin conditions for genetic studies, but
methods are being developed to address this potential challenge (Tsoi et al., 2017).
The vast amount of data and information obtained from
GWAS studies may inform precision/personalized medicine
for patients with cutaneous disorders. The next wave of
GWASs should aim to integrate information from clinical
data by associating genetic data with health records
(i.e., Phenome-wide association studies [PheWAS]) (Denny
et al., 2013), or drug responses (i.e., pharmacogenetics)
(Whirl-Carrillo et al., 2012). The challenge, however, is that
GWAS loci alone cannot yet provide clinically relevant risk
assessment for disease (such as the risk of development of
psoriatic arthritis in a psoriasis patient [Stuart et al., 2015]).
Moving forward, efforts should focus on integrating information from GWASs with a variety of other clinical biomarkers and omics data (i.e., proteomics, metabolomics,
transcriptomics, etc.) to produce useful tests to allow clinical
decision making for individualized health care.
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Research Techniques Made Simple: Two-Photon
Intravital Imaging of the Skin
Peyman Obeidy1, Philip L. Tong1,2,3 and Wolfgang Weninger1,2,3
Over the last few years, intravital two-photon microscopy has matured into a powerful technology helping
basic and clinical researchers obtain quantifiable details of complex biological mechanisms in live and intact
tissues. Two-photon microscopy provides high spatial and temporal resolution in vivo with little phototoxicity
that is unattainable by other optical tools like confocal microscopy. Using ultrashort laser pulses, two-photon
microscopy allows the visualization of molecules, cells, and extracellular structures up to depths of 1 mm
within tissues. Consequently, real-time imaging of the individual skin layers under both physiological and
pathological conditions has revolutionized our understanding of cutaneous homeostasis, immunity, and tumor
biology. This review provides an overview to two-photon microscopy of the skin by covering the basic concepts
and current applications in diverse preclinical and clinical settings.
Journal of Investigative Dermatology (2018) 138, 720e725; doi:10.1016/j.jid.2018.01.017
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INTRODUCTION

The theory underlying two-photon excitation was described
initially by Maria Göppert-Mayer in 1931, and the ﬁrst
two-photon microscope was pioneered and patented by
Winfried Denk and colleagues almost six decades later in
1990 (Weigert et al., 2010). Two-photon microscopy (TPM)
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enables examination of the deeper layers of live specimens,
including the skin, and has many advantages over conventional microscopic imaging methods. Using longwavelength, ultrashort-pulse laser sources, the excitation
volume in TPM is conﬁned to the focal plane, thus excluding
out-of-focus background excitation, which is observed, for
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 Depth of light penetration
 Reduced photobleaching and phototoxicity
outside the focal plane
 Optical sectioning and label-free visualization of
autoﬂuorescent molecules and structures

dermis). Other potential limitations include the high cost,
reduced z-resolution (in particular at depths > 500 mm), and
potential thermal tissue damage due to absorption of
high-power laser light (Lo et al., 2005; Olivieri et al., 2013).
TPM can be expanded by combining it with other optical
methods like Forster resonance energy transfer (i.e., FRET)
and ﬂuorescence recovery after photobleaching (i.e., FRAP)
(Broussard and Green, 2017; Erami et al., 2016).

LIMITATIONS

THE BASIC PRINCIPLES OF TPM

 Potential phototoxicity in the focal plane after
long-term imaging
 Distorted z-resolution, in particular at higher
depths levels
 Potential thermal damage due to high-laser
power pulses
 High costs of instrument compared with confocal
and conventional microscopy
 High level of expertise required

TPM relies on nonlinear photoexcitation of molecules,
whereby two low-energy photons are almost simultaneously
(within 10e18 to 10e16 seconds) absorbed in the same focal
point, resulting in ﬂuorescence emission. Tunable short
(femtosecond)-pulsed lasers facilitate such rare collisions.
This principle also eliminates the need for a pinhole, which is
used in confocal microscopy, because the excitation outside
the focal plane is too weak to cause appreciable ﬂuorescence. In addition, short-pulse lasers can keep the average
power at the sample low and thereby reduce tissue damage,
enabling long-term imaging (Weigert et al., 2010). Compared
with confocal microscopy, which in the skin is limited to a
depth of approximately 50e60 mm, light penetration in TPM
goes beyond the epidermis and superﬁcial dermis to about
300e600 mm, depending on site, excitation wavelength, and
ﬂuorophores, allowing visualization of endogenous and
exogenous ﬂuorophores and structures like collagen or elastin
(Table 1) (Nwaneshiudu et al., 2012; Yew et al., 2014).
SHG signals add a unique advantage to TPM by allowing
label-free visualization of non-centrosymmetric structural
components, such as extracellular matrix proteins (Rehberg
et al., 2011). The signal in TPM is generated when excited
photons decay to their ground state and emit a photon with a
frequency less than double of its original. SHG signal is
generated when scattered incident photons recombine into a
single photon without energy loss (Figure 1) (Olivieri et al.,
2013). SHG is a useful feature of TPM when, for example,
studying tissue architecture, for instance, the delineation of
boundaries between normal and malignant tissue. Apart from
SHG, other less common higher-order processes, THG and

BENEFITS

example, in confocal microscopy. This minimizes photobleaching and phototoxicity. Another useful feature of
two-photon excitation relevant to biologic imaging is the
capacity of TPM to take advantage of higher-order
interactions between light and tissue components, for
example, second (SHG) and third (THG) harmonic generation signals, which can provide architectural information of
the investigated tissue (Yew et al., 2014).
Based on its optical features, intravital TPM offers an
experimental and diagnostic method that can be used to
uncover the homeostatic principles of normal skin and
events resulting in skin diseases (Perry et al., 2012). The skin
is a complex multilayer organ, which imparts optical
challenges for imaging. For example, each layer exhibits
different optical properties such as the refractive index (i.e.,
1.51 in stratum corneum, 1.34 in epidermis, and 1.41 in the

Table 1. Skin layers and a selected list of endogenous components and their spectral positions in TPM
Skin Main
Layer

Skin Sublayer

Cells in Each Layer

Epidermis

Stratum corneum

5e6 layers of corniﬁed dead
cells
Dendritic epidermal T cells
Keratinocytes
Dendritic cells
Langerhans cells
Melanocytes
Merkel cells

Stratum lucidum
Stratum
granulosum
Stratum spinosum
Basal cell layer
Dermis

Dermal dendritic cells
Dermal T cells
Neutrophils
Macrophages
Other immune cells
Stromal cells

Endogenously Detectable
Component

Spectral Positions (Excitation/Emission in
nm)

Keratin

(760e860/477e503)

NADPH (in living keratinocytes)

Free
460 (730e780/460e480)
Bound to protein
440 (730e780/460e480)
440-420-475 (800/550)

Melanin (eumelanin and
pheomelanin)
Collagen ﬁbers

(800e860/400e430)

Elastin ﬁbers

(730e760/460e480)

Abbreviation: TPM, two-photon microscopy.
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OVERVIEW OF METHODOLOGY (SAMPLE PREPARATION
AND FILTER SETUP)

Figure 1. Perrin-Jablonski ﬂuorescence diagram describing one-photon
excited ﬂuorescence versus two-photon and SHG signals. (a) In one-photon
excitation, a higher energy source is required and absorbed to excite the
photon from the ground state to the excited state. Visible light is emitted when
this photon returns to its ground state, with the emitted photon having
slightly lower radiation energy at a frequency of u than the original light
frequency ui. (b) In two-photon excited ﬂuorescence, this process is
replicated with the simultaneous absorption of two lower-energy photons.
Both processes involve real energy transition of electrons where emitted
light energy is partially lost. (c) In SHG no energy is absorbed, and all the
scattered incident photons are recombined into a single photon, without
energy lost and at the same frequency as 2ui. SHG, second harmonic
generation.

fourth harmonic generation, also exist (Yew et al., 2014).
THG is induced by changes in refraction index occurring at
interfaces such as cell nuclei and cytoplasm or cytoplasm and
interstitial ﬂuid (Rehberg et al., 2011). Moreover, fourth
harmonic generation signal is the sum of the frequency
generation from THG and pump light (Karvonen et al., 2015).
These signals can be used to obtain further information on
structural tissue components.

In this review, we focus on the ear skin model to illustrate the
experimental setup and use of TPM in intravital imaging.
Mice are appropriately anesthetized, for example, by the
intraperitoneal injection of ketamine/xylazine. Hair is then
removed from the region of interest using depilatory cream,
after which the animal is stably positioned on a custom-built,
temperature-controlled mounting platform (Figure 2a). The
ear is covered with a coverslip and a solution of glycerinphosphate buffered saline. Intravenous injection of plasma
markers such as Evans Blue dye, high-molecular FITCdextran, or quantum dots can be used to delineate blood
vessels (Li et al., 2012). A mode-locked titanium-sapphire
laser at 920 nm wavelength can be used to excite eGFP
(excitation/emission ¼ 488/507 nm), Evans Blue (excitation/
emission ¼ 620/680 nm), and SHG (excitation/emission ¼
415/455 nm). Signals are detected with different photomultiplier tubes (ﬁlter setup is outlined in Figure 2b). For the
imaging presented here, a 20 water immersion objective
was used. TPM imaging sessions commonly produce largesize datasets (giga- to terabyte range), the analysis of which
requires powerful hardware and software instrumentation.
Postacquisition processing of data can be achieved using
commercial software packages such as Imaris (Bitplane,
Zurich, Switzerland), Metamorph (Molecular Devices, Sunnyvale, CA), and Volocity (PerkinElmer, Waltham, MA), as
well as shareware including ImageJ (National Institutes of
Health, Bethesda, MD) (Figure 2c). Publicly accessible newer
software like FocusStack and StimServer provide minimal
memory footprint and are thus more cost effective. These
packages have the capability of performing stack alignment,
automated re-randomization of time-lapse data, and automated cell segmentation, with the additional option of direct
incorporation into MATLAB (MathWorks, Natick, MA)-based
analysis tools (Muir and Kampa, 2014). A variety of

Figure 2. Visualization of mast cells in vivo using the mouse ear skin model. (a) Close-up schematic view of a mouse ear positioned on a temperaturecontrolled mounting platform designed using Thinkercad (Autodesk, San Rafael, CA). (b) For detection of ﬂuorophores, ear skin was simultaneously exposed to a
mode-locked titanium-sapphire laser at 920 nm wavelength for excitation of eGFP (excitation/emission ¼ 488/507 nm), Evans Blue (excitation/emission ¼ 620/
680 nm), and SHG (excitation/emission ¼ 415/455 nm). The ﬂuorescence signals were detected using independent photomultiplier tubes after transmitting
through or getting transmitted and reﬂected by dichroic mirrors. Band-pass ﬁlters were used to further restrict the wavelength detected to decrease background
noise and spectral overlaps. (c) Skin of a c-kiteGFP transgenic mouse was imaged. Mast cells are green. The extracellular matrix in the dermis was detected by
SHG signal (blue) and the blood vessels (red) (Evans Blue). The imaging was performed using a 20 water-immersion objective. SHG, second harmonic
generation.
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parameters such as cell motion patterns, cellular localization,
and interactions can be computed to describe the orchestration of immune responses in cutaneous biology (Germain
et al., 2012; Li et al., 2012).
EXPERIMENTAL DERMATOLOGY RESEARCH AND TPM

Arguably, the immune system is where multiphoton microscopy has had the greatest impact in basic dermatological
studies in both the steady state and during inﬂammation,
where it is possible to study single cell behavior in real time
and molecules within an intact living environment (Weninger
et al., 2014). Currently, the most common sites for intravital
multiphoton imaging of the skin in mice include the ear
(Roediger et al., 2008), hind footpad (Graham et al., 2009),
and dorsal skin (Amornphimoltham et al., 2011). The footpad
is hairless, but hair removal is essential in the ear and back
skin because the autoﬂuorescence of hair shafts obscure
image acquisition (Li et al., 2012; Roediger et al., 2008). In
addition, ear and footpad skin are less affected by respiration,
and it easier to produce a stable image. However, it is
important that the mouse reaches a stable temperature before
image recording, otherwise drift in the x-, y-, or z-axis can
occur, resulting in an unstable time-lapse video (Li et al.,
2012). Long-term time-lapse imaging can be achieved by
exploiting various in vivo cell and tissue labeling techniques
and ﬂuorescent reporter mice.
The application of multiphoton microscopy can, therefore,
permit quantitative measurements of spatial distribution,
motility, interactions, and response dynamics of leukocytes
under homeostatic and inﬂammatory conditions, as well as
host-tumor responses, which otherwise would not be
possible. For example, using CXCR6-GFP transgenic reporter
mice, differences in EGFPþ gd T-cell morphology and their
density in dermis compared with epidermis was investigated
in ear skin (Sumaria et al., 2011). Using CD11c-EYFP mice,
dendritic cell function and migratory behavior were evaluated in sterile skin injury in which the chemoattractants to the
site of injury were proposed to rise from the resident or
recruited inﬂammatory cells (Goh et al., 2015). TPM microscopy can also be enhanced by combining it with other
optical techniques. Using a Cre-inducible E-cadherineGFP
transgenic mouse model, Erami et al. (2016) combined TPM
and ﬂuorescence recovery after photobleaching to assess
alteration in cadherin-based cell-cell junction integrity in the
setting of tumor progression. Although this is not a comprehensive review of all the advances made through multiphoton
imaging of the skin, these examples serve to show that this
technology has signiﬁcantly advanced our understanding of
the spatiotemporal interactions of immune cell subsets in
lymphoid organs and peripheral tissues, including the skin
(Germain et al., 2012; Jain and Weninger, 2013). Moreover,
although animal models can be used to elucidate the basic
cellular and molecular mechanisms to obtain real-time,
quantiﬁable details of complex biological mechanisms in
intact tissues, the ultimate goal is to translate our understanding into clinical applications.
CLINICAL DERMATOLOGY AND TPM

Multiphoton microscopy is now being considered as a
potential noninvasive diagnostic tool in dermatology,

MULTIPLE CHOICE QUESTIONS
1. Which of the following is true about the basic
principles of two-photon microscopy (TPM)?
A. A two-photon microscope uses a pinhole.
B. TPM requires collision of two low-energy
photons almost simultaneously.
C. UV spectra are used in TPM.
D. Generation of second harmonic generation
(SHG) requires absorption of two low-energy
photons.
2. Which of the following is not an advantage of
TPM?
A. The depth of light penetration
B. Less photobleaching outside the confocal
volume
C. Excellent z-resolution
D. None of the above
3. TPM has been used in which of the following
applications?
A. Aging studies
B. Inﬂammatory dermatoses
C. Skin cancer diagnosis
D. All of the above
4. Endogenous autoﬂuorescent signals in the skin
can be generated from which of the following?
A. Elastin and collagen
B. NAD(P)H
C. Melanin
D. All of the above
5. Based on Figure 2b, using a mode-locked titanium-sapphire laser at 920 nm wavelength,
which band-pass (BP) ﬁlter is most appropriate?
A. Evans Blue with a BP ﬁlter of 505/30
B. SHG with a BP ﬁlter of 641/25
C. EGFP with a BP ﬁlter of 505/30
D. None of the above

because the skin is very accessible for imaging. Although
currently it is only possible to derive structural information
from autoﬂuorescent signals within human tissue in vivo,
TPM is able to provide near-histological grade images without
the need for a skin biopsy or tissue processing. The use of
autoﬂuorescence as a source of natural contrast has been
shown in reﬂectance confocal microscopy. However, the
multiphoton microscope has multiple advantages, allowing
“optical biopsies” of human skin in vivo (Luo et al., 2014).
Nevertheless, there are limited human safety data for multiphoton imaging in the skin, and thus its use currently is
restricted to the experimental setting. Intravital imaging
studies using TPM in mouse skin have not shown signs of
www.jidonline.org
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acute phototoxicity (Li et al., 2012; Roediger et al., 2008), and
clinical studies indicate minimal erythema and cellular
damage from two-photon excitation (Fischer et al., 2008).
Commercial multiphoton microscope systems are now
available and have been used experimentally in the clinical
setting to investigate the structural composition of human skin
with the promise of future application in disease processes
in vivo (Shirshin et al., 2017). These studies have mainly
focused on the utility of this technology in skin aging studies
(Koehler et al., 2009), inﬂammatory dermatoses (Koehler
et al., 2012; Sugata et al., 2011), and role of skin cancer
diagnosis (Balu et al., 2015). In addition, in combination with
ﬂuorescence lifetime imaging, TPM has been used to study
the metabolic state of keratinocytes in normal and inﬂamed
human epidermis (Huck et al., 2016). Moreover, similar to the
murine laser injury model (Ng et al., 2011), it has been proposed that the same femtosecond laser used to excite and
image endogenous ﬂuorophores in human skin can be used
as a dermal cutting tool. Because of the two-photon effect, the
desired femtosecond laser ablation occurs at the focal point
within the intact skin (Garvie-Cook et al., 2016). Although
such approaches are purely experimental, it does highlight
the potential signiﬁcance of in vivo imaging, with possible
application in the simultaneous treatment of human skin
conditions.
FURTHER READING

Two-photon excitation has been extensively reviewed in
many recent articles (e.g., Secklehner et al., 2017). In addition, the US National Institutes of Health Resource for Biophysical Imaging (http://www.drbio.cornell.edu/ and http://
www.jenlab.de/) provides further information on ﬂuorophores and equipment for multiphoton microscopy for the
interested reader.
CONCLUSIONS

TPM is an advanced optical imaging technique that uses brief,
intense, long-wavelength laser pulses with the capacity to
penetrate into the deep layer of the skin. This technology has
thus become popular in experimental and clinical dermatology research to investigate the mechanisms underlying skin
pathologies. Commercial instruments are now available for
real-time microscopy using endogenous autoﬂuorescent
components like melanin, elastin, collagen, and NAD(P)H.
Among many advantages of TPM are penetration depth,
minimal out-of-focus signals, minimal photobleaching, and
reduced phototoxicity, as well as the ability to image structures label free. The increased availability of transgenic mice
and ﬂuorescent probes and instrumentational improvements
like laser safety, together with enhanced analytical capability,
make TPM an important part of the biomedical investigation.
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Research Techniques Made Simple:
Single-Cell RNA Sequencing and its
Applications in Dermatology
Xiaojun Wu1,2,5, Bin Yang3,5, Imo Udo-Inyang1,2, Suyun Ji3, David Ozog1,2, Li Zhou1,2,4 and
Qing-Sheng Mi1,2,3,4
RNA sequencing is one of the most highly reliable and reproducible methods of assessing the cell transcriptome. As high-throughput RNA sequencing libraries at the single cell level have recently developed,
single cell RNA sequencing has become more feasible and popular in biology research. Single cell RNA
sequencing allows investigators to evaluate cell transcriptional profiles at the single cell level. It has become a
very useful tool to perform investigations that could not be addressed by other methodologies, such as the
assessment of cell-to-cell variation, the identification of rare populations, and the determination of heterogeneity within a cell population. So far, the single cell RNA sequencing technique has been widely applied to
embryonic development, immune cell development, and human disease progress and treatment. Here, we
describe the history of single cell technology development and its potential application in the field of
dermatology.
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BENEFITS
 One of the most efﬁcient approaches to detect
cell-to-cell variation
 Identiﬁcation of rare cell populations
 Speciﬁc identiﬁcation of the cells that are
responsive to treatments
 Identiﬁcation of heterogeneity in a population by
clustering the cells based on their
transcriptomics
 High throughput: it can sequence thousands of
cells in one sample and visualize the transcriptomics of all cells individually
 Identiﬁcation of new mutations in individual cells

Table 1. Difference between scRNA sequencing and
bulk RNA sequencing
RNA Sequencing Capability
Comparison of the transcriptome between
WT and mutants
High throughput and high sensitivity
Identifying novel transcripts and genes
Identifying rare cell populations
Identifying mutations in individual cells
Transcriptome proﬁling in individual cells
Antigen-speciﬁc cell tracking
Determining heterogeneity in a cell pool
Identifying antigen-speciﬁc T-cell or B-cell
receptors

Bulk RNA
Sequencing

scRNA
Sequencing

Yes

Yes

Yes
Yes
No
No
No
No
No
No

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

Abbreviations: scRNA, single cell RNA; WT, wild type.

LIMITATIONS
 ScRNA sequencing has higher unavoidable bias
compared with bulk sequencing because of the
small amount of starting RNA
 The cost of each sequencing is very high and
could easily exceed $5,000 from single cell
isolation to library sequencing
 Lack of a standard to judge the accuracy of the
data
 Most library preparation platforms lack
visualization capacity before library generation,
and visualization is essential to increase single
cell library quality and success rate
 Has inherent defect of unavoidable doublets in
most currently available scRNA sequencing
platforms

INTRODUCTION

Single cell RNA (scRNA) sequencing is a powerful technique
used to assess the transcriptomics at the single cell level.
Although high-throughput RNA sequencing has become one
indispensable tool for proﬁling gene expression at the mRNA
level (Grada and Weinbrecht, 2013), scRNA sequencing has
started to show its advantages (Table 1) and has become
increasingly popular in life science ﬁelds (Whitley et al.,
2016). scRNA sequencing can be used to assess cell-to-cell
variation and has already been used to discover rare populations that are usually hidden in the background of the
regular bulk RNA sequencing (Li et al., 2017; Yan et al.,
2017). In addition, scRNA sequencing technology shows
promise in distinguishing between drug effective and noneffective cells when applied to human diseases, which will be
extremely useful in precision medicine, such as guiding
treatment selection and drug development (Shalek and
Benson, 2017). However, this technology is generally challenging because of the low amount of RNA present in a single
cell. In the past few years, scRNA sequencing technology has
dramatically improved, which allows more investigators to
use this advanced tool in their studies, including embryonic
development, cancer biology, and immunology (Engel et al.,

2016; Islam et al., 2011; Patel et al., 2014). Even though
relatively fewer studies in the ﬁeld of dermatology have used
this technology, there is no doubt that scRNA sequencing is a
promising method by which to make discoveries beyond the
capability of other methods. In this review, we describe the
history and development of scRNA sequencing technology,
general principles of performing this technique, and its
application within dermatology.
OVERVIEW OF THE METHODOLOGY
History of scRNA sequencing development

scRNA sequencing research was ﬁrst used in a fourcellestage blastomere by Tang et al., 2009 (Figure 1). The
purpose of their study was to compare the efﬁciency of
single cell sequencing versus microarray. At that time,
scRNA sequencing libraries were generated manually in
individual tubes, but it lacked the capacity to increase
multiplex numbers. In 2011, the ﬁrst multiplexed scRNA
sequencing libraries were created by Islam et al. (2011) using a mouse embryo. Isolated single cells were barcoded
individually in a 96-well plate, then transferred into a single
tube, called single-cell tagged reverse transcription
sequencing (STRT-seq). Oligonucleotides from each cell
were then ampliﬁed by PCR. This increased the scale of
scRNA sequencing libraries to hundreds, setting the foundation for future high-throughput methodology. Soon,
another group introduced cell expression by linear ampliﬁcation and sequencing (CEL-seq) to generate scRNA
sequencing libraries (Hashimshony et al., 2012). Both
studies showed that individual cells can be clustered based
on their transcriptomic changes using scRNA sequencing.
However, all of these procedures were very time and labor
consuming, which limited the scale increase of scRNA
sequencing. In 2014, a platform that made single cell
isolation and library generation a two-step process was made
commercially available, greatly reducing the time and labor
required. In 2015, Klein et al. and Macrosko et al. (Klein
et al., 2015; Macosko et al., 2015). independently reported
drop-seq (or drop-like) techniques through use of microﬂuidics. This procedure allowed a single cell and a functional bead to be compacted into one droplet in an oil
www.jidonline.org 1005
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Figure 1. The development history of single cell sequencing. ScRNA sequencing was ﬁrst performed in a mouse 4-cell stage blastomere in 2009. A few years
later, the ﬁrst multiplexed scRNA sequencing methodology was developed. In 2014, a commercial single-cell platform became available. Drop-Seq and SeqWell, more efﬁcient single cell library preparation platforms, were recently invented. Seq, sequencing; ScRNA, single cell RNA.

emulsion, so that the cell lysing, barcoding, and reverse
transcription could be completed in individual submicroliter droplets. Companies further optimized this technique to manufacture their own scRNA sequencing platforms (Zheng et al., 2017), allowing more investigators to use
this technique. Even though the cost of DNA sequencing
remains relatively high, the capacity to generate single cell
libraries on a large scale with relatively low cost and high
efﬁciency is an appealing feature of this methodology. In
early 2017, Gierahn et al. (Gierahn et al., 2017) reported a
single cell library preparation procedure called seq-well,
which was the ﬁrst portable single cell library generation
platform. This is a simple, powerful, and affordable tool for
the generation of single cell libraries, which could be a
useful and widely available technique in the future.

Library construction and data analysis for scRNA sequencing

As shown in Figure 2, the ﬁrst step of scRNA sequencing
sample preparation is to isolate single cells from desired
tissues or disease models, such as whole skin, epidermis,
dermis, lesional skin, or skin tumors. The cell type of interest
can be stained with antibodies of signature surface markers
and isolated by ﬂuorescence activated cell sorting (FACS) or
other isolation methods, such as magnetic-activated cell
sorting (MACS). For example, if skin resident immune cells
are the desired cell type, ﬂuorescence-conjugated CD45 antibodies can be used to stain the whole immune cell population, and then the CD45þ cells can be isolated by FACS or
MACS. The isolated cells are then lysed and barcoded. The
barcoding, reverse transcription, and library construction
procedures depend on the library generation platform used.

Figure 2. General single cell RNA sequencing procedure. Normal or lesion skin is freshly harvested and then the epidermis and dermis are further separated to
generate a single cell suspension. Sorted single cells of interest are loaded onto a single cell isolating device. The barcoded and ampliﬁed cDNA is used to
generate libraries for sequencing. The sequencing data is analyzed based on available analysis pipelines. RT, reverse transcription; SC, single cell;
tSNE, t-distributed stochastic neighbor embedding.
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Figure 3. Deﬁning the main epidermal cell populations. Adapted from Joost et al. (2016). max, maximum; tSNE, t-distributed stochastic neighbor embedding.

ScRNA sequencing generates a large amount of data.
Commercially available scRNA sequencing library preparation platforms typically come with speciﬁc data analysis
software. Data analysis pipelines typically include cell barcode and unique molecular identiﬁer recognition,
sequencing read mapping, and cell population clustering
based on their transcriptomics (Figure 2). There are also other
data analysis pipelines available for scRNA sequencing
(Poirion et al., 2016).
APPLICATIONS

In the past decades, considerable progress has been made to
determine the pathogenesis of skin diseases. The relevant cell
types in skin associated with these diseases have been
discovered by advanced modern technologies. However,
whether the disease pathogenesis is related to certain cell
subpopulations has not been determined because of the

limitation of previously used technologies. Rare cell populations and subpopulations tend to be lost in the analyses of
bulk RNA sequencing or microarrays. The application of
scRNA sequencing will enable investigation of skin development and function under the healthy and disease conditions at single cell resolution. We may uncover previously
undetermined new subpopulations of keratinocytes and hair
follicle stem cells and potential new subsets of skin immune
cells such as dendritic cells and T cells, and we will gain an
overall better understanding of skin biology. In inﬂammatory
and autoimmune skin diseases, including psoriasis, atopic
dermatitis, vitiligo, and bullous skin diseases, we may be able
to deﬁne the speciﬁc target cell populations to revolutionize
their classiﬁcations and uncover new immune cells related to
the disease development, including autoreactive T cells or
B cells. In skin cancer, such as squamous cell carcinoma,
basal cell carcinoma, mycosis fungoides/cutaneous T-cell
www.jidonline.org 1007
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lymphoma and melanoma, scRNA sequencing will help us
deﬁne new subtypes of skin cancer and tumor-inﬁltrating cells,
which will assist in new tumor immunotherapy design.
Furthermore, the development of T-cell receptor/B-cell receptor scRNA sequencing allows us to identify speciﬁc T-cell
receptors or B-cell receptors and their targets, which will be
essential for developing chimeric antigen receptor-associated
immunotherapy and deﬁning speciﬁc tumor antigens and
autoantigens related to skin cancer and autoimmune diseases.
In addition, using scRNA sequencing, drug-susceptible cells or
disease subtypes can be identiﬁed by their transcriptomic differences, and their gene expression proﬁles can further explain
why they are better targeted by certain drugs than other cells,
which will help in the design of better precision medicine.
SCRNA SEQUENCING IN PRACTICE
scRNA sequencing uncovers 25 populations of murine
epidermis

Although there have not yet been many studies using
scRNA sequencing in the ﬁeld of dermatology, investigators
have started to explore the structure and composition of
skin using this technique. Joost et al. (2016) performed
scRNA sequencing to cluster cell populations in the murine
epidermis and identiﬁed 25 distinct cell types among the
1,422 single cells they sequenced based on their transcriptomics (Joost et al., 2016) (Figure 3). In contrast to
previous bulk RNA sequencing studies in skin biology, the
authors sequenced a relatively large number of single cell
libraries and clustered the populations in normal murine
epidermis based on the signature genes. For example,
sebaceous gland cells were characterized by Scd1/Mgst1;
inner and outer bulge keratinocytes were marked by Krt6a/
Krt75 and Cd34/Postn; and two immune cell populations,
Langerhans cells and resident T cells, were marked by
Cd207þ and Cd3þ, respectively. To conﬁrm the existence
of these clustered cell populations, the authors used
immunohistochemistry and/or single-molecule ﬂuorescence in situ hybridization, which allowed them to locate
the cell populations spatially. More detailed subclustering
analysis divided large populations into subpopulations,
allowing discovery of previously unreported subpopulations (Figure 3). They also distinguished stem cells
that expressed stem cell and progenitor markers that share
the same signature genes as Lgr5-EGFPþ cells, predominately located in the basal compartments. This study
showed the capacity of scRNA sequencing to identify and
characterize new skin subpopulations. Given that keratinocytes were the dominant cell types among the studied
cell populations, there were not enough immune cells
sequenced to investigate the potential subsets of Langerhans cells and T cells in this study.
ScRNA sequencing in skin cancer

ScRNA sequencing technology has also been used in skin
cancer models, such as melanoma. Tirosh et al. (2016)
sequenced a total of 4,645 single cells from tumor tissues
of 19 patients with melanomas. They showed the heterogeneity among the tumor cells by clustering the malignant
cells. Nonmalignant cells inside the tumors were also
clustered and analyzed for understanding the tumor
1008 Journal of Investigative Dermatology (2018), Volume 138

MULTIPLE CHOICE QUESTIONS
1. Which of the following is an advantage of scRNA
sequencing over bulk RNA sequencing?
A. Identifying rare cell populations
B. Assessing genetic heterogeneity in a cell
population
C. Tracking pathogen-speciﬁc cells
D. All of the above
2. The drop-seq single cell isolation and barcoding
systems were adapted from which of the
concepts below?
A. RNA sequencing
B. Enzymatic DNA fragmentaiton
C. Microﬂuidics
D. Single cell mass cytometry
3. What is the general procedure of scRNA
sequencing in the right order?
A. Single cell isolation, DNA fragmentation,
library ampliﬁcation, sequencing, data
analysis
B. Single cell isolation, cell barcoding and
reverse transcription, library preparation,
sequencing, data analysis
C. Single cell isolation, RNA fragmentation,
cDNA pre-ampliﬁciation, sequencing, data
analysis
D. Single cell isolation, PCR ampliﬁcation, DNA
fragmentation, library ampliﬁcation,
sequencing, data analysis
4. Which of the following is a potential application
of single cell sequencing in precision medicine
in the clinic?
A. Tracing of drug-susceptible cells during
treatments
B. Determination of heterogeneity within a
tumor mass
C. Comparison of gene expression proﬁles at
the single cell level between responders and
nonresponders
D. All of the above

microenvironment. In the malignant cells, they speciﬁcally
investigated MITF-high and/or AXL-high populations,
because they were likely to be essential for melanoma cell
survival and drug resistance. AXL-high cells have been previously linked to RAF and MEK inhibition resistance. More
important, a subpopulation of AXL-high melanoma cells in
MITF-high tumors was found to be undetectable through
bulk RNA sequencing, indicating the importance of investigating tumor subpopulations through scRNA sequencing.
Nonmalignant cells in the tumor microenvironment play an
important role in supporting tumorigenesis and responding
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to treatments. They found that multiple T-cell exhaustion
markers, such as PD1, TIGIT, TIM3, LAG3, and CTLA4, were
co-expressed across individual cells. In addition, the
exhaustion genes were highly correlated with cytotoxicity
markers and T-cell activation status, indicating an activationdependent T-cell exhaustion program. The results of the
study are highly valuable for characterizing melanomas and
guiding future precision tumor therapy.
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Research Techniques Made Simple:
Mass Spectrometry for Analysis of Proteins
in Dermatological Research
Christoph M. Hammers1,2, Hsin-Yao Tang3, Jing Chen1, Shirin Emtenani2, Qi Zheng1 and John R. Stanley1
Identifying previously unknown proteins or detecting the presence of known proteins in research samples is
critical to many experiments conducted in life sciences, including dermatology. Sensitive protein detection can
help elucidate new intervention targets and mechanisms of disease, such as in autoimmune blistering skin
diseases, atopic eczema, or other conditions. Historically, peptides from highly purified single proteins were
sequenced, with many limitations, by stepwise degradation from the N-terminus to the C-terminus with
subsequent identification by UV absorbance spectroscopy of the released amino acids (i.e., Edman degradation).
Recently, however, the availability of comprehensive protein databases from different species (derived from
high-throughput next-generation sequencing of those organisms’ genomes) and sophisticated bioinformatics
analysis tools have facilitated the development and use of mass spectrometry for identification and global
analysis of proteins, summarized as mass spectrometry-based proteomics. Mass spectrometry is an analytical
technique measuring the mass (m)-to-charge (z) ratio of ionized biological molecules such as peptides. Proteins
can be identified by correlating peptide-derived experimental mass spectrometry spectra with theoretical spectra
predicted from protein databases. Here we briefly describe how this technique works, how it can be used for
identification of proteins, and how this knowledge can be applied in elucidating human biology and disease.
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INTRODUCTION

SUMMARY POINTS
What mass spectrometry for analysis of proteins does:
 Enables direct analysis of protein amino acid
sequences, allowing for identiﬁcation of unknown
proteins (e.g., new autoantigens in disease)
 Enables analysis of changes in global protein
expression, for example, in epidermis or other
organs under different experimental conditions

LIMITATIONS
 Limits in the detection of proteins in very complex
samples, requiring reduction in complexity of
samples of interest (e.g., by afﬁnity puriﬁcation)
 Nondetection of a protein of interest in complex
samples does not exclude presence of the
protein, and detection of a peptide characteristic
for one protein may not be speciﬁc for this
protein because peptides can be shared between
proteins (i.e., protein interference problem
 Experienced bioinformaticians are needed to
interpret the complex MS results

Basic dermatological research that uses genetic and cellular
techniques has resulted in signiﬁcant advances, allowing for
precise diagnosis and optimized therapy of skin disease, as
illustrated for autoimmune blistering diseases (Kasperkiewicz
et al., 2017). Only recently has a more global proteomic
picture in dermatologic (and other) conditions emerged,
allowing new insights of clinical relevance. For example, for
pemphigus vulgaris, it was shown how various monoclonal
anti-desmoglein 3 autoantibodies contribute to the polyclonal
serum response and how the amount of each monoclonal
antibody (Ab) changes over the course of disease (Chen et al.,
2017). In another study, proteomics was used to identify
differentially expressed proteins relevant to ﬁlaggrin-deﬁcient
atopic eczema (Elias et al., 2017), potentially yielding new
therapeutic targets. Additionally, previously unknown interaction partners of autoantibodies in dermatologic and other
autoimmune conditions were successfully identiﬁed by proteomics (Miske et al., 2016; Schepens et al., 2010).
In this review, we focus on use of liquid chromatography
tandem mass spectrometry (LC-MS/MS) for protein identiﬁcation because it is currently the most practical means of
direct and global protein identiﬁcation (Domon and
Aebersold, 2006).
MS-based proteomics consists of the following stages,
which will be brieﬂy described: (i) isolation of the protein
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Figure 1. General steps of a typical
LC-MS/MS experiment. (a) After
isolation during the experiment of
interest, proteins are treated with
proteolytic enzymes (e.g., trypsin),
then subjected to liquid
chromatography (explained in b).
Separated peptides are then ionized
(i.e., by exposing drops of peptidecontaining eluate from LC to a strong
electric ﬁeld, an atomic gas is formed)
and separated by their mass (m)-tocharge (z) ratios in the ﬁrst mass
spectrometer (MS1). Precursor ions of
a given m/z are then further
fragmented by CID, and the ion
fragments are separated again (MS2).
Resulting fragment ion spectra are
recorded and analyzed as detailed in
the text. (b) The basic principle of
reverse-phase LC. The most
hydrophobic peptides interact best
with the nonpolar stationary phase,
whereas the least hydrophobic
components elute ﬁrst. Complete
elution off the column, including the
most nonpolar peptides, is ensured by
gradually increasing the concentration
of nonpolar solvents in the mobile
phase. CID, collision-induced
dissociation; LC, liquid
chromatography; LC-MS/MS, liquid
chromatography tandem mass
spectrometry; m, mass; MS, mass
spectrometry; MS/MS, tandem mass
spectrometry; z, charge.
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Figure 2. Peptide fragmentation by CID. (a) An example of fragmentation for
a 5-amino acid long peptide with amino acid residues R1 to R5. During
CID, peptides usually break at the peptide bond (CO-NH).
(b) Resulting peptides are termed b-ion (charged N-terminal fragment,
shown on the left) or y-ion (charged C-terminal fragment, shown on the
right). The þ symbol represents a proton. Peptides can also break at positions
other than the peptide bonds, resulting in the a/x and c/z series ions
(not shown). CID, collision-induced dissociation.

sample, (ii) mass spectrometric analysis, and (iii) analysis and
interpretation of MS data using bioinformatic tools. The
general steps of a typical LC-MS/MS experiment are summarized in Figure 1.
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Figure 3. Basic concept of
interpretation of LC-MS/MS spectra.
(a) A precursor peptide consisting
of amino acids alanine-glycineleucine-lysine is fragmented by CID
into b- and y-ions with mass-to-charge
ratios (m/z). For simplicity, only y-ions
resulting from CID are shown. (b) The
amino acid sequence can now be
deduced from the idealized ladder of
y-ions. The mass difference between
y3 and y2 is 57.02 (which is the
residue mass of glycine), and the mass
difference between y2 and y1 is
113.09 (which is the residue mass of
leucine). A, alanine; CID, collisioninduced dissociation; G, glycine; K,
lysine; L, leucine; LC-MS/MS, liquid
chromatography tandem mass
spectrometry.

A major advantage of LC-MS/MS is that it can identify
unknown proteins. Potential sources of such proteins are
theoretically unlimited and depend on the research question
under investigation. For example, unknown reaction partners
of antibodies (e.g., autoantigens in autoimmune diseases) can
be immunoprecipitated from cell lysates and subjected to
LC-MS/MS for identiﬁcation and validation (Miske et al.,
2016; Schepens et al., 2010). A single protein band can be
stained after separation by SDS-PAGE, cut out of the gel,
digested, and subjected to analysis by LC-MS/MS. However,
samples of higher complexity can be studied (and compared)
as well to gain a more global view of proteins expressed
under stable or different experimental conditions or at
different time points over the course of disease. Examples of
use of this type of analysis include plasma membrane isolates
from whole keratinocyte lysates (Blonder et al., 2004),
homogenized human epidermal living skin equivalents in
atopic eczema (Elias et al., 2017), or afﬁnity-puriﬁed autoantibodies from serum (Chen et al., 2017). These examples
are discussed in more detail.
Because accurate sequence assignment of MS/MS spectra
can be achieved only for short linear peptides (w7e50 amino
acid residues), the puriﬁed (often SDS-PAGEeseparated)
proteins are usually treated with proteolytic enzymes (e.g.,
trypsin) before loading them into the LC-MS/MS instrument
(Figure 1a). To allow for higher resolution in LC-MS/MS,
the digested peptide pools are ﬁrst separated on a liquid
chromatography (LC) column, usually by reversed-phase
chromatography. This separation technique is based on a
column with a hydrophobic stationary phase, with high
afﬁnity for hydrophobic peptides (Figure 1b). By applying a

m/z
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analyzer of a tandem-in-space mass spectrometer. Then
each precursor peptide with a deﬁned m/z is fragmented by
collision-induced dissociation in a collision cell
(Figure 1a). The resulting fragment ions of that precursor ion
are then analyzed in a second mass analyzer, and a fragment ion spectrum is recorded. Alternatively, a tandem-intime mass spectrometer can perform both MS scans in one
trapping mass analyzer. This process is repeated throughout
the LC separation process to allow amino acid sequence
determination of most of the peptides in the digest
(Boström, 2014). During collision-induced dissociation
fragmentation, the most common bonds cut are the peptide
bonds (Figure 2). From each cleavage, two ions result: the
C-terminal fragment, called the y-ion, and the N-terminal
fragment, called the b-ion. To be detected by MS, the
fragments must be charged. The usual site of charge is at the
cleaved peptide bond of the fragment, which results in one
charge (i.e., z ¼ 1), but additional charges may be introduced on other parts of the peptide (z > 1), such as the
amino group side chain of lysine and arginine and the
imidazole ring of histidine. For ions with the same charge,
the differences between the peaks in the ion spectrum
measures the difference in mass of the ions. Because the
mass of each amino acid is known, the amino acid cleaved
off the peptide by collision-induced dissociation can be
deduced from the loss of that given mass, allowing
sequence determination (Figure 3a and 3b).
BIOINFORMATIC ANALYSIS AND INTERPRETATION
OF MS DATA
Figure 4. Cell adhesion proteins identiﬁed from the keratinocyte plasma
membrane by in-solution LC-MS/MS. Transmembrane linkers are printed in
bold font and attachment proteins in normal font. Shown are proteins of
tight junctions, adherens junctions, desmosomes, gap junctions,
hemidesmosomes, and focal contacts. Reprinted with permission from
Blonder et al. (2004). LC-MS/MS, liquid chromatography tandem mass
spectrometry.

mobile phase that consists of an increasing gradient of
nonpolar solvents over polar solvents (e.g., acetonitrile over
water) with time, hydrophilic peptides are eluted ﬁrst and
hydrophobic peptides last. This elution can take place over
time (such as 1e2 hours), with the resultant eluate continuously loaded into the MS/MS analyzer.
MS ANALYSIS

The instrument used for MS analysis consists of an ionizer,
a mass analyzer, and a detector. MS analysis of peptides
(usually derived from trypsinization of a protein) after
ionization is based on their migration in an electromagnetic
ﬁeld, which is a function of their mass (m) and charge (z).
To reliably differentiate distinct peptides with equal mass
and charge (i.e., with same m/z), reversed-phase LC is used
ﬁrst, because such peptides will most likely elute at
different retention times through the LC column based on
their hydrophobicity (Figure 1b). As each peptide comes off
the column, it is ionized and analyzed in the ﬁrst mass

Because resulting fragment ion spectra rarely contain
all possible fragment ions and de novo interpretation of
such spectra is time consuming and error prone, experimental spectra are searched by bioinformatic means and
with the help of search engines, such as Mascot, Sequest,
or Andromeda, against theoretical spectra generated from
in silico digestion of theoretical input proteins to identify
matches of experimental to theoretical spectra. If those
input proteins are unknown, public databases that include
all known relevant proteins (e.g., all human proteins)
(see Figure 4 as an application example) can be used by the
software to generate theoretical spectra (see www.uniprot.
org for an example of such databases and Magrane and
UniProt Consortium, 2011). In some studies, such
as studies of antibodies that differ in each individual,
custom-made databases must be produced. For example,
next-generation sequencing of B cell-derived transcripts
coding for Abs can be used to deduce a database of
possible antibody amino acid sequences (Figure 5).
Peptides identiﬁed by matching the LC-MS/MS spectra to
such databases are reported with a probability score as a
measure of the reliability of their identiﬁcation (Boström,
2014). By spiking in internal standards to the sample
being analyzed, conﬁrmation of the spectra identifying that
particular peptide, and even its absolute quantitation,
becomes possible. This is accomplished by using synthetic
heavy isotope-labeled peptides with the same sequence as
the deduced light peptide from the sample (Domon and
Aebersold, 2006).
www.jidonline.org 1239
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Figure 5. Use of LC-MS/MS to identify circulating pemphigus anti-desmoglein (dsg) antibodies. IgG heavy chains from dsg-binding antibodies and from
antibodies that do not bind to dsg are analyzed by LC-MS/MS. Resultant spectra are compared against a custom database of all variable heavy chain (VH) amino
acid sequences from the same patient to identify antibody peptides. (For database construction, VH-mRNA transcripts were PCR ampliﬁed, sequenced by
high-throughput sequencing, and translated into amino acids to create a VH-speciﬁc database of that patient). Peptides that match heavy chain-complementarity
region 3 amino acid sequences in the database and that are found only in the bound, but not the unbound, pool are informative, allowing deﬁnition of
the speciﬁc clonotype proﬁle in the antigen-speciﬁc (dsg-binding) population. Taken under the CC BY-NC-ND license and under retained rights of the authors
(Chen et al., 2017). ab, antibody; Dsg, desmoglein; LC-MS/MS, liquid chromatography tandem mass spectrometry; NGS, next-generation sequencing; PBMC,
peripheral blood mononuclear cell.

EXAMPLES OF APPLICATIONS OF MS IN IMMUNOLOGY
AND INVESTIGATIVE DERMATOLOGY

In an attempt to globally characterize plasma membrane
proteins of human epidermal keratinocytes, LC-MS/MS has
been successfully used to identify 496 proteins, including
many of those already previously identiﬁed (by genetic methods,
immunoprecipitation, and other approaches), thus independently conﬁrming their expression and membrane localization
(Blonder et al., 2004) (Figure 4). LC-MS/MS of whole epidermis
extracts has led to identiﬁcation of new proteins potentially
relevant to the pathogenesis (and, importantly, novel therapeutic
options) of atopic eczema by comparing normal versus ﬁlaggrindeﬁcient skin. (Expression changes of some of those proteins
were not correlated to changes in mRNA expression proﬁles,
highlighting the importance of complementing genetic analyses
using proteomic approaches) (Elias et al., 2017).
The identiﬁcation of the p170 paraneoplastic antigen as
A2ML1 was possible by analyzing an unknown band in an

SDS-PAGE gel after immunoprecipitation (Schepens et al.,
2010). Similarly, in a neurologic patient who had a suspected
autoimmune condition, serum was incubated with cryosections
of nerve tissue, followed by extraction and precipitation of
immunocomplexes and LC-MS/MS, resulting in identiﬁcation of
the autoantigen (Miske et al., 2016). By using skin cryosections,
this histoimmunoprecipitation approach could be translated to
a subgroup of dermatological patients that show skin blisters
and bound, keratinocyte-speciﬁc autoantibodies in direct
immunoﬂuorescence studies on skin biopsy samples but that
do not show reactivity of serum autoantibodies by routine
ELISA or blotting techniques with any of the major keratinocyte
autoantigens described and extensively validated so far
(e.g., desmogleins 3/1, BP180/230, laminin 332, collagen VII),
resulting in diagnostic difﬁculties and uncertain ﬁnal diagnoses
(Giurdanella et al., 2016; personal observation by CMH).
LC-MS/MS also allows characterization of serum Abs.
Ab responses have historically been analyzed mostly by
Log10(intensity)
scale
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6 7 8 9

PF1
PF1a

6 7
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7
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Figure 6. Use of LC-MS/MS to trace anti-desmoglein clonotypes over time. Each green column represents one antibody clone, and the color intensity represents
the expression level of any given clone at one point in time. These data indicate that in both a pemphigus vulgaris patient (PV3 at ﬁrst time point, PV3a at
second time point 6 years later) and in two pemphigus foliaceus patients (PF1/1a, PF4/4a/4b), some antibody clonotypes persist, with varying antibody
production (vertical comparison) and that the overall landscape of clones changes over time (columns found at only one, but not at another, time point). This
ﬁnding can explain the clinical observation that ELISA anti-desmoglein titers do not always correlate with disease activity, presumably because of
differential expression of pathogenic and nonpathogenic antibodies. Taken under the CC BY-NC-ND license and under retained rights of the authors from
Chen et al. (2017). LC-MS/MS, liquid chromatography tandem mass spectrometry.
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MULTIPLE CHOICE QUESTIONS
1. In analysis and interpretation of tandem mass
spectrometry (MS/MS) data, which of the
following statements is not correct?
A. Theoretical MS/MS spectra are generated
from in silico analysis of predicted digestion
products of known proteins.
B. To interpret MS spectra of human antibodies
(and their clonalities), a custom database or
de novo interpretation is required.
C. Precursor ion spectra are correlated with
theoretical MS/MS spectra generated from
protein databases.
D. Public protein databases serve as input to
guide in silico analysis of proteins into
predicted digestion products.
2. In the ﬁelds of immunology and investigative
dermatology, liquid chromatography-tandem
mass spectrometry (LC-MS/MS) has been
successfully used to
A. identify an unknown protein from
immunoprecipitation.
B. characterize plasma membrane proteins
within the human epidermis.
C. characterize the circulating antibody response
in an autoimmune disease and/or after
immunization.
D. All of the above
3. Which of the following statements about
potential limitations of LC-MS/MS is not correct?
A. Ambiguity in protein inference can be
introduced by the use of proteolytic enzymes
and by redundancy phenomena in the
databases used for comparison.
B. Unknown proteins can be easily identiﬁed
without the use of protein databases.
C. Different structural labilities of peptide
bonds can make interpretation of MS/MS
spectra difﬁcult.
D. De novo interpretation of fragment ion
spectra is time consuming and error prone.
4. What are the main underlying principles that
allow for separation of peptides by reversephase liquid chromatography (LC) and mass
spectrometry (MS), respectively?
A. Peptide hydrophobicity, only the charge of
the peptide
B. Peptide’s charge and mass in both LC and MS
C. Only the mass in LC, the mass and the charge
in MS
D. Peptide hydrophobicity, the mass and the
charge of the peptide

5. Which of the following statements is correct?
A. The proteolytic enzyme trypsin cuts proteins
after amino acids arginine and lysine.
B. The heavy-chain complementarity
determining region 3 (H-CDR3) is a unique
identiﬁer of an antibody and can be detected
by LC-MS/MS experimentation.
C. Collision-induced dissociation describes
fragmentation of precursor ions in a collision
cell and does not always result in all potential
fragment ions (e.g., b- and y-ions) of a given
peptide.
D. All of the above

genetic studies of the B cells that encode the Abs, but few
studies have characterized circulating antibodies (Wine et al.,
2015). This is an important distinction because, although B
cells may or may not differentiate to secrete Abs, the actual
circulating Abs are what protect from infection or result in
autoantibody-mediated disease. It is possible to afﬁnity purify
most or all of the serum Abs, but it is much more difﬁcult to
comprehensively analyze antigen-speciﬁc B cells. Using LCMS/MS to characterize peptides encompassing the heavy
chain complementarity determining region 3 (H-CDR3) of
serum antibodies (which deﬁnes the Ab’s B-cell clonal origin),
researchers were recently able to characterize the serum Ab
response after immunization (Lavinder et al., 2014; Lee et al.,
2016; Wine et al., 2013). Using similar techniques, we have
characterized the autoantibody response in human patients
with pemphigus, a prototypic organ-speciﬁc autoimmune disease with serum Abs against desmogleins (Chen et al., 2017).
Contributing to new insights of pathophysiology, we showed
that the serum autoantibody repertoire in pemphigus was much
more diverse and dynamic than had previously been indicated
by genetic studies of B cells (Figure 6). We found, studying the
same patients’ Abs genetically and by proteomics, that most
serum Abs are not identiﬁed by genetic cloning methods, and
conversely, that many genetically identiﬁed clones are not
identiﬁed as serum Abs. We also showed, by proteomics, that
although the anti-Dsg response is polyclonal, a dominant few
clones produce most of the circulating serum Abs, and that
individual serum Ab clones can persist in patients over years,
with variations in their expression levels. The latter ﬁnding may
explain why anti-Dsg ELISA titers do not always correlate with
observed clinical disease activity, because under the same total
titer the serum distribution of pathogenic to nonpathogenic Ab
clones may change.
LIMITATIONS

As outlined, LC-MS/MS is a powerful and versatile technique
that directly identiﬁes proteins/peptides produced by cells.
By contrast, immunohistochemistry approaches need
well-characterized Abs against known proteins, and RNA
sequencing or microarray techniques identify genetic
sequences that may or may not be produced as proteins in cells.
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This ﬁeld is advancing and improving rapidly, but there
remain substantial limitations that should be taken into account, as highlighted in the following (not comprehensive)
examples. In most cases, MS protein identiﬁcation involves
enzymatic digestion of protein samples into peptides and
subsequent analysis of the resulting peptides by tandem MS.
This peptide-centric approach results in the fundamental issue
of protein inference, especially for complex proteomes. The
presence of degenerate peptides, that is, identical peptide
sequences that are found in multiple homologous proteins or
protein isoforms, makes it difﬁcult to accurately reassemble
peptides to proteins for identiﬁcation. The protein inference
issue is exacerbated by signiﬁcant protein sequence redundancy in databases that is caused by polymorphisms and
DNA sequencing errors that produced partial or nearly
identical sequences. Therefore, it can be difﬁcult to determine
whether all related protein isoforms are present in a sample or
only some are truly present, and it is important to differentiate
those because these related isoforms often have distinct
structural or functional roles in vivo.
Current quantitative LC-MS/MS proteomic approaches also
rely on the assumption that proteins are completely digested
into peptides that are all reproducibly detected by MS analysis. In practice, this is not always true, because incomplete
digestion or recovery can occur, and unpredictable interferences from sample matrix can result in ion suppression
or variable peptide signal intensity. In addition, peptide bonds
have different structural labilities, and fragmentation may thus
be skewed toward more labile bonds such as the N-terminal
side of proline, resulting in poor MS/MS spectra that are
difﬁcult to interpret. Finally, some amino acids have the same
mass (leucine, isoleucine) or nearly exactly half of the mass of
others (glycine with 57.02146 Da vs. asparagine with
114.04293 Da), and peptides containing combinations of
these residues will be impossible to distinguish, resulting in
ambiguous sequence assignment. These examples point to
the need for skilled scientists trained speciﬁcally in proteomics analysis. Successful proteomics analysis requires
collaborative efforts between cell biologists, biochemists, and
bioinformaticians.
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Research Techniques Made Simple: Web-Based
Survey Research in Dermatology: Conduct
and Applications
Mayra B.C. Maymone1, Samantha Venkatesh1, Eric Secemsky2, Kavitha Reddy3 and Neelam A. Vashi1
Web-based surveys, or e-surveys, are surveys designed and delivered using the internet. The use of these
survey tools is becoming increasingly common in medical research. Their advantages are appealing to
surveyors because they allow for rapid development and administration of surveys, fast data collection and
analysis, low cost, and fewer errors due to manual data entry than telephone or mailed questionnaires.
Internet surveys may be used in clinical and academic research settings with improved speed and efficacy
of data collection compared with paper or verbal survey modalities. However, limitations such as potentially low response rates, demographic biases, and variations in computer literacy and internet access
remain areas of concern. We aim to briefly describe some of the currently available Web-based survey
tools, focusing on advantages and limitations to help guide their use and application in dermatologic
research.
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INTRODUCTION

Surveys are well-established tools used in the collection of
both quantitative and qualitative data. Their application in
dermatology ranges from collection of opinions, attitudes,
and behavioral trends to measures of quality of life and outcomes (Asarch et al., 2009; Saczynski et al., 2013). Since the
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ﬁrst e-mail survey was published in 1986, there has been a
shift from traditional survey methods (in-person interviews,
telephone, and paper-based surveys) to Web-based surveys
(Wright, 2005). Given the widespread popularity of Webbased surveys, it is valuable for investigators to be familiar
with this modality. In this article, we aim to describe the
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SUMMARY POINTS
 Web-based surveys are often useful, versatile,
and cost-effective tools for gathering
information.
 Web-based surveys provide researchers with a
fast, ﬂexible, and far-reaching tool for data
collection and analysis.
 Despite many advantages, there are important
limitations to consider when using Web-based
surveys, including low response rates, potential
biases, and ethical concerns.

applications, advantages, and limitations of Web-based
survey tools.
SURVEY-BASED RESEARCH

Survey-based research collects participants’ responses
using a questionnaire that aims to analyze characteristics of
a deﬁned population. The methods of data collection
can be quantitative, using numerical items or scores;
qualitative, via open-ended questions; or a mix of both
(Ponto, 2015). Surveys provide information ranging from
disease incidence, attitudes, behaviors, perceptions, satisfaction, and quality of life measures to the assessment of
medical knowledge, patient management, and evaluation of
medical training institutions (Asarch et al., 2009; Ponto,
2015).
METHODS OF DATA COLLECTION
There are multiple survey modalities used for data collection, the
most common being questionnaires, which can be delivered on
paper (either in person or by mail), electronically, or by direct contact (e.g., over the phone or in-person interview) (Mandal et al.,
2000). The far-reaching potential of the internet has made the
Web-based format a compelling choice. With over 300 Web-based
survey software programs available (Gill et al., 2013), there are
many options and factors to consider when deciding which is the
most appropriate tool for one’s research investigation (Wright, 2005).
Although use of these automated and electronic systems may
augment survey creation, proper development is always and
unavoidably a time-consuming process, given the need for careful
question design and the testing that is needed for validation. Some
advantages and disadvantages of Web-based surveys compared with
traditional methods are listed in Table 1.

SAMPLE SELECTION

The main objective of sample selection is to garner participants who are representative of the desired study population. Sample selection may be random, nonrandom, or a
combination of the two. Random sampling is commonly
used when collecting quantitative data and can be aided by
an online randomizer. Nonrandom sampling is often used
for qualitative data collection, aimed toward a speciﬁc
group of interest (Kelley et al., 2003). In addition, Web
survey sampling may be classiﬁed into nonprobability and
probability types. Nonprobability sampling, also described
1457 Journal of Investigative Dermatology (2018), Volume 138

as convenience sampling, is subject to the judgment of the
researcher, and the sample is composed of volunteers and
self-selected persons. Although these samples limit generalizability and statistical signiﬁcance, they have utility in
developing hypotheses or collecting non-inferential data
(Fielding et al., 2017). Examples of nonprobability surveys
include those using e-mail lists and opt-in panels (Fielding
et al., 2017). Conversely, probability samples attempt to
select participants randomly and minimize nonresponse bias
to capture a broader representation (Fan & Yan, 2010).
Surveys using nonelist-based sampling with pop-up surveys
and mixed-mode surveys with online options are probability
based (Fielding et al., 2017). Although Web-based surveys
offer the beneﬁt of broad sampling without incurring additional cost, it is important to be aware of issues that may
arise with sample selection, most importantly that of sampling and coverage errors. For example, these may occur
when participants may not equally access the survey or have
access to the internet (Fan and Yan, 2010). However, Webbased surveys may also augment access to traditionally
hard-to-reach populations who share speciﬁc interests and
form virtual cohorts on the internet (Wright, 2005). Mitigating sample bias may be achieved by providing computer
access to desired survey participants, randomizing pop-ups
on a Web page, or randomizing participants from an
e-mail list server (Fielding et al., 2017).
DATA COLLECTION TOOLS

Online data collection tools facilitate survey and data management in clinical and translational research. Researchers
have the option of selecting among hundreds of online survey
software tools for their projects (Vehovar, 2014). Although the
process of data collection may vary according to the selected
tool, it generally follows a common framework (Figure 1).
There are many tools available, two of which we have chosen
to expand on given their current high rates of use. Research
electronic data capture (i.e., REDCap) is a widely used tool in
academic settings and has been used in over 4,000 articles. It
is an example of a tool used for secure data collection.
REDCap allows researchers to construct and manage online
surveys and to save and export obtained data to statistical
analysis software or as raw data ﬁles. Because of its cost, this
tool is mainly available in academic research settings (Harris
et al., 2009). Another example is SurveyMonkey, which is
overall the most used tool. It is a low-cost, user-friendly
software with the highest Web trafﬁc of all survey tools, often
used for market and health research (Gill et al., 2013;
Vehovar, 2014). It is important to consider cost and design
when selecting a survey tool. However, most importantly,
one should choose a tool that is compliant with subject
protection and data privacy as per the Health Insurance
Portability and Accountability Act (i.e., HIPAA). Examples of
HIPAA-compliant Web-based survey tools can be found in
Table 2.
SURVEY DESIGN

Most online survey websites allow users to customize their
questions and show responses in various formats, including
dichotomous, multiple choice, or rating scales. Allowing for
rapid development of Web-based surveys may be augmented
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Table 1. Advantages and disadvantages of Web-based
surveys1
Advantages

Disadvantages

 Rapid development

 Sampling biases

 Fast administration

 Self-selection bias

 Flexible questionnaire design

 Internet access required

 Low cost

 Computer literacy required

 Access to traditionally

 Relatively lower response rates

hard-to-reach groups

 Technical problems

 Low data entry errors
 Possibly higher data quality
compared with other

Figure 1. The Web survey process. Adapted from Fan and Yan, 2010.

survey modalities
1

Adapted from Wright (2005) and Dykema et al. (2013).

by software tools, which may autopopulate survey design. A
user-friendly design that is easy to navigate and presented in a
simple, effective, and aesthetically appealing format is advisable and might serve as a motivational factor to a surveyed
subject. Another component to take into consideration is the
length of the questionnaire. Although there is no consensus in
the literature, it is generally reported that briefer is better, with a
concise questionnaire (<10 minutes) often preferred (Revilla
and Ochoa, 2017). Providing the surveyed subject with the
estimated time required for completion or number of questions
to be answered may be a powerful strategy to aid in enhancing
response rates (Oppenheimer et al., 2011). It is essential to
check for quality of the survey content with standardized
guidelines such as the Checklist for Reporting Results of
Internet E-Surveys (i.e., CHERRIES) (Eysenbach, 2004), and
important to pre-test the survey, making sure it is accessible
across different operating systems and browsers.
Following is a list of key principles that might help to
increase survey participation and improve the accuracy of
responses (Dillman, 2014):
1. Consider whether using a Web-based survey is appropriate for your research project. Design a research
question requiring input from a population with access to
the internet.
2. Write a brief introduction including the study goals and
investigators involved.
3. Create a concise, easy-to-understand, and “eye pleasing”
screen that allows questions to be easily visible and read
in entirety.
4. Make sure the font size and spacing are adequate for easy
readability. Be consistent with wording and style.
5. Avoid horizontal scrolling and visually distracting
backgrounds.
6. When possible, avoid open-ended questions.
7. Consider allowing the option of “not applicable” as an
answer choice.
8. Check for possible biases in the wording or order of
questions. Consider randomization of questions to avoid
priming respondents, or place opinion questions toward
the beginning of the questionnaire to prevent bias.

9. Avoid similar or overlapping answer choices. Consider
listing choices in alphabetical order.
10. Pilot test the questionnaire to evaluate feasibility, validity,
and reliability.
11. Pre-test the Web survey before going live.
12. Carefully check the e-mail list for duplicate e-mail addresses. Consider choosing Web-based survey tools that
are able to block duplicate responses from the same IP
address.
SURVEY VALIDITY AND RELIABILITY

Web-based surveys have the advantage of simultaneously
storing data, thus bypassing data entry errors (Table 3). In
addition, Web-based surveys allow for the calculation of
response rate or view rates to understand the extent of distribution. The view rate is speciﬁc to Web-hosted surveys and
is deﬁned as the ratio of unique survey visitors divided by
unique site visitors (Eysenbach, 2004). Errors that may arise
from electronic surveys, including coverage, measurement,
and nonresponse errors, can be more readily identiﬁed and
addressed. Strategies proposed to reduce these errors include
the development of a multimodal design, (i.e., having Webbased and paper-based surveys available to reduce
coverage errors); adoption of valid and reliable questionnaires
to reduce measurement errors; and use of e-mail reminders to
reduce nonresponses (Ponto, 2015). Another advantage of
Web-based surveys is the ability to insert missing question
reminders, which may result in higher completion rates
(Dykema et al., 2013).
ADDRESSING NONRESPONSE RATES

One important limitation of Web-based surveys compared
with other modalities is that despite providing higher rates
of questionnaire completeness and shorter response time,
they may be associated with lower response rates
(Oppenheimer et al., 2011). Although response rates vary
among studies, there is more literature to support lower
response rates in Web-based survey design than otherwise
compared with mail (Fan and Yan, 2010; Sebo et al., 2017).
Several strategies, such as sending e-mail or phone call
reminders, using a postal prenotiﬁcation letter/invitation,
and offering a link for a paper survey to be printed, have
been shown to improve response rates (Dykema et al.,
2013). For instance, a randomized controlled trial
www.jidonline.org 1458
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Table 2. Examples of online survey tools and websites
Survey Tool
Active Web Survey
Apian Software
Campaign Monitor
GetFeedback
CheckBox Survey
CHOIR
comScore
DADOS survey
EZsurvey/Raosoft
Formstack
Formsite
HostedSurvey
GoogleForm
InfoPoll
Instasurvey
Key Survey
LimeSurvey
LoopSurvey
eSurveyPro
Obsurvey
PatientGain
Perseus
PollDaddy
PollPro
PopSurvey
Qualtrics2
QuestionPro
QuickTap Survey
SmartSurvey
SoGo Survey
SurveyCrafter

Website
http://www.websm.org/db/18/3581/Software/
Active_Websurvey/
http://www.apian.com
https://www.getfeedback.com/pricing
https://www.checkbox.com/pricing/onlinesubscription
https://choir.stanford.edu/clinical-practice/
(via institution website)
http://www.comscore.com/
https://www.dadosproject.com
http://www.raosoft.com/products/ezsurvey/
https://www.formstack.com/
http://formsite.com
http://www.hostedsurvey.com/home.html
https://www.google.com/forms/about/
http://infopoll.com/live/surveys.dll/web
http://instasurvey.appdictive.dk
https://www.keysurvey.com/request/freetrial/
https://www.limesurvey.org
https://www.loopsurvey.com
https://www.esurveyspro.com/Prices.aspx
http://obsurvey.com
https://www.patientgain.com/
http://www.perseusuk.co.uk/survey/software/
professional.html
https://polldaddy.com
http://www.pollpro.com
https://www.popsurvey.com
www.qualtrics.com

SurveyLegend
SurveyNuts
SurveyMethods
SurveyMonkey2

https://www.questionpro.com/tour/
https://www.quicktapsurvey.com
https://www.smartsurvey.co.uk
https://www.sogosurvey.com
https://www.surveycrafter.com/interim2/
default.asp
https://www.surveylegend.com
https://surveynuts.com/en
https://surveymethods.com
https://www.surveymonkey.com

SurveyMoz
SurveyAct
SurveyMetrics
SurveyGizmo
Survey Planet
SurveyPal
Rational Survey
REDCap

http://www.surveymoz.com
http://www.surveyact.com
https://survmetrics.com
https://www.surveygizmo.com
https://www.esurveyspro.com/Prices.aspx
https://www.surveypal.com
http://www.rationalsurvey.com
https://www.project-redcap.org

TypeForm
WorldApp KeySurvey
Wufoo
Zoomerang
Zoro

HIPAA
Compliant1

https://www.typeform.com/
https://www.keysurvey.com
https://www.wufoo.com/pricing/
https://www.zoomerang.com/
https://www.zoho.com/survey/

Abbreviation: HIPAA, Health Insurance Portability and Accountability Act.
Blank cells indicate an unknown status for HIPAA compliancy and cost.
2
Free basic package.
1
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Teng (2015), Gupta et al. (2017)
—
—
—
—
—

Yes
Yes

Yes

Yes

Free

Free

Yes

Yes

—
—
—
—
—
—
—
—
—
—

Free2
Free2

—
—
—
Carter and Zug (2009), Donovan (2009), Ekroll and
Faul (2013), Kirby et al. (2013), Kunde et al. (2013)
—
—
—
Oliver et al. (2017)
—
—
—
Gan et al. (2016), Liu et al. (2017), Mostaghimi et al.
(2015), Nelson et al. (2018), Sobanko et al. (2016),
Zhang et al. (2016)
—
—
—
—
—

RESEARCH TECHNIQUES MADE SIMPLE
Table 3. Key aspects of survey design
(Fielding et al., 2017)
Sampling

 Consider nonprobability vs. probability
sampling depending on research question and accessibility of sample.

Navigation

 Decide on a “scrolling” vs. “paging”
format depending on how many questions are visible on a single Web page.
 Create visually appealing and simple
Web page design with “welcome” and
“thank you” screens.

Question composition

 Consider the data needed, write questions to answer the research goal, and
avoid extraneous data collection.
 Choose either open-ended or closeended questions.
 Include time frames to avoid recall bias.
 Avoid “double-barreled” questions.
 Avoid leading words to prevent bias.
 Avoid negative questions.

Validity

 Measure how question addresses
its intended purpose.
 Write questions with clear intent with
unambiguous answer choices.

Reliability

 Measure answer consistency.
 Identify all points on rating scales with
words to allow consistent interpretation.
 Reliability may be veriﬁed with pilot
studies of questionnaire.

ETHICAL ISSUES

E-survey studies are often anonymous and exempt from
institutional review board approval, thus not requiring
signed informed consent. Investigators should consider data
security measures such as encryption to protect the privacy
of surveyed subjects. Web surveys offer a unique feature in
which IP addresses could be collected, allowing geographic
tracking of responses; however, this may be viewed as
identiﬁable data, and researchers should consider stripping
IP addresses from the dataset or turning off this feature with
commercial Web survey tools (Buchanan and Hvizdak,
2009). With regard to data security, many surveys are
HIPAA compliant. Nonetheless, it is recommended that
participants be informed that as with any online interaction,
nothing is fully secure and that the possibility of hacking
exists (Buchanan and Hvizdak, 2009).
APPLICATIONS IN DERMATOLOGIC RESEARCH

Web-based surveys have been used for a wide range of
investigations in dermatology regarding patient care (Del
Rosso et al., 2017), epidemiological investigations (Lingala
et al., 2014), medical education (Asarch et al., 2009),
diagnostic criteria (Carrera et al., 2016), and clinical trials
(Buller et al., 2015). Web-based surveys have been shown to
improve adherence to treatment serving as a “virtual ofﬁce
visit” to drive patient compliance, as seen, for instance, in a
weekly questionnaire asking respondents to verify compliance to using topical benzoyl peroxide (Yentzer et al.,
2011). Surveys have also been used to analyze physician
diagnostic methods and management patterns for dermatologic conditions (Asarch et al., 2009). Finally, surveys may
be used in academic dermatology to consider the perceptions of residents and fellows in training and teaching
(Asarch et al., 2009).
MOBILE WEB SURVEYS

analyzing response rates to mailed surveys among dermatologists found that having a personalized invitation was
associated with a 7e10% increase in response rate (Levy
et al., 2012). Another method often used to improve
response rates is the offer of monetary or nonmonetary incentives. However, this approach has not been shown to
increase rates of survey completion and may introduce
sampling biases (Oppenheimer et al., 2011). Instead, lottery
incentives have more efﬁcacy in improving response rates
(Oppenheimer et al., 2011).
STANDARDIZATION

Similar to checklists developed to ensure quality in randomized controlled trials and systemic reviews, the CHERRIES has
been developed by the Journal of Medical Internet Research
as a standardized approach to Web-based surveys
(Eysenbach, 2004). This checklist comprises 8 categories:
design, institutional review board (IRB) approval and
informed consent, development and pretesting, recruitment
process, survey administration, response rate calculation,
preventing multiple entries, and analysis. CHERRIES aims to
provide a clear framework, providing readers and reviewers a
comprehensive understanding of studies using e-surveys
(Eysenbach, 2004).

As mobile technology advances, applications on consumer
smart devices have attracted considerable attention as a
modality for surveying. Mobile surveys on smartphones
and tablets are often more convenient for patients and
providers, allowing robust data collection. Immediacy of
data entry reduces recall bias, because responders can
enter information on a portable platform (Marcano
Belisario et al., 2015). Additionally, smart devices are
capable of capturing environmental information, such as
photographs, videos, and physiologic data from sensors,
which may broaden the scope of data collection (Marcano
Belisario et al., 2015; Torous et al., 2016). Smartphone and
tablet-based surveys have data equivalence to paper
results, and respondents across all age groups prefer mobile methods to traditional paper surveys (Marcano
Belisario et al., 2015). Mobile surveys have been used in
biomedical research methods. For example, the DADOS
platform, a CHERRIES-compliant mobile survey software,
allows for the collection of patient data using mobile
tablets in clinical settings (Shah et al., 2006).
SUMMARY

Web-based surveys are practical and invaluable resources
for researchers and dermatologists. They are rapid and
www.jidonline.org 1460
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MULTIPLE CHOICE QUESTIONS
1. Which of the following is a disadvantage of
Web-based surveys?
A. Access to difﬁcult-to-reach groups
B. Reduced cost
C. Sampling bias
D. Rapid administration
2. What is NOT an important consideration of
Web-based survey construction?
A. Avoid horizontal scrolling
B. Avoid “not applicable” as an answer choice
C. Avoid similar answer choices
D. Avoid visually distracting backgrounds
3. What is the view rate?
A. Number of unique site visitors
B. Number of total site visitors
C. Ratio of unique survey visitors to unique site
visitors
D. Ratio of unique site visitors to unique survey
visitors
4. Which of the following is unique to Web-based
surveys compared with traditional paper
surveys?
A. Using incentives for survey completion
B. Use of the Checklist for Reporting Results of
Internet E-Surveys (CHERRIES) checklist
C. Making a concise questionnaire
D. Writing clear, understandable questions
5. Which of the following is a potential application
of Web-based survey research?
A. Assessing medical education
B. Analyzing treatment outcomes
C. Measuring patient satisfaction
D. All of the above
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Research Techniques Made Simple: Sample
Size Estimation and Power Calculation
Sigrun A.J. Schmidt1, Serigne Lo2,3 and Loes M. Hollestein4,5
Sample size and power calculations help determine if a study is feasible based on a priori assumptions about
the study results and available resources. Trade-offs must be made between the probability of observing the
true effect and the probability of type I errors (a, false positive) and type II errors (b, false negative). Calculations require specification of the null hypothesis, the alternative hypothesis, type of outcome measure and
statistical test, a level, b, effect size, and variability (if applicable). Because the choice of these parameters may
be quite arbitrary in some cases, one approach is to calculate the sample size or power over a range of plausible
parameters before selecting the final sample size or power. Considerations that should be taken into account
could include correction for nonadherence of the participants, adjustment for multiple comparisons, or
innovative study designs.
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Description: This article, designed for dermatologists, residents, fellows, and related healthcare providers, seeks to
reduce the growing divide between dermatology clinical
practice and the basic science/current research methodologies
on which many diagnostic and therapeutic advances are built.
Objectives: At the conclusion of this activity, learners should
be better able to:
 Recognize the newest techniques in biomedical research.
 Describe how these techniques can be utilized and their
limitations.
 Describe the potential impact of these techniques.

INTRODUCTION

Sample size and power calculations may involve estimating
(i) the number of participants (sample size) required to test the
prespeciﬁed hypothesis, (ii) the power to detect a given association with a ﬁxed sample size, or (iii) the association
possible to detect given a prespeciﬁed power and sample size
(Case and Ambrosius, 2007).

CME Accreditation and Credit Designation: This activity has
been planned and implemented in accordance with the
accreditation requirements and policies of the Accreditation
Council for Continuing Medical Education through the joint
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Although many (clinical) researchers outsource the sample
size calculation of study to a statistician, their expertise is
required to specify outcomes to be measured and the time
points and difference(s) that would be meaningful. Understanding the methodology is of utmost importance to ensure
that plausible assumptions are used in the sample size
calculation.
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SUMMARY POINTS
 Sample size and power calculations help
determine if a study is feasible based on a priori
assumptions about the study results and
available resources.
 Calculations require speciﬁcation of the null
hypothesis, the alternative hypothesis, type of
outcome measure and statistical test, one or
two-sided a-level, b, effect size, and variability
(if applicable).
 Limitation: assumptions about the expected
effect size and variability may have to be made
without prior knowledge.

HYPOTHESIS TESTING

Calculation of sample size and/or study power requires precise speciﬁcation of the statistical hypothesis to be tested. In
the hypothesis testing procedure, two mutually exclusive assertions (the null and the alternative hypotheses) are evaluated to determine which assertion is best supported by the
sample data. The logical purpose of a clinical trial is to
disprove this null hypothesis (denoted H0) in favor of an
alternative hypothesis denoted H1. The alternative hypothesis
is either a two-sided hypothesis when it covers both sides of
the null hypothesis or one sided when it covers only one side
of the latter.
When performing hypothesis testing, researchers face two
potential types of errors as shown in Figure 1. Committing
a type I error is to reject the null hypothesis when it is
actually true (a false positive association). The probability
of this happening is equal to the statistical signiﬁcance level
(a), which also corresponds to the P-value. A type II error
occurs when we fail to reject a false null hypothesis (a false
negative association). This probability is termed b. Statistical
power (1 e b) refers to the probability of detecting a difference if there is one.
SAMPLE SIZE CALCULATIONS

Table 1 provides an overall algorithm that can be extended to
sample size calculations for most studies.

Research question

A well-formulated research question contains essential
information for the sample size calculation. For example, in
the Veterans Affairs Keratinocyte Carcinoma Chemoprevention (i.e., VAKCC) Trial, the investigators ran a randomized
controlled trial to respond to the question Does the use of
5-ﬂuorouracil (5-FU) decrease the incidence rate of new
actinic keratoses (AKs) among patients with AK compared
with placebo during the ﬁrst 2 years? (Walker et al., 2017).
This question contains relevant information about the patient
population to be investigated, intervention, control group,
and outcome measure (i.e., PICO), which are needed for the
sample size calculation.
Study hypotheses

The next step is to state the null and alternative hypotheses.
The null hypothesis for testing equality is most frequently
used. In the VAKCC trial, the null hypothesis (H0) was The
incidence rate of AK is equal between the 5-FU group and the
placebo group. The alternative hypothesis (H1) was The
incidence rate of AK is not equal between the 5-FU group and
the placebo group (a two-sided hypothesis).
Choose outcome and corresponding statistical test

The outcome measure determines the design of the study and
the type of statistical test. Therefore, an essential question
when designing a study is What is/are the most relevant
outcome measure(s), and how are you going to measure
it/them? The nature of data (e.g., dichotomous, continuous,
or time-to-event), number of groups, (un)paired groups, and
time points of measurement will then determine the type of
statistical test (Kim et al., 2017).
Effect size and variability

Inﬁnite samples can detect any small difference, but these
may not be clinically or biologically relevant. It is therefore
recommended that the sample size calculation be based on
the minimal (clinical) important difference. If there is no
literature on the minimum relevant effect size, it should be
based on expertise. Sample size calculations for continuous
outcome measures require an estimate of the variability (or
standard deviation). Large variability requires larger sample
sizes. Methods for identifying the standard deviation for a
continuous outcome include a literature search, consulting
colleagues, or performing a pilot study (Hulley and
Cummings, 2013).

Figure 1. Hypothesis testing.
Researchers face two potential types of
error, a and b.
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must be performed a priori (i.e., during the study design
phase). In some special circumstances, researchers may want
to run post hoc analyses, but post hoc power calculations are
debated and should be dealt with cautiously.

Table 1. Algorithm for sample size estimation in
analytical studies
1. Formulate the research question
2. State the null hypothesis and a one- or two-sided alternative hypothesis

TYPES OF STUDIES
In vitro and animal studies

3. Choose the primary outcome measure and corresponding type of
statistical test
4. Consider a range of plausible effect sizes and, if applicable, the
variability
5. Select a and b, based on the objective, clinical considerations, and/or
phase of the study
6. Use steps 1e5 to compute the sample size with a statistical package or
an online calculator

Signiﬁcance level (a) and power (1 e b)

Values of a and b should suit the objective, but they typically
depend on the phase of the study. For example, a large false
positive rate (type I error) may be more acceptable for a
phase II study (Case and Ambrosius, 2007). It is important to
realize that both the signiﬁcance level and power are quite
arbitrary ﬁgures, and thus one approach is to select a range of
values and compute different sets of sample size estimates to
identify the most appropriate trade-off (Case and Ambrosius,
2007).
Calculate the sample size

Based on the assumptions speciﬁed in steps 1e5, the next
step is to calculate the sample size over a range of plausible
parameters before selecting the ﬁnal sample size. Speciﬁc
formulas exist for each statistical model, and most are supported by statistical packages and various free online
repositories.
POWER CALCULATIONS

Some studies have a predetermined ﬁxed sample size. This
typically includes studies based on routinely collected data.
In these situations, either (i) the detectable effect size based
on a given power can be estimated or (ii) the power to detect
a given effect can be estimated (Hulley and Cummings,
2013). Researchers may consider plotting a power curve,
with the power plotted against the effect size for their ﬁxed
sample size. If the population size is too small, the minimal
detectable effect estimate will be very high, and the study
may not be worthwhile. Power and sample size calculations

The concepts presented in the clinical example and Table 1
also apply to in vitro and animal studies. The expected
effect size is generally larger in these studies, and thus the
required sample size is smaller. As in human studies, it is
important to deﬁne the end points in advance, decide how
they will be measured, and identify the additional sources of
variability within the experiment to ensure that the appropriate design and statistical approach have been chosen
(Neuberg, 2017). In studies with cell lines, it is important to
distinguish biological replicates (e.g., cells from multiple
people or animals) and technical replicates (e.g., the same cell
line of the same conditions measured multiple times). Technical replicates reduce the variability due to measurement
error but should still be counted as a single measurement.
Genetic studies

In a genome-wide association study, hundreds of thousands
of single nucleotide polymorphism markers are evaluated for
an association with the outcome of interest. The association
of every single nucleotide polymorphism with the outcome
is considered testing of an independent hypothesis, and
therefore a correction for testing multiple hypotheses should
be applied. For 1 million single nucleotide polymorphism
markers, a P-value less than 5  10e8 is typically considered
statistically signiﬁcant, which has been calculated by the
Bonferroni correction (0.05/number of independent single
nucleotide polymorphism markers). Because the low a level,
very large sample sizes are needed to achieve adequate
statistical power. The sample size for genome-wide association studies is also known to be highly affected by disease
prevalence, disease allele frequency, linkage disequilibrium,
and inheritance models (e.g., additive, dominant, and multiplicative models) (Hong and Park, 2012). Online sample
size and power calculators can be used to take this into
account.
Equivalence and noninferiority trials

Sometimes, the objective of a clinical study is to show that a
new intervention is equally effective as (i.e., equivalence) or

Table 2. Examples of null hypotheses, alternative hypotheses and a-levels for different study types1
Type of Study
Equality
(often referred
to as superiority)
Equivalence

Noninferiority

Null Hypothesis (H0)

Alternative Hypothesis (H1)

a Level

Reference

The incidence rate of new
AKs is equal between the
5-FU and placebo groups
Humira (AbbVie, Chicago, IL) is
NOT equivalent to biosimilar
BI 695501 in patients with active RA
5-FU is inferior to MAL-PDT by
MORE than 10% for superﬁcial BCC

The incidence rate of new AKs is NOT equal
between the 5-FU and placebo groups

Two sided

Walker et al. (2017)

Humira (AbbVie) is equivalent to biosimilar
BI 695501 in patients with active RA

Two sided

Cohen et al. (2018)

5-FU is inferior to MAL-PDT by
LESS than 10% for superﬁcial BCC

One sided

Jansen et al. (2018)

Abbreviations: 5-FU, 5-ﬂuorouracil; AK, actinic keratosis; BCC, basal cell carcinoma; MAL-PDT, methyl aminolevulinate photodynamic therapy; RA,
rheumatoid arthritis.
1
Words in boldface type highlight the differences between the null and alternative hypotheses.
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not worse than (i.e., noninferior) the standard (or control)
treatment with similar or fewer adverse effects. In noninferiority studies, only one side of the alternative hypothesis
(H1) is of interest (Jansen et al., 2018) (Table 2). Because the
sample size can be based on a one-sided a level, a smaller
sample size is typically required than in an equivalence trial.
Regardless, large sample sizes are typically required, because
a high power and small effect size are needed for the credibility of the study.
Descriptive and diagnostic studies

To calculate the sample size in descriptive studies, the
researcher should specify (i) the expected proportion or mean
and standard deviation, (ii) the width of the conﬁdence
interval (the distance from the lower conﬁdence limit to the
upper conﬁdence limit), and (iii) the conﬁdence level
(calculated as 1 e a, typically a 95% conﬁdence interval).
Based on this, the required sample size can be computed.
For diagnostic studies, the sample size is calculated to
achieve either an adequate sensitivity or an adequate speciﬁcity. The calculation also includes the width of the conﬁdence interval and the prevalence of the disease (Jones et al.,
2003).
SPECIAL CONSIDERATIONS
Efﬁcient study designs

can drop out of the experimental group. Nonadherence
makes the two groups more similar and could make a study
underpowered (Wittes, 2002). The total sample size should
be adjusted by an inﬂation factor, 1/(1 e drop-in rate e dropout rate), to prevent underpowered studies (Table 3).

MULTIPLE CHOICE QUESTIONS
1. What is statistical power?
A. Probability of detecting an effect when it
truly exists
B. Failure to detect an effect when it truly exists
C. Probability of detecting an effect when there
is no true effect
D. Not observing any effect when there is no
true effect.
2. Which information for the sample size
calculation should be derived from a good
research question?
A. Type of statistical test and power
B. Type of statistical test
C. Type of outcome measurement
D. Type of outcome measurement, a, and b

Various techniques are available to increase efﬁciency and
thus provide optimal sample size (Hulley and Cummings,
2013). Possibilities include reducing measurement error
(smaller standard deviation), paired measurements (reduced
interindividual variability), using a continuous measurement
(more efﬁcient than a dichotomous variable), increasing the
number of controls, or increasing the frequency of the
outcome measure (e.g., restricting to high-risk study populations). However, some of these possibilities may affect the
generalizability and inferences of the study. When possible,
innovative study designs should be considered to adequately
address the trial objectives.

3. The null and alternative hypotheses of a
noninferiority trial are as follows: H0, treatment
B is worse than treatment A by more than a
prespeciﬁed difference and H1, treatment B
is worse than treatment A by less than a
prespeciﬁed difference. H1 implies which of
the following?
A. A one-sided a level
B. A two-sided a level
C. A one-sided b level
D. A two-sided b level

Nonadherence

4. Which parameters are needed to calculate the
sample size for a trial with two independent
groups and a binary outcome measure?
A. a, b, expected difference, and standard
deviation
B. Type 1 error level, type II error level, one- or
two-sided a level, expected difference, and
the control group success rate
C. a, b, and expected difference
D. a, power, and expected difference

Trial participants may not adhere to their therapeutic group.
Patients who are randomized to the control treatment can
start taking the experimental treatment (drop-in), or patients

Table 3. Sample size inﬂation factors for various
drop-in and drop-out rates in a 2-arm randomized
controlled trial1
Drop-In Rate (Control Group /
Experimental Group)

Drop-out rate
(from experimental
group)
1

0%
5%
10%
15%

0%

5%

10%

15%

1
1.11
1.23
1.38

1.11
1.23
1.38
1.56

1.23
1.38
1.56
1.78

1.38
1.56
1.78
2.04

To read the table, specify the percentages of people you expect to drop in
and drop out. Suppose one expects 15% each to drop out and drop in. The
sample size necessary to achieve the prespeciﬁed a level and power
would be more than double (2.04 times) the size needed if all participants
adhered to their assigned treatment.

5. In which situation is a power calculation
appropriate?
A. After a trial for secondary outcome measures
B. Before analyzing available data to calculate
the detectable effect size
C. Before analyzing available data to calculate
the power of detecting a speciﬁed effect
D. Situations B and C
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Multiple comparisons

An a level of 0.05 implies that 1 in every 20 tests will be
statistically signiﬁcant by chance when there is nothing to
ﬁnd (false positive). Examples of situations in which the a
level may need to be adjusted include studies with more than
two treatment arms, studies with multiple outcomes, interim
analyses in trials, and genome-wide association studies.
Comprehensive multiple testing correction procedures are
provided by the US Food and Drug Administration and the
European Medicines Agency (Dmitrienko and D’Agostino,
2017). The guidelines include, among other procedures, the
Bonferroni correction (dividing the a level by the number of
independent hypotheses test), the Benjamini-Hochberg
method (controlling the false discovery rate), or classifying
the hypotheses as primary and secondary.
LIMITATIONS OF SAMPLE SIZE AND POWER CALCULATIONS

Limitations include that the speciﬁcation of the parameters
(e.g., effect size) involves some guesswork (Hulley and
Cummings, 2013). Second, assumptions (e.g., completely
random errors, correctly speciﬁed models) are almost
implausible in reality, and thus the sample size may be
underestimated (Rothman et al., 2008). In addition, researchers may reduce inference to dichotomy at an arbitrary
level of statistical (rather than clinical) signiﬁcance (P < 0.05),
although according to good epidemiological practice, precision is best quantiﬁed by the width of the conﬁdence interval.
SUGGESTED READING AND TOOLS

We provide a brief description of the most important aspects
of sample size and power calculations. We recommend the
references for a detailed discussion of the aforementioned
topics. In the PowerPoint slides, we provide suggestions for
power and sample size calculations.
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Research Techniques Made Simple:
Genome-Wide Homozygosity/Autozygosity
Mapping Is a Powerful Tool for Identifying Candidate
Genes in Autosomal Recessive Genetic Diseases
Hassan Vahidnezhad1,2,6, Leila Yousseﬁan1,3,4,6, Ali Jazayeri5,6 and Jouni Uitto1
Homozygosity mapping (HM), also known as autozygosity mapping, was originally used to map genes underlying homozygous autosomal recessive Mendelian diseases in patients from closely genetically related
populations, followed by Sanger sequencing. With the increase in use of next-generation sequencing
approaches, such as whole-exome sequencing and whole-genome sequencing, together with advanced bioinformatics filtering approaches, HM is again emerging as a powerful method for the identification of genes
involved in disease etiology. In addition to its usefulness for research, HM is effective in clinical genetic services, increasing the efficiency of molecular diagnostics. For autosomal recessive Mendelian disorders with
extensive genetic heterogeneity, HM can reduce both cost and turnaround time of mutation detection in the
context of next-generation sequencing and can obviate expensive screening, such as biochemical testing in the
setting of metabolic genodermatoses or antigen mapping for epidermolysis bullosa. It is therefore important
for dermatology clinicians and researchers to understand the processes, principal uses, and advantages and
limitations of HM when ordering or performing genetic tests for patients affected by heritable skin disorders.
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BENEFITS
 HM reduces costs and turnaround time and
increases the yield of mutation analysis by NGS.
 HM can obviate the need for specialized
screening tests, such as biochemical testing in
the setting of metabolic genodermatoses or antigen mapping for EB.
 HM can minimize the need for sequencing
multiple genes in cases of genetically
heterogeneous AR genodermatoses.
 HM can provide evidence for pathogenicity
of previously unsuspected mutations, such as
deep intronic or missense variants of uncertain
signiﬁcance.
 HM is a high-throughput, genome-wide method
that can provide clues for discovering novel
disease-related genes.

LIMITATIONS
 HM is mostly applicable to patients born to
consanguineous parents.
 HM is applicable only to Mendelian diseases with
a homozygous AR pattern of inheritance.
 In rare cases, consanguineous families can carry
compound heterozygous mutations, which will
not be detectable in the region harboring the
mutated gene.

INTRODUCTION

Genetic skin diseases, or genodermatoses, are a large category of heritable single-gene (Mendelian) diseases, with over
1,000 genes currently being associated with cutaneous
manifestations. About 50% of genetic skin diseases are
inherited as autosomal recessive (AR) disorders. The routine
diagnosis of genetic skin diseases is complicated by the fact
that in this group of disorders, clinical manifestations may
result from mutations in unrelated genes (genetic heterogeneity), and mutations in the same gene often lead to dissimilar
clinical signs (phenotypic heterogeneity). Other compounding factors include the existence of new genes and/or presence of novel disease subtypes (Mizrachi-Koren et al., 2006).
For many years, homozygosity mapping (HM) was the
primary tool used for genetic mapping of AR Mendelian disorders in patients from genetically closely related parents.
However, with the recent increase in use of next-generation
sequencing (NGS) approaches, such as whole-exome
sequencing (WES) and whole-genome sequencing (WGS),
together with advanced bioinformatics ﬁltering approaches,
HM is again emerging as a powerful method for identifying
candidate genes involved in disease etiology (Ott et al.,
2015). In addition to being a useful research tool, HM has
been proven to be a useful adjunct in the practice of clinical
1894 Journal of Investigative Dermatology (2018), Volume 138

genetic services, which can dramatically reduce the cost and
turnaround time for molecular diagnosis of homozygous AR
genetic skin diseases (Alkuraya, 2010).
HM exploits the fact that patients born to consanguineous
parents likely inherited two recessive copies of a mutant allele
from a common ancestor. Because both alleles are the same
and originated from a common ancestor, they are known as
“identical-by-descent” alleles. Because the chromosomal regions tend to be transmitted intact, except for a few recombinational events in each generation, a patient born to
consanguineous parents will have a chromosomal region
ﬂanking the disease locus in which the genetic markers are
tandemly homozygous by descent (Figure 1). In addition,
other identical-by-descent regions exist that are unrelated to
the disease. The principle of the HM method is to search for
genetic regions of homozygosity (ROHs), varying from a few
to several megabase pairs (Mb), in patients’ DNA, followed by
identiﬁcation of the region that harbors a mutated gene
involved in rare recessive traits. If more than one affected
individual exists in the extended family, the strategy will be to
look for ROHs that are exclusively shared by all affected individuals and not present in healthy close relatives, such as
the parents. On rare occasions, the AR disorder even in a
consanguineous family can be due to compound heterozygous mutations, and HM may not lead to detection of the
region harboring the mutated gene (Alkuraya, 2012).
A number of screening methods, taking advantage of the
extensive polymorphism of the human genome, have been
shown to facilitate the identiﬁcation of candidate genes. The
advent of high-density single nucleotide polymorphism
(SNP) arrays has allowed genome-wide mapping of ROHs at
high resolution for a relatively low cost in consanguineous
and outbred (e.g., in the case of a founder effect) families
(Alkuraya, 2010; Ott et al., 2015; Schuurs-Hoeijmakers
et al., 2011). HM can be used alone for mapping of causative genes before mutation analysis by Sanger sequencing or
in combination with NGS to improve the mutation detection
rate.
This synopsis will review the methodology and bioinformatics involved in HM and will provide a few examples of
HM application. Although most dermatologists or laboratory
researchers may not have the necessary computing skills or
bioinformatics expertise to perform the technical aspects of
WES and WGS, this review should provide guidelines for
them to apply these techniques, which are commercially
available.
METHODOLOGIES AND BIOINFORMATICS OF HM
Chemistry of different platforms of SNP-based array

Genome-wide HM can be performed with widely used SNPbased array platforms developed by two competing companies, Affymetrix (Santa Clara, CA) and Illumina (San Diego,
CA) (Figure 2). With the Affymetrix system, ampliﬁed and
labeled DNA is hybridized to an array containing 25-mer
oligonucleotides, each of which determines a speciﬁc SNP.
Illumina platforms for SNP genotyping use oligonucleotides
attached to silica beads as hybridization probes. The probe
undergoes single-base extension with tagged terminating
nucleotides. The extended ﬂuorescent probes are then scanned on the BeadArray Reader (LaFramboise, 2009).
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Figure 1. Schematic representation
of a pedigree with ﬁrst cousin
consanguineous parents who have
two affected and one unaffected
offspring. An ancestral haplotype
harboring a mutation (star) was
tracked as it transferred to
descendants. In each generation,
different haplotypes were entered to
the pedigree depicted with a speciﬁc
color. Recombinational events (shown
as crosses) in each generation shorten
the size of the haplotype harboring the
mutation. The recombinational events
shown in the parents of patients occur
only in the older patient.

Figure 2. Overview of chemistry of
different platforms of SNP array
technology. A fragment of DNA
harboring a T/G SNP is shown at the
top. (a) A 50-nt probe complementary
to the sequence adjacent to the SNP
site is attached to each Illumina (San
Diego, CA) bead. After hybridization,
a single-base extension (A or C) that is
complementary to the allele carried by
the DNA (T or G, respectively) yields
an appropriately colored signal (red or
green). (b) In the Affymetrix (Santa
Clara, CA) system, there are several
different probes with 25-nt length for
each SNP. Each probe has a different
nucleotide at a central position. Not
only the central nucleotide but other
nucleotides at positions þ1, 0, and e1
relative to the central nucleotide can
be variable in each probe. The DNA
binds to probes regardless of the allele
it carries, but it does so more
efﬁciently when it is complementary
to all 25 bases (lighter green) rather
than mismatching the SNP site
(stronger green). Thus, with increasing
degree of complementarity, there is an
increase in the brightness of the signal.
A, adenine; C, cytosine; G, guanine;
nt, nucleotide; SNP, single nucleotide
polymorphism; T, thymine.
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Bioinformatics workﬂow

ROHs can be quickly detected from either SNP genotype
array or WGS/WES data, and each step of data processing for
HM is brieﬂy described below. SNP array and WGS/WES
output data are in the format of .ped or .map and fastq or
uBAM, respectively (Figures 3 and 4). Depending on the type
of data, the workﬂow of HM can be initiated from speciﬁc
starting points. Figure 3 shows a panoramic view of the entire
process, and a more ﬁnely detailed version of the process is
shown in Figure 4.
HM using WES/WGS data

When workﬂow begins from fastq or uBAM ﬁles produced by
WES/WGS, the ﬁrst step of HM is mapping sequences to the
reference genome (Li and Durbin, 2010). Mapped sequences
are then sorted and converted to BAM ﬁles, and duplicates
are marked. These steps can be performed using Picard (For
details of software programs and on-line tools, see Table 1).
To improve the accuracy and quality of scores and to
remove biases, the generated BAM ﬁles go through InDels
(i.e., insertion/deletion) realignment and base quality score
recalibration steps using Genome Analysis Toolkit (GATK),
which is a software developed by the Broad Institute for
variant discovery in high-throughput sequencing data. In
these two steps, GATK ﬁrst improves the original alignment of
reads, and in the base quality score recalibration step, using
machine learning approaches, GATK eliminates systematic
errors generated by sequencing machines and adjusts base
reads quality scores. The InDel realignment step is not
required in cases in which variant callers with a reassembly
step such as HaplotypeCaller are used. The output will be
BAM ﬁles ready for variant calling or direct exploration and
visualization using Integrative Genomics Viewer (IGV) tools
(Robinson et al., 2011). In the latter case, the BAM ﬁles
should be indexed; Picard and IGVtool modules can be used
for this purpose.
The next step in the workﬂow of bioinformatics analysis is
variant discovery, which is recommended by GATK to be
performed jointly on members of the family, including patients and healthy relatives if data are available (McKenna
et al., 2010). For this purpose, variants are called, and a
Genomic Variant Call Format (GVCF) ﬁle is generated for
each BAM ﬁle separately. All GVCF ﬁles are then genotyped
jointly to create one VCF ﬁle. For the sake of accuracy, variants are recalibrated, assigning a new quality score to each
variant call. The generated VCF ﬁle can be used directly for
variant analysis purposes. In this case, GATK recommends
additional steps, such as genotype reﬁnement, variant annotation, and variant evaluation. The generated VCF ﬁles are
then converted to binary/standard formats. In this case, PLINK
(Purcell et al., 2007) provides commands to set the individual
and family identiﬁcations and generate binary/standard formats for HM.
HM using whole-genome SNP array

ROHs can also be quickly detected by SNP genotype array
data with the format of .ped/.map. The SNP genotyping data
can be analyzed using PLINK. The PLINK default values are
appropriate for ﬁnding large segments of ROHs present on
dense genotyping platforms and can be left unchanged during
1896 Journal of Investigative Dermatology (2018), Volume 138

Figure 3. A panoramic view of the process of bioinformatics analysis for
detection of ROHs from either SNP genotype array or WGS/WES data.
SNP array and WGS/WES output data are in the format of .ped or .map and
fastq or uBAM, respectively. Depending on the type of data, the workﬂow of
HM can be initiated from speciﬁc starting points. Color coding is identical
in Figures 3 and 4. HM, homozygous mapping; SNP, single nucleotide
polymorphism.

the analysis. PLINK also provides ﬁltration commands to
eliminate ROHs with predeﬁned thresholds (e.g., <2 Mb). For
identiﬁcation of ROHs, both the graphical user interface
provided by PLINK (gPLINK) and the command-line interface
can be used. The results can be in the format of start and end
positions of shared ROHs among all patients within a family,
known as genomic coordinates (Figure 4). For each person,
we expect around 10 genomic coordinates belonging to
different chromosomal regions. PLINK is not the only available tool for HM. Other tools, such as GERMLINE (Gusev
et al., 2009) and HomSI (Gormez et al., 2014), can also be
used for this purpose. However, PLINK is recommended
because of the graphical user interface (gPLINK) and extensive online documentation provided and because it is free,
open source, and easy to download and run. PLINK is
compatible with the data generated by the other tools in
previous steps of workﬂow of HM discussed in this review, or
it provides the conversion commands to produce the eligible
formats. The output can be tabulated and visualized using
different tools, such as R (https://www.r-project.org/).
The Genomic Oligoarray and SNP Array Evaluation Tool

The sequence variants identiﬁed by sequencing with the
assistance of HM can be classiﬁed as nonsense, missense,
splice site, or indel, and can be identiﬁed as deleterious to the
gene/protein function by Annotate Variation (ANNOVAR)
scores. In support of pathogenicity, their minor allelic frequencies can be determined in ExAC and 1000 Genomes
databases, coupled with segregation analysis in the families.
The Genomic Oligoarray and SNP Array Evaluation Tool
(version 3.0) is an online tool to accelerate and improve
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Figure 4. Detailed version of the process of bioinformatics analysis for detection of ROHs from either SNP genotype array or WGS/WES data. Each box
in the ﬁgure shows the tool used for the corresponding step, the process description, and the output ﬁles. These steps are excerpted from literature and
best practices recommended by Burrows-Wheeler Aligner (BWA) (Table 1; Li and Durbin, 2010; McKenna et al., 2010; Purcell et al., 2007). Color coding is
identical in Figures 3 and 4. The usual outputs of each method are depicted. GATK, Genome Analysis Toolkit; ROH, region of homozygosity; SNP, single
nucleotide polymorphism; WES, whole-exome sequencing; WGS, whole-genome sequencing.

clinical interpretation of SNP array results for diagnostic
purposes in cases of close familial genetic relationships.
This Web-based program permits submission of ROHs
as genomic coordinates and retrieves genes within
these regions and their associated AR disorders using
built-in Online Mendelian Inheritance in Man (OMIM),
University of CaliforniaeSanta Cruz (UCSC), and National
Center for Biotechnology Information (NCBI) databases.
It allows the user to further ﬁlter to generate a short
list of candidate conditions relevant for the diagnosis,

making it possible to strategize a focused diagnostic testing
approach. Relevant OMIM clinical synopses can
be submitted with key clinical terms, permitting further
ﬁltering for candidate genes and disorders (Wierenga
et al., 2013).
EXAMPLES OF UTILITY OF HM IN EPIDERMOLYSIS BULLOSA
PATIENTS

We have investigated the utility of HM for the molecular
diagnosis of heterogeneous AR disorders, using unknown
www.jidonline.org 1897
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Table 1. Computer software and online tools for bioinformatics analyses of genome-wide homozygosity mapping
Software

Description and Purpose

BWA (Burrows-Wheeler Aligner) Package used to map read sequences
to a reference genome
GATK (Genome Analysis Toolkit) A multipurpose variant discovery and
genotyping tool
Picard
Tools used for manipulating sequencing data
in different formats such as BAM and VCF ﬁles
PLINK
Tools used for whole genome association studies
It can be used for homozygosity mapping and
identical-by-descent estimation
R
A Software environment for statistical
data analysis and visualization
SAMtools
Tools can be used for manipulating
SAM/BAM formats
Web-based tool developed for retrieving
Genomic Oligoarray and
genes and their associated autosomal
SNP Array Evaluation Tool
recessive disorders within regions
version 3.0
of homozygosity

URL
http://bio-bwa.sourceforge.net/

References
Li and Durbin (2009, 2010)

https://software.broadinstitute.org/gatk/ McKenna et al. (2010)
http://broadinstitute.github.io/picard

Refer to corresponding URL

http://zzz.bwh.harvard.edu/plink/

Purcell et al. (2007)

https://www.r-project.org/

Refer to corresponding URL

http://samtools.sourceforge.net/

Li et al. (2009)

http://ﬁreﬂy.ccs.miami.edu/cgi-bin/
ROH/ROH_analysis_tool.cgi

Wierenga et al. (2013)

Abbreviation: SNP, single nucleotide polymorphism.

Figure 5. Utility of HM for the molecular diagnosis of heterogeneous AR disorders using unknown types of EB as a paradigm. (a) Homozygosity mapping,
representative clinical features, immune-epitope mapping, and mutation analysis of the candidate gene in a case of EB, originally diagnosed as laryngo-onychocutaneous (Shabbir) syndrome. Note the cutaneous erosions and excess granulation tissue on the chin and nasal cavity and dystrophic changes in the nails consistent
with diagnosis of laryngo-onycho-cutaneous syndrome. An Illumina (San Diego, CA) SNP panel of 240,000 markers was used to identify homozygosity blocks of 2
Mb or greater (vertical blue lines) along the entire autosome; chromosomes 1e22 are listed at the bottom. The genomic loci of candidate genes known to be
associated with EB are indicated by vertical red lines. Only one EB-related gene co-aligned with a homozygosity block, implicating LAMB3 on chromosome region
1q32.2 (yellow box). Staining with a monoclonal antibody against integrin b4 marked the blister roof (left) and with a monoclonal antibody against collagen VII
marked the blister ﬂoor (right); localization of these two proteins in immunoﬂuorescence analysis indicated that the level of cleavage is within the lamina lucida,
suggesting the diagnosis of junctional EB. Sanger sequencing showed the mutation c.3163delG (p.Ala1055Glnfs*17) in the LAMB3 gene (for details, see Vahidnezhad
et al., 2018b). (b) HM in three affected members of a family with severe generalized blistering in EB simplex. In this family, only one homozygosity block (blue lines)
shared by all three affected individuals was noted on chromosome region 17q21 (yellow lines). This interval harbors three EB-associated genes, KRT14, JUP, and
ITGA3. Sequence analysis showed a p.Ile377Thr mutation in KRT14 co-segregating with the phenotype in a semidominant pattern (for details, see Vahidnezhad et al.,
2016). AR, autosomal recessive; EB, epidermolysis bullosa; HM, homozygous mapping; Mb, megabase.
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types of epidermolysis bullosa (EB) as a paradigm
(Vahidnezhad et al., 2016, 2017b, 2018b). EB is caused by
mutations in as many as 20 genes, and identiﬁcation of speciﬁc mutations is critical for molecular conﬁrmation of the
diagnosis and precise subclassiﬁcation with prognostic implications (Has et al., 2018; Uitto et al., 2016; Vahidnezhad
et al., 2018a).
HM signiﬁcantly facilitates the identiﬁcation of the candidate genes in several different ways. For example, routine
diagnosis of EB entails invasive antigen mapping of skin biopsy to show the level of cleavage and lack of mutated protein, which is being expertly performed in a few laboratories
around the world. In addition, antigen mapping costs several
hundred dollars. The results of antigen mapping provide clues
for candidate genes for Sanger sequencing. However, if only
one gene was identiﬁed by co-alignment of the putative
candidate gene loci and the homozygosity blocks in HM, this
would allow us to focus on characterization of a single gene,
with considerable savings of cost and effort (the current inhouse price for HM is $50 for 650,000 SNP markers).
Furthermore, HM of additional affected members of the
family, besides the proband, facilitates identiﬁcation of
candidate genes by NGS, allowing prioritization of the analysis by bioinformatics. For example, for each patient we
typically have approximately 100,000 variants using WES
data. The number of variants that should be examined for
detection of disease-causing genes is reduced to approximately 10,000 by using HM, which shows a signiﬁcant
decrease in required resources. For example, in case 1
(Figure 5a), the patient was born to consanguineous ﬁrst
cousin parents and was the only EB patient in the family; the
initial diagnosis was laryngo-onycho-cutaneous (Shabbir)
syndrome, a type of EB usually caused by mutations in
LAMA3. However, gene-targeted sequencing of LAMA3 in
this patient did not identify a mutation in this gene. Genomewide HM identiﬁed 11 ROHs of 2 Mb or greater, and alignment of the positions of the 20 EB-associated genes suggested
LAMB3 as the only candidate gene in the proband. Subsequent Sanger sequencing showed a homozygous mutation in
LAMB3:c.3298delG (Figure 5a). This case illustrates the success of our current approaches to reach the correct diagnosis
of generalized junctional EB (Vahidnezhad et al., 2017a,
2018b).
Case 2 is an example of HM for an extended family with
more than one patient. HM in three patients of this pedigree
showed a number of ROHs in each patient and a homozygosity block shared by all three affected individuals on
chromosomal region 17q21 corresponding to KRT14. An EB
candidate gene was therefore identiﬁed (Figure 5b).
Sequencing of KRT14 showed a homozygous c.1130T>C,
p.Ile377Thr mutation in the three individuals (Vahidnezhad
et al., 2016).
CONCLUSIONS AND FUTURE DIRECTIONS

HM is a powerful method for gene mapping, particularly of
homozygous AR Mendelian diseases, in research and clinical
settings. With the recent increase in use of NGS approaches,
HM has been a powerful method for streamlining the identiﬁcation of mutated genes in conjunction with NGS bioinformatics ﬁltering approaches. Thus, HM can signiﬁcantly

MULTIPLE CHOICE QUESTIONS
1. Whole genome homozygosity mapping is
applicable for which of the following?
a. Autosomal dominant Mendelian disorders
b. Autosomal recessive Mendelian disorders
c. X-linked Mendelian disorders
d. Genetic disorders with mitochondrial
inheritance
2. Which of the following is NOT a
high-throughput (genome-wide) method
for homozygosity mapping?
a. Whole-genome sequencing
b. Whole-exome sequencing
c. Short tandem repeat (STR) genotyping
d. Single nucleotide polymorphism (SNP) array
with 240,000 markers
3. Homozygosity mapping can map genes for
which type of mutations?
a. Autosomal recessive compound
heterozygous mutations
b. Autosomal recessive homozygous mutations
c. X-linked recessive mutations
d. Dominant negative mutations
4. Which of the following methods can map a
causal gene and detect its underlying mutation?
a. Genome-wide single nucleotide
polymorphism (SNP) array with Illumina
platform
b. Whole-exome sequencing (WES)
c. Short tandem repeat (STR) genotyping
d. Genome-wide single nucleotide
polymorphism (SNP) array with Affymetrix
platform
5. Which of the software packages is able to ﬁnd
regions of homozygosity (ROHs) from .vcf and
.ped/.map ﬁle formats?
a) PLINK
b) BWA
c) GATK
d) Picard

reduce the cost and turnaround time of mutation detection
and obviate the need for extensive screening tests, thus
increasing the efﬁciency of molecular diagnostics. In addition, HM can provide evidence that previously unsuspected
mutations are pathogenic, such as deep intronic or missense
variants of uncertain signiﬁcance. An improvement in HM
could consist of WGS that would allow ﬁne-mapping and
sequencing of the mutant genes in rare genetic diseases.
Current limitations of this approach include the relatively high
www.jidonline.org 1899
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cost of WGS and the requirement for high-capacity computer
systems for data analysis. However, these limitations are
expected to be overcome with advanced technologies in the
near future.
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 RTMS ANSWERS

RTMS Article 61, October 2017 Research Techniques
Made Simple: Choosing Appropriate Statistical Methods
for Clinical Research
QUESTIONS

1. Ordinal variables
A. are called dichotomous or binary variables.
B. have no well-deﬁned meaning between values, for
example, pain score.
C. include nonvalue measurements such as race.
D. are outcome variables.
2. Most statistical tests hinge on the assumption that the
observations are independent. An example of this is
A. multiple samples or sites from the same person.
B. repeated samples from the same person.
C. studies with longitudinal follow-up of the same patient
cohort.
D. one sample per patient in the target group and control
group.
3. What is NOT a characteristic of a confounding variable?
A. Risk factors for the outcome variable
B. Can skew the true association between the outcome
and explanatory variable
C. Measures whether the association between an
explanatory and outcome variable is different in one
subpopulation versus another
D. Can be adjusted for by using a multivariable regression
analysis

5. We are trying to evaluate whether a history of tanning
bed use is associated with melanoma risk. Data on the
number of months from when a patient is enrolled in the
study until the patient is diagnosed with melanoma or
censored from the study are available. What is the most
appropriate statistical test?
A. Ordinal logistic regression
B. Cox proportional hazards model
C. Linear regression
D. Chi-square test

ANSWERS

1. B.
2. D.
3. C.
4. D.
5. B.

4. If our study were comparing the number of nevi among
individuals based on whether they have ever or never
had a sunburn, what would be the most appropriate
statistical method to analyze the difference, assuming that
the number of nevi did not follow a normal distribution in
each group?
A. Two-sample t test
B. Analysis of variance (ANOVA)
C. Ordinal logistic regression
D. Wilcoxon rank sum test
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RTMS Article 62, November 2017 Research Techniques
Made Simple: Methodology and Applications of Förster
Resonance Energy Transfer (FRET) Microscopy
QUESTIONS

1. Which of the following applications can be assessed using
FRET microscopy?
A. Protein-protein interactions
B. Tension within a molecule of interest
C. Ligand binding to a receptor
D. All of the above

ANSWERS

1. D.
2. C.
3. B.
4. C.
5. C.

2. What physical parameters affect FRET efﬁciency?
A. The orientation of the donor and acceptor molecules
B. The distance between the donor and acceptor
molecules
C. Both A and B
D. Neither A nor B
3. Which method of measuring FRET is best used ﬁrst?
A. Sensitized emission
B. Acceptor photobleaching
C. FLIM-FRET
D. Polarization anisotropy
4. To obtain a corrected intermolecular FRET image using
sensitized emission, one must correct for which of the
following?
A. Bleed-through of donor emission into the FRET signal
B. Direct excitation of acceptor by donor excitation
C. Both A and B
D. Neither A nor B
5. Measuring FRET using acceptor photobleaching is based
on the principle of which of the following?
A. Dequenching of the acceptor molecule
B. Quenching of the acceptor molecule
C. Dequenching of the donor molecule
D. Quenching of the donor molecule
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 RTMS ANSWERS

RTMS Article 63, December 2017 Research Techniques
Made Simple: Emerging Methods to Elucidate Protein
Interactions through Spatial Proximity
QUESTIONS

1. All of the following are reasons that proximity labeling
may detect previously unknown interactions EXCEPT
which of the following?
A. Interactions are low afﬁnity, transient, or short lived.
B. Cell lysis conditions disrupt protein-protein
interactions.
C. Mass spectrometry does not detect or map the peptides
in a target protein.
D. Previous in vitro assays did not reconstitute the
necessary subcellular environment for interaction.

ANSWERS

1. C.
2. C.
3. C.
4. D.
5. D.

2. What is the reaction that determines the spatial constraint
of the proximity ligation assay?
A. Blocking
B. Antibody binding
C. DNA ligation
D. Isothermal ampliﬁcation
3. When is APEX a more appropriate choice than BirA?
A. When the protein of interest is larger than 100 kDa
B. When the protein of interest is smaller than 100 kDa
C. When minute resolution of interactions is necessary
D. For conditional proteomics using a split protein
4. When is BirA a more appropriate choice than Apex?
A. When the protein of interest is larger than 100 kDa
B. When the protein of interest is smaller than 100 kDa
C. When minute resolution of interactions is necessary
D. When the desired experiments must be done in a tissue
organoid system
5. Which of the following is unsuitable for cytoplasmic use?
A. APEX
B. BirA
C. Split BirA
D. HRP
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RTMS Article 64, January 2018 Research Techniques Made
Simple: Murine Models of Human Psoriasis
QUESTIONS

1. The imiquimod (IMQ) model used to study human
psoriasis is what type of murine model?
A. Acute (inducible) model
B. Whole-body transgenic model
C. Tissue-speciﬁc knockout
D. Xenograft model
2. Which is a primary limitation of the IMQ-induced model
used to study human psoriasis?
A. The need for long-term topical application to induce an
inﬂammatory skin phenotype
B. The signiﬁcant technical expertise required to use this
model system
C. The nonspeciﬁc nature of the skin inﬂammation
induced by topical IMQ
D. The ability of IMQ to induce skin inﬂammation in a
single genetic strain of mice

5. Which of the following factors are potential confounding
variables that may affect the interpretation of an
inﬂammatory phenotype in a psoriasis-like mouse model?
A. Gestational age or sex of the mice
B. The vehicle of topical applications
C. Alterations in the murine microbiome
D. All of the above

ANSWERS

1. A.
2. C.
3. D.
4. D.
5. D.

3. Compared with whole-body transgenic mice, what is one
advantage of a tissue-speciﬁc transgenic mouse model?
A. Tissue-speciﬁc transgenic models are not associated
with embryonic or early prenatal death.
B. Tissue-speciﬁc transgenic models are less inexpensive
and are not labor intensive.
C. Tissue-speciﬁc transgenic models overcome the
potential for undesirable/leaky gene expression.
D. Tissue-speciﬁc transgenic models enable scientists to
isolate the molecular mechanisms directly contributing
to an observed phenotype.
4. Which type of mouse model is believed to most closely
mimic the cellular, phenotypic, and genetic
characteristics of human disease?
A. Acute (inducible) model
B. Whole-body transgenic model
C. Tissue-speciﬁc knockout
D. Xenograft model
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 RTMS ANSWERS

RTMS Article 65, February 2018 Research Techniques
Made Simple: Pharmacoepidemiology Research Methods
in Dermatology
QUESTIONS

1. A new drug has been studied in 3,000 patients before
approval. The upper limit for the detection of rare
adverse reactions in this safety database would be
A. 1 in 100.
B. 1 in 1,000.
C. 1 in 10,000.
D. 1 in 1,000,000.
2. Who can report a potential adverse drug reaction to the
FDA?
A. Patients
B. Physicians
C. Drug manufacturers
D. All of the above
3. Which of the following is an example of a type A adverse
reaction?
A. Agranulocytosis after starting diaminodiphenyl sulfone
(dapsone)
B. Cheilitis associated with isotretinoin
C. Squamous cell carcinoma after psoralen plus UVA
treatment
D. Progressive multifocal leukoencephalopathy after
efalizumab

5. Which of the following is an advantage of using
propensity scores over traditional regression analysis?
A. Propensity scores improve the efﬁciency of the
analysis.
B. Propensity scores can adjust for unmeasured
confounding.
C. Propensity scores randomize patients to a treatment
arm.
D. Propensity scores adjust for confounding by indication.

ANSWERS

1. B.
2. D.
3. B.
4. C.
5. A.

4. Which of the following is true about spontaneous
reporting of adverse drug events?
A. Most adverse drug events that occur are reported to the
FDA.
B. Spontaneous reports can be used to calculate the
incidence of an adverse event.
C. Information generated from spontaneous reports should
be subjected to further studies.
D. Events are reported more commonly for older drugs.
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RTMS Article 66, March 2018 Research Techniques Made
Simple: Using Genome-Wide Association Studies to
Understand Complex Cutaneous Disorders
QUESTIONS

1. Which of the following is NOT a type of array used for
genotyping?
A. Exomechip
B. Immunochip
C. Metabochip
D. Compuchip

ANSWERS

1. D.
2. B.
3. B.
4. C.
5. D.

2. What is the typical range of values for imputed
genotypes?
A. 0 to 1
B. 0 to 2
C. e1 to 1
D. 0 to 100
3. Which of the following can be used to address population
stratiﬁcation?
A. Annotation
B. Genomic control
C. Multiple testing
D. Phasing
4. What P-value threshold is commonly used for
genome-wide signiﬁcance?
A. 5  10e4
B. 5  10e6
C. 5  10e8
D. 5  10e10
5. Which of the following is not a priority for GWAS
research in skin disease?
A. Increased sample size and integration across ethnicities
B. Inferring the biological function of the disease loci
identiﬁed
C. Integrating information from clinical data for precision
medicine
D. Identifying differences in gene expression
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 RTMS ANSWERS

RTMS Article 67, April 2018 Research Techniques Made
Simple: Two-Photon Intravital Imaging of the Skin
QUESTIONS

1. Which of the following is true about the basic principles
of two-photon microscopy (TPM)?
A. A two-photon microscope uses a pinhole.
B. TPM requires collision of two low-energy photons
almost simultaneously.
C. UV spectra are used in TPM.
D. Generation of second harmonic generation (SHG)
requires absorption of two low-energy photons.

ANSWERS

1. B.
2. C.
3. D.
4. D.
5. C.

2. Which of the following is not an advantage of TPM?
A. The depth of light penetration
B. Less photobleaching outside the confocal volume
C. Excellent z-resolution
D. None of the above
3. TPM has been used in which of the following
applications?
A. Aging studies
B. Inﬂammatory dermatoses
C. Skin cancer diagnosis
D. All of the above
4. Endogenous autoﬂuorescent signals in the skin can be
generated from which of the following?
A. Elastin and collagen
B. NAD(P)H
C. Melanin
D. All of the above
5. Based on Figure 2b, using a mode-locked titaniumsapphire laser at 920 nm wavelength, which band-pass
(BP) ﬁlter is most appropriate?
A. Evans Blue with a BP ﬁlter of 505/30
B. SHG with a BP ﬁlter of 641/25
C. EGFP with a BP ﬁlter of 505/30
D. None of the above
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RTMS Article 68, May 2018 Research Techniques Made
Simple: Single-Cell RNA Sequencing and its
Applications in Dermatology
QUESTIONS

1. Which of the following is an advantage of scRNA
sequencing over bulk RNA sequencing?
A. Identifying rare cell populations
B. Assessing genetic heterogeneity in a cell population
C. Tracking pathogen-speciﬁc cells
D. All of the above

ANSWERS

1. D.
2. C.
3. B.
4. D.

2. The drop-seq single cell isolation and barcoding systems
were adapted from which of the concepts below?
A. RNA sequencing
B. Enzymatic DNA fragmentaiton
C. Microﬂuidics
D. Single cell mass cytometry
3. What is the general procedure of scRNA sequencing in
the right order?
A. Single cell isolation, DNA fragmentation, library
ampliﬁcation, sequencing, data analysis
B. Single cell isolation, cell barcoding and reverse
transcription, library preparation, sequencing,
data analysis
C. Single cell isolation, RNA fragmentation, cDNA
pre-ampliﬁciation, sequencing, data analysis
D. Single cell isolation, PCR ampliﬁcation, DNA
fragmentation, library ampliﬁcation, sequencing,
data analysis
4. Which of the following is a potential application of single
cell sequencing in precision medicine in the clinic?
A. Tracing of drug-susceptible cells during treatments
B. Determination of heterogeneity within a tumor mass
C. Comparison of gene expression proﬁles at the single
cell level between responders and nonresponders
D. All of the above
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 RTMS ANSWERS

RTMS Article 69, June 2018 Research Techniques Made
Simple: Mass Spectrometry for Analysis of Proteins
in Dermatological Research
QUESTIONS

1. In analysis and interpretation of tandem mass
spectrometry (MS/MS) data, which of the following
statements is not correct?
A. Theoretical MS/MS spectra are generated from in silico
analysis of predicted digestion products of known
proteins.
B. To interpret MS spectra of human antibodies (and their
clonalities), a custom database or de novo
interpretation is required.
C. Precursor ion spectra are correlated with theoretical
MS/MS spectra generated from protein databases.
D. Public protein databases serve as input to guide in
silico analysis of proteins into predicted digestion
products.
2. In the ﬁelds of immunology and investigative
dermatology, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) has been successfully
used to
A. identify an unknown protein from
immunoprecipitation.
B. characterize plasma membrane proteins within the
human epidermis.
C. characterize the circulating antibody response in an
autoimmune disease and/or after immunization.
D. All of the above
3. Which of the following statements about potential
limitations of LC-MS/MS is not correct?
A. Ambiguity in protein inference can be introduced by
the use of proteolytic enzymes and by redundancy
phenomena in the databases used for comparison.
B. Unknown proteins can be easily identiﬁed without the
use of protein databases.
C. Different structural labilities of peptide bonds can make
interpretation of MS/MS spectra difﬁcult.
D. De novo interpretation of fragment ion spectra is time
consuming and error prone.

ª 2018 Society for Investigative Dermatology

4. What are the main underlying principles that allow for
separation of peptides by reverse-phase liquid
chromatography (LC) and mass spectrometry (MS),
respectively?
A. Peptide hydrophobicity, only the charge of the peptide
B. Peptide’s charge and mass in both LC and MS
C. Only the mass in LC, the mass and the charge in MS
D. Peptide hydrophobicity, the mass and the charge of the
peptide
5. Which of the following statements is correct?
A. The proteolytic enzyme trypsin cuts proteins after
amino acids arginine and lysine.
B. The heavy-chain complementarity determining region
3 (H-CDR3) is a unique identiﬁer of an antibody and
can be detected by LC-MS/MS experimentation.
C. Collision-induced dissociation describes fragmentation
of precursor ions in a collision cell and does not always
result in all potential fragment ions (e.g., b- and y-ions)
of a given peptide.
D. All of the above

ANSWERS

1. C.
2. D.
3. B.
4. D.
5. D.

www.jidonline.org
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RTMS Article 70, July 2018 Research Techniques Made
Simple: Web-Based Survey Research in Dermatology:
Conduct and Applications
QUESTIONS

1. Which of the following is a disadvantage of Web-based
surveys?
A. Access to difﬁcult-to-reach groups
B. Reduced cost
C. Sampling bias
D. Rapid administration

ANSWERS

1. C.
2. B.
3. C.
4. B.
5. D.

2. What is NOT an important consideration of Web-based
survey construction?
A. Avoid horizontal scrolling
B. Avoid “not applicable” as an answer choice
C. Avoid similar answer choices
D. Avoid visually distracting backgrounds
3. What is the view rate?
A. Number of unique site visitors
B. Number of total site visitors
C. Ratio of unique survey visitors to unique site visitors
D. Ratio of unique site visitors to unique survey visitors
4. Which of the following is unique to Web-based surveys
compared with traditional paper surveys?
A. Using incentives for survey completion
B. Use of the Checklist for Reporting Results of Internet
E-Surveys (CHERRIES) checklist
C. Making a concise questionnaire
D. Writing clear, understandable questions
5. Which of the following is a potential application of
Web-based survey research?
A. Assessing medical education
B. Analyzing treatment outcomes
C. Measuring patient satisfaction
D. All of the above
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 RTMS ANSWERS

RTMS Article 71, August 2018 Research Techniques Made
Simple: Sample Size Estimation and Power Calculation
QUESTIONS

1. What is statistical power?
A. Probability of detecting an effect when it truly exists
B. Failure to detect an effect when it truly exists
C. Probability of detecting an effect when there is no true
effect
D. Not observing any effect when there is no true effect.

ANSWERS

2. Which information for the sample size calculation should
be derived from a good research question?
A. Type of statistical test and power
B. Type of statistical test
C. Type of outcome measurement
D. Type of outcome measurement, a, and b

5. D.

1. A.
2. B.
3. A.
4. B.

3. The null and alternative hypotheses of a noninferiority
trial are as follows: H0, treatment B is worse than
treatment A by more than a prespeciﬁed difference and
H1, treatment B is worse than treatment A by less than a
prespeciﬁed difference. H1 implies which of
the following?
A. A one-sided a level
B. A two-sided a level
C. A one-sided b level
D. A two-sided b level
4. Which parameters are needed to calculate the sample
size for a trial with two independent groups and a
binary outcome measure?
A. a, b, expected difference, and standard deviation
B. Type 1 error level, type II error level, one- or two-sided
a level, expected difference, and the control group
success rate
C. a, b, and expected difference
D. a, power, and expected difference
5. In which situation is a power calculation appropriate?
A. After a trial for secondary outcome measures
B. Before analyzing available data to calculate the
detectable effect size
C. Before analyzing available data to calculate the power
of detecting a speciﬁed effect
D. Situations B and C
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RTMS Article 72, September 2018 Research Techniques
Made Simple: Genome-Wide Homozygosity/
Autozygosity Mapping Is a Powerful Tool for Identifying
Candidate Genes in Autosomal Recessive Genetic
Diseases
QUESTIONS

1. Whole genome homozygosity mapping is applicable for
which of the following?
A. Autosomal dominant Mendelian disorders
B. Autosomal recessive Mendelian disorders
C. X-linked Mendelian disorders
D. Genetic disorders with mitochondrial inheritance
2. Which of the following is NOT a high-throughput
(genome-wide) method for homozygosity mapping?
A. Whole-genome sequencing
B. Whole-exome sequencing
C. Short tandem repeat (STR) genotyping
D. Single nucleotide polymorphism (SNP) array with
240,000 markers
3. Homozygosity mapping can map genes for which type of
mutations?
A. Autosomal recessive compound heterozygous
mutations
B. Autosomal recessive homozygous mutations
C. X-linked recessive mutations
D. Dominant negative mutations

5. Which of the software packages is able to ﬁnd regions of
homozygosity (ROHs) from .vcf and .ped/.map ﬁle
formats?
A. PLINK
B. BWA
C. GATK
D. Picard

ANSWERS

1. B.
2. C.
3. B.
4. B.
5. A.

4. Which of the following methods can map a causal gene
and detect its underlying mutation?
A. Genome-wide single nucleotide polymorphism (SNP)
array with Illumina platform
B. Whole-exome sequencing (WES)
C. Short tandem repeat (STR) genotyping
D. Genome-wide single nucleotide polymorphism (SNP)
array with Affymetrix platform
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