www.jidonline.org

Research Techniques Made Simple
Articles 13–24
(2013–2014)

See related articles on pages xxx, xxx and xxx
The official journal of The Society for Investigative Dermatology and European Society for Dermatological Research

Volume 134 RTMS 13–24 September 2014
Editor

Barbara A. Gilchrest, Boston, MA

Advisory Board

Paul R. Bergstresser, Dallas, TX
Lowell A. Goldsmith, Chapel Hill, NC
Erwin Tschachler, Vienna, Austria

Meet the Investigator Editor

Deputy Editors

Meeting Reports Editor

Pooja Chitgopeker, Iowa City, IA

Angela M. Christiano, New York, NY
Thomas Werfel, Hannover, Germany

Gerald S. Lazarus, Baltimore, MD

Section Editors

Hensin Tsao, Boston, MA

Masayuki Amagai, Tokyo, Japan
Lisa Beck, Rochester, NY
Vladimir Botchkarev, Bradford, UK
Paul E. Bowden, Cardiff, UK
Richard Clark, Stony Brook, NY
Meenhard Herlyn, Philadelphia, PA
Sam Hwang, Milwaukee, WI
Ethan A. Lerner, Boston, MA
John McGrath, London, UK
W. H. Irwin McLean, Dundee, UK
Tamar Nijsten, Rotterdam, The Netherlands
Thomas Schwarz, Kiel, Germany
John R. Stanley, Philadelphia, PA
Robert Swerlick, Atlanta, GA
Jouni Uitto, Philadelphia, PA
Hywel Williams, Nottingham, UK
Stuart Yuspa, Bethesda, MD

Statistical Editor

Beverley Adams-Huet, Dallas, TX

JID Connector Editor

Kavitha Reddy, Boston, MA

JID Jottings Editor

Lowell A. Goldsmith, Chapel Hill, NC

Cells to Surgery Quiz Editor
Keyvan Nouri, Miami, FL

Associate Editors

Andrew E. Alpin, Philadelphia, PA
Martine Bagot, Paris, France
Boris Bastian, San Francisco, CA
Jürgen Becker, Graz, Austria
Carola Berking, Munich, Germany
Mark Berneburg, Tübingen, Germany
Tilo Biedermann, Tübingen, Germany
Wendy B. Bollag, Augusta, GA
Luca Borradori, Berne, Switzerland
Jan Nico Bouwes Bavinck, Leiden,
The Netherlands
Joke Bouwstra, Leiden, The Netherlands
Leena Bruckner-Tuderman, Freiburg, Germany
Julide Celebi, New York, NY
Cheng-Ming Chuong, Los Angeles, CA
Rachael A. Clark, Boston, MA
Thomas N. Darling, Bethesda, MD
Jeffrey M. Davidson, Nashville, TN
Esther de Vries, Rotterdam, The Netherlands
Mitchell F. Denning, Chicago, IL
Richard L. Eckert, Baltimore, MD
Tatiana Efimova, St. Louis, MO
James T. Elder, Ann Arbor, MI
Alexander H. Enk, Heidelberg, Germany
Kenneth Feingold, San Francisco, CA
David E. Fisher, Boston, MA
Gary J. Fisher, Ann Arbor, MI
Carsten Flohr, London, UK

Milestones Editor
Podcast Editor

Robert Dellavalle, Denver, CO

Research Techniques Made Simple Editor
Arlene Ruiz de Luzuriaga, Chicago, IL

VisualDx Quiz Editor

Robert S. Kirsner, Miami, FL

Medical Writer

Heather Yarnall Schultz, Huntington, WV

Managing Editor

Elizabeth Nelson Blalock, Chapel Hill, NC

Editorial Assistant

Sarah Szatkowski, Chapel Hill, NC

Editors Emeriti

Marion B. Sulzberger, 1938–1949
Naomi M. Kanof, 1949–1967
Richard B. Stoughton, 1967–1972
Irwin M. Freedberg, 1972–1977
Ruth K. Freinkel, 1977–1982
Howard P. Baden, 1982–1987
David A. Norris, 1987–1992
Edward J. O’Keefe, 1992–1997
Conrad Hauser, 1997–2002
Lowell A. Goldsmith, 2002–2007
Paul R. Bergstresser, 2007–2012

Richard Gallo, San Diego, CA
Luis A. Garza, Baltimore, MD
Spiro Getsios, Chicago, IL
Michel F. Gilliet, Lausanne, Switzerland
Michael Girardi, New Haven, CT
Matthias Goebeler, Würzburg, Germany
Kathleen J. Green, Chicago, IL
Alain Hovnanian, Paris, France
Alan D. Irvine, Dublin, Ireland
Rivkah Isseroff, Davis, CA
Kenji Kabashima, Kyoto, Japan
Veli-Matti Kähäri, Turku, Finland
Sarolta K. Karpati, Budapest, Hungary
Reinhard Kirnbauer, Vienna, Austria
Andrew P. Kowalczyk, Atlanta, GA
Thomas Krieg, Cologne, Germany
Molly Kulesz-Martin, Portland, OR
Jo L.W. Lambert, Ghent, Belgium
Martin Leverkus, Mannheim, Germany
David Margolis, Philadelphia, PA
Alain Mauviel, Paris, France
Paul Nghiem, Seattle, WA
Amy S. Paller, Chicago, IL
Andrey A. Panteleyev, Moscow, Russia
Kyoung Chan Park, Seoul, South Korea
Vincent Piguet, Cardiff, UK
Carlo Pincelli, Modena, Italy
Dennis Roop, Denver, CO
Sarbjit S. Saini, Baltimore, MD

Fernanda Sakamoto, Boston, MA
Yardena Samuels, Bethesda, MD
Martin Schmelz, Heidelberg, Germany
Jochen Schmitt, Dresden, Germany
Glynis Scott, Rochester, NY
Julia A. Segre, Bethesda, MD
Vijayasaradhi Setaluri, Madison, WI
John Seykora, Philadelphia, PA
Jan C. Simon, Leipzig, Germany
Eli Sprecher, Tel Aviv, Israel
Richard Spritz, Denver, CO
Phyllis I. Spuls, Amsterdam, The Netherlands
Robert S. Stern, Boston, MA
John P. Sundberg, Bar Harbor, ME
Jean Y. Tang, San Francisco, CA
Marjana Tomic-Canic, Miami, FL
Sergey M. Troyanovsky, Chicago, IL
Mark C. Udey, Bethesda, MD
Baoxi Wang, Beijing, China
Xiao-Jing Wang, Denver, CO
Nicole L. Ward, Cleveland, OH
Wendy Weinberg, Bethesda, MD
Chao Xing, Dumas, TX
Giovanna Zambruno, Rome, Italy
Xuejun Zhang, Heifei, China
Xue Zhang, Beijing, China
Detlef Zillikens, Lübeck, Germany

www.jidonline.org
The Journal of Investigative Dermatology (JID) is published by Nature
Publishing Group, a division of Macmillan Publishers Ltd on behalf of the
Society for Investigative Dermatology.

SCOPE

The Journal of Investigative Dermatology is published monthly in
print and online. The journal provides an international forum for the
publication of high-quality, original articles. JID features information on
all aspects of cutaneous biology and skin disease.
This journal is covered by Adonis, BIOSIS, CAB Abstracts, Chemical Abstracts
Databases, Current Contents/Clinical Medicine, Current Contents/Life Sciences,
Derwent Journals Abstracted, EBSCO, Embase/Excerpta Medica, Global Health,
Index Medicus/MEDLINE, International Pharmaceutical Abstracts, PASCAL,
Reference Update, Science Citation Index, SciSearch/SCI Expanded, Sociedad
Iberoamericana de Información Científica (SIIC) Database.

EDITORIAL

All correspondence should be addressed to: Elizabeth Blalock, Managing
Editor for The Journal of Investigative Dermatology, P.O. Box 429,
Chapel Hill, NC 27514. Tel: +1 919 932 0140. Fax: +1 216 619 9980.
E-mail: JIDoffice@sidnet.org. All manuscripts should be submitted online at:
http://jid.manuscriptcentral.com.

PUBLISHER

All business correspondence and inquiries should be addressed to:
The Journal of Investigative Dermatology, Nature Publishing Group,
75 Varick Street, 9th Floor, New York, NY 10013-1917.
Tel: +1 212 726 9214. Fax: +1 646 563 7013.
Publishing Manager: Steven Ottogalli
Senior Production Editor: Anthony Dunlap

SOCIETY

For information, contact the Society for Investigative Dermatology at: sid@
sidnet.org or the European Society for Dermatological Research at office@
esdr.org. Detailed instructions to authors are available at the journal
website (www.jidonline.org).

2014 SUBSCRIPTIONS
INSTITUTIONAL SUBSCRIPTIONS
New institutional policy: NPG has moved to a site license policy for
institutional online access, using prices based on Full-Time Equivalents
(FTE) or Research and Development (R&D) staff. Institutions may also
purchase a separate print subscription.
Subscribing to a site license: Contact your local sales representative for a
tailored price quote for your institution. You will be required to complete
a NPG site license agreement. More information, contact details and FTE/
R&D definitions are available at http://npg.nature.com/libraries.
Institutional print subscriptions: Orders can be placed with your regular
subscription agent or through NPG—either online or by contacting our customer
service department. Prices are as follows: The Americas $1,242.00, Europe
€1,530.00, UK/Rest of World £988.00, Japan, ¥262,900.
PERSONAL SUBSCRIPTIONS
Personal customers who pay by personal check or credit card receive
a combined print plus online subscription. Prices are as follows:
The Americas $853.00, Europe €1,080.00, UK/Rest of World £697.00,
Japan ¥184,600.

CONTACT INFORMATION
SITE LICENSES
The Americas: Tel: +1 800 221 2123. Fax: +1 212 689 9711.
E-mail: institutions@us.nature.com
Asia Pacific (excluding South Asia, Australia and New Zealand):
Tel: +81 3 3267 8769. Fax: +81 3 3267 8746.
E-mail: institutions@natureasia.com
Australia and New Zealand: Tel: +61 3 9825 1160. Fax: +61 3 9825 1010.
E-mail: nature@macmillan.com.au
India: Tel: +91 124 288 1054. Fax: +91 124 288 1052.
The rest of the world: Tel: +44 (0) 20 7843 4759. Fax: +44 (0) 20 7843 4998.
E-mail: institutions@nature.com

Journal of Investigative Dermatology (2014), Volume 134

PRINT SUBSCRIPTIONS (including single-issue purchases)
All customers (excluding Japan, Korea and China): Nature Publishing
Group, Houndmills, Basingstoke, Hampshire, RG21 6XS, UK.
Tel: +44 (0) 1256 302827. Fax: +44 (0) 1256 812358.
E-mail: subscriptions@nature.com
Japan, Korea and China: NPG Nature Asia-Pacific, Chiyoda Building, 2-37,
Ichigayatamachi, Shinjuku-ku, Tokyo 162-0843, Japan.Tel: +81 3 3267 8751.
Fax: +81 3 3267 8746. E-mail: subscriptions@natureasia.com
Prices are applicable in the following regions: US dollars ($) for North,
Central, South America and Canada; Euros (€) for all European countries
(excluding the UK); Yen (¥) for Japan; Sterling (£) for UK and rest of world.
Please ensure you use the appropriate currency. All prices, specifications
and details are subject to change without prior notification. Single issues
of The Journal of Investigative Dermatology are available.
Advertising: Inquiries concerning print and web advertisements should
be addressed to: USA/ROW—Kevin Howland, Advertising Sales Executive,
Tel: +1 212 451 8720. E-mail: k.howland@us.nature.com. Europe—
Andrew May, Advertising Sales Executive. Tel: +44 (0) 207 843 4785.
E-mail: a.may@nature.com.
Supplements: Inquiries concerning supplements should be addressed
to: Jason Kelly, Commercial Projects Executive. Tel: +1 212 726 9386.
E-mail: j.kelly@us.nature.com.
Reprints and permissions: For reprints or production rights, please go to
http://www.nature.com/reprints
Copyright © 2014 Society for Investigative Dermatology, Inc.
ISSN 0022-202X
EISSN 1523-1747
All rights of reproduction are reserved in respect of all papers, articles,
illustrations, etc., published in this journal in all countries of the world.
All material published in this journal is protected by copyright, which
covers exclusive rights to reproduce and distribute the material. No
material published in this journal may be reproduced or stored on
microfilm or in electronic, optical or magnetic form without the written
authorization of the publisher.
Authorization to photocopy material for internal or personal use, or
internal or personal use of specific clients, is granted by Nature Publishing
Group to libraries and others registered with the Copyright Clearance
Center (CCC) Transactional Reporting Service, provided the relevant
copyright fee is paid direct to CCC, 222 Rosewood Drive, Danvers,
MA 01923, US. Identification code for The Journal of Investigative
Dermatology: 0022-202X/07.
Apart from any fair dealing for the purposes of research or private study, or
criticism or review, as permitted under the Copyright, Designs and Patent
Act 1988, this publication may be reproduced, stored or transmitted, in
any form or by any means, only with the prior permission in writing of
the publisher, or in the case of reprographic reproduction, in accordance
with the terms of licenses issued by the Copyright Licensing Agency.
Printed on acid-free paper, effective with Volume 126, Issue 1, 2006
Printed and bound in the US by Sheridan Press, Hanover, PA, US.
The Journal of Investigative Dermatology (ISSN: 0022-202X) is published
monthly by Nature Publishing Group, 75 Varick Street, 9th Floor,
New York, NY 10013-1917. Periodicals postage paid at New York, NY,
and at additional mailing post offices.
POSTMASTER: send address changes to The Journal of Investigative
Dermatology, Subscription Department, Nature Publishing Group,
75 Varick Street, 9th Floor, New York, NY 10013-1917.

While every effort is made by the publishers to see that no inaccurate or misleading data, opinion or statement appears in this journal, they and the Society for
Investigative Dermatology wish to make it clear that the data and opinions appearing in the articles and advertisements herein are the responsibility of the contributor or advertiser concerned. Accordingly, the Society for Investigative Dermatology,
the publishers and the editors and their respective employees, officers and agents
accept no liability whatsoever for the consequences of any such inaccurate or misleading data, opinion or statement.

© 2014 The Society for Investigative Dermatology

Research Techniques Made Simple Articles 13–24 (2013–2014)

EDITORIALS
1

Year Two: The Effort Expands!
BA Gilchrest

2

Lifelong Learning through Research Techniques Made Simple (RTMS)
AR de Luzuriaga

ARTICLES
3

e13. “Validation” of Outcome Measures in Dermatology
K Viola, T Nijsten and K Krishnamurthy

7

e14. Organotypic Skin Culture
JW Oh, T-C Hsi, CF Guerrero-Juarez, R Ramos, and MV Plikus

11

e15. Small Interfering RNA
VE Nambudiri and HR Widlund

15

e16. Transgenic Mouse Technology in Skin Biology: Generation of Complete
or Tissue-Specific Knockout Mice
L Scharfenberger, T Hennerici, G Király, S Kitzmüller, M Vernooij and JG Zielinski

20

e17. Antibody Phage Display: Technique and Applications
CM Hammers and JR Stanley

25

e18. A Critical Evaluation of Clinical Research Study Designs
J Besen and SD Gan

29

e19. T-Cell Receptor Gene Rearrangement Detection in Suspected Cases of Cutaneous
T-Cell Lymphoma
P Chitgopeker and D Sahni

34

e20. Multivariable Analysis
M Wakkee, LM Hollestein and T Nijsten

39

e21. Zebrafish as a Model System to Study Skin Biology and Pathology
Q Li and J Uitto

45

e22. Transgenic Mouse Technology in Skin Biology: Inducible Gene Knockout in Mice
C Günschmann, E Chiticariu, B Garg, MM Hiz, Y Mostmans, M Wehner and L Scharfenberger

49

e23. Use of Induced Pluripotent Stem Cells in Dermatological Research
J Dinella, MI Koster and PJ Koch

54

e24. Tissue Microarray
K Barrette, JJ van den Oord and M Garmyn

COVER IMAGE

In July 2013, the European Academy of Dermatology and Venereology and
the European Society for Dermatologic Research held their fourth Summer
Research Workshop on the topic of cutaneous mouse models. For one week,
25 dermatology residents, PhD students and post-doctoral fellows involved in
dermatologic research, drawn from across Europe and the United Kingdom,
participated in didactic lectures by leaders in the field, hands-on laboratory
exercises, and, critically, in small group sessions with content experts to prepare
Research Techniques Made Simple (RTMS) articles for the JID Connector. This
most welcome volunteer effort resulted in four RTMS articles, included in this
volume or still in press. This effort underlines the joint endorsement of the
Connector’s educational features by dermatologic investigators and trainees on
both sides of the Atlantic.

EDITORIAL

Year Two: The Effort Expands!

T

his volume contains the Research
Techniques Made Simple (RTMS) articles published online each month from
October 2013 through September 2014: year
2 of this educational resource for dermatology
trainees and clinician–educators. As in the first
year of the program, these RTMS articles are also
archived on the JID Connector homepage (http://

www.nature.com/jid/jid-connector/index.
html), where specific articles are searchable by
topic, date, and authors. In addition, each article
is accompanied by self-assessment questions.
The contents of this monograph will also appear
online as a single file, so that it may be easily
shared with colleagues; an accompanying supplementary file contains the PowerPoint presentations summarizing each article, appropriate for
use in didactic sessions or for self-study.
Each RTMS article discusses an assay or
research technique that is widely used in
laboratory-based and/or clinical research and
is therefore assumed to be so familiar to readers
of biomedical literature that it is not explained
in most research articles. Particularly to readers
with a clinical background, however, these techniques may be neither familiar nor self-explanatory. Such a reader’s temptation is to be satisfied
with only a vague understanding of the information discussed, always a less-than-desirable
situation. Mastering the monthly RTMS articles
should enormously enhance reading comprehension—immediately and permanently.
The first 12 RTMS articles were coauthored
almost exclusively by American trainees, subject-matter experts, and clinician–educators. In
this volume, you will note many articles with
authorship teams from Europe as well, thanks
to the enthusiastic participation of members
of the European Society for Dermatological

Research. Going forward, we hope and expect
that this pattern will continue.
The RTMS series is made possible by a generous unrestricted educational grant from Lilly
USA, LLC. The goals have not changed: (i) to
help trainees and clinician–educators better
understand the featured technique and hence
studies that may employ it and (ii) to increase
the relevance and utility of the JID for the
broad dermatology community. In the long
term, we envision the RTMS articles as one
means of instilling and maintaining scientific
literacy among dermatologists, enabling them
to fully appreciate rapidly occurring advances
in the field.
In a recent poll of American residency directors and trainees, only a small portion of them
appeared familiar with the RTMS series by late
2013. Those who were familiar with the series,
however, said they found it quite helpful.
In the current and coming years, substantial efforts will therefore be made to bring the
articles to the attention of its target audience.
The JID Connector team welcomes your participation in this effort. For more information
about how to introduce the RTMS articles and
other Connector features into your own program’s didactic sessions, please contact us at
JIDConnector@sidnet.org.
If you do not understand the terminology of
medical science, you cannot fully appreciate
the exciting advances in preventing and treating diseases of the skin. Don’t be left behind!
One hour per month is guaranteed to cumulatively enhance your scientific literacy and
understanding of the medical literature.
Barbara A. Gilchrest
Editor

Journal of Investigative Dermatology (2014) 134, 1.
doi:10.1038/jid.2014.321
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EDITORIAL

Lifelong Learning through Research
Techniques Made Simple

I

have been fortunate to have wonderful mentors in education, medicine, and life, leading
to my present role as associate director of the
residency program at the University of Chicago
Section of Dermatology. Many of the lessons
that I have learned have in common the value
of lifelong learning. When I was asked last year
to participate in the Research Techniques Made
Simple (RTMS) project, it immediately piqued
my interest. After all, what better way to continue
the process of learning? I will not deny that I was
somewhat nervous—my last extended foray into
the world of basic science was as a chemistry laboratory research assistant in college. However,
when it was framed that as RTMS Editor I should
review the submitted papers through the eyes of
a clinician–practitioner and educator, I found the
articles very understandable. My objective was
to identify the few instances in which the concepts needed to be explained more clearly and
to assist the authors in achieving this goal. I realized that this was an opportunity for residents
and practicing physicians seeing patients on a
daily basis—learners like me—to revisit basic
science painlessly and to increase their understanding of research methodologies encountered
in everyday practice.
This compilation of RTMS articles has something relevant to almost every aspect of the scientific literature, ranging from organotypic skin
culture and stem cells to the use of mice and
zebrafish as skin biology models. The articles
also explain clinical research study designs,
multi
variate analysis, and outcome-measure
validation. One of my favorite articles clearly explains a test that we all have ordered in
the recent past and will continue to utilize:
TCR gene rearrange
ment in the diagnosis of
cutaneous T-cell lymphoma.

As someone charged with basic science education for trainees in our residency program, this
topic is always on my mind. The rapid pace of
technology advances makes it difficult to stay
abreast of what is being used in the clinic, let
alone in the laboratory. The RTMS program gives
educators and trainees a novel tool for mastering this realm. Each article introduces a concept
and explains it in a way that permits the reader to use this knowledge to critically read and
understand the research literature. The article
summarizes the benefits and limitations of the
subject technique and links it to salient Journal
of Investigative Dermatology publications to
illustrate its use. This facilitates the understanding of disease pathogenesis and treatment mechanisms. Additionally, residents gain preparation
for board exams and a solid foundation to begin
to explain to patients how a disease affects their
bodies and how the chosen management plan
mitigates their condition. The PowerPoint presentations that accompany the articles facilitate learning in a small group or lecture setting.
Coming from a teaching program that routinely
poses questions before and after a didactic session, I value the accompanying RTMS article
questions to solidify concepts.
Understanding clinical assays and research
methodologies allows us—as trainees and practicing physicians—to have a deeper appreciation
of what we do on a daily basis and to conceptualize processes as we read research papers that
will ultimately affect our care of patients. It is our
hope that the RTMS series will continue to fuel
passion for science and research and to inspire
our readers to be lifelong learners and teachers.
Arlene Ruiz de Luzuriaga
Research Techniques Made Simple Editor

Journal of Investigative Dermatology (2014) 134, 2.
doi:10.1038/jid.2014.322
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“Validation” of Outcome Measures in Dermatology
Kate Viola1,Tamar Nijsten2 and Karthik Krishnamurthy1
Journal of Investigative Dermatology (2013) 133, e13. doi:10.1038/jid.2013.332

Outcome measures are powerful tools in a clinician’s armamentarium. These instruments capture clinical information
and may supplement clinical judgment in order to optimize
management approach, medical treatment, and referrals to
other appropriate health-care providers. They may shed light
on psychosocial issues while providing insight into gaps in
understanding not previously considered by the clinician or
the patient. These tools highlight variability between diseases
when using the same scoring system and may influence clinical guideline recommendations. Additionally, these instruments may influence policy directed toward allocation of
limited resources, playing a significant role in future strategies aimed at cost-effectiveness.
BACKGROUND

Scores, scales, profiles, and indexes are all examples of
outcome measures. Outcome measures typically attempt
to quantify either (i) clinical disease severity or (ii) patientreported outcomes. Clinical disease severity–assessment
tools gauge the global extent of disease, such as percentage
of body surface area affected, physician global assessment,
or the characteristics of isolated skin lesions. More diseasespecific tools are the Psoriasis Area and Severity Index and
the Scoring Atopic Dermatitis tool. Another group of tools
focuses on patient-reported outcomes such as healthrelated quality of life (HRQoL), assessing the impact of a
disease on patients’ lives or evaluating treatment preference/satisfaction. These instruments may be generic, allowing comparison across diseases (e.g., SF-36), dermatology
specific (e.g., Dermatology Quality of Life index or
Skindex), disease specific, or concept specific (e.g., stigmatization or anxiety). Figure 1 demonstrates the relationships
among clinical disease severity measures, HRQoL tools,
and therapeutic intervention data.
HOW ARE OUTCOME MEASURES VALIDATED?

Analytical treatment of an instrument has acquired the name
“validation,” and it is the widely accepted method for evaluating the integrity of an instrument. The term “validation” is
technically inappropriate because “validity” is only one of
the axes or properties weighed. The evaluation of an instrument involves testing many properties, including validity,
structure, reliability, and responsiveness.

ADVANTAGES OF OUTCOME MEASURES
• Outcome measures quantify clinical disease
severity and patient-reported outcomes.
• They are judged on the basis of their behavior
when tested for certain properties, including
structure, validity, reliability, and responsiveness.

LIMITATIONS
• No gold standard currently exists for comparing tools.

The outcome measure must first be developed (usually a
questionnaire) and administered. Next, the tool undergoes
property testing (statistical analysis) to determine the integrity of
the tool based on the answers that are generated from initial test
administration (Weller et al., 2012). Once this is accomplished
with desirable results, the instrument can be used as a qualitative measure for use in a study and/or as a clinical decision–
making tool.
DEVELOPMENT

Item generation
Items are questions or statements pertaining to the topic or
disease condition for use within the instrument. Items may be
generated in a variety of manners. “Exploratory interviews” by
psychologists with a heterogeneous cohort of patients affected
by the condition may be utilized to elicit significant and relevant
issues of interest. Additional strategies involve systematic literature reviews of similar studies and consultation with colleagues
and experts in the disease-specific field. This process generates
a pool of issues that must be phrased and checked with the
patients to determine whether the constructed items are interpretable and unambiguous. Items are formatted in question or
statement form, followed by answer choices. Commonly chosen
is the Likert 5-point scale, with answer choices such as “never”
/“rarely”/“sometimes”/“often”/“always” or “strongly disagree”/
“disagree”/“neutral”/“agree”/“strongly agree.” It is also optional
to limit these answers by instructing the patient to answer only
the questions based on a specified time frame, such as the previous week, month, or year (Weller et al., 2012).

Albert Einstein College of Medicine, Division of Dermatology, Department of Medicine, Bronx, New York, USA and 2 Department of Dermatology,
Erasmus Medical Center, Rotterdam, The Netherlands
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Item reduction

During this stage, the large set of items is administered to
a large number of target patients to determine which items
carry the largest impact factor. One method involves determining the “frequency” of each item by asking patients
whether they have experienced the problem described in the
item over the specified time frame. The percentage of “yes”
answers becomes the frequency. The patients are also asked
to determine the “importance” on a 5-point scale. The product of the frequency and importance is defined as the impact
factor. The higher the impact factor, the more relevant the
item. Items with low impact factors can be reduced or eliminated from the instrument (Weller et al., 2012).
PROPERTY TESTING (VALIDATION)

Because no gold standard exists against which to compare
a tool, tools are judged on the basis of their behavior when
tested for certain properties, such as structure, validity,
reliability, and responsiveness. For example, for assessing
HRQoL, the SF-36 and Skindex behave “well” when
property-tested (Both et al., 2007).
Structure

Many tools recognize that specific items affect specific
aspects (or constructs) of a patient’s life, namely, constructs
within the physical domain versus the psychosocial domain;
this can be further differentiated in subjective and objective
impact (Muldoon et al., 1998). The structure of a questionnaire is important because it assesses whether the questions
all address the same underlying construct (i.e., impact).
Ultimately, for item/question scores to be grouped together
and summed, the items should be unidimensional (i.e., measure the same underlying construct). In classic test theory,
exploratory factor analysis is used as an objective method
and assumes no a priori hypotheses regarding the construct
on which an item should be loaded. It allows statistical
analysis to group and associate items, with domains based
on underlying patterns and relationships, without bias (Norris
and Lecavalier, 2009; Fabrigar et al., 1999; Finch and West,

Severity

HRQoL impact
Preferences

Disease

Patient

Disease type
Localization

Comorbidities

Therapy

Effectiveness
Tolerability/safety
Costs

Figure 1. Clinical outcomes. Health-related quality-of-life (HRQoL) tools,
the relationship among clinical disease severity–assessment measures, and
therapeutic intervention data. Illustration by Tamar Nijsten.

4

Journal of Investigative Dermatology (2013), Volume 133

1997). Ideally, items load uniquely on one factor (dimension). If an item loads on multiple factors or on none of the
extracted factors (so called “item complexity”), the item is
best discarded because its significance cannot be directly
attributed to only one dimension, making interpretation of
its score ambiguous. The dimensionality of an instrument can
also be tested using models based on the item response theory, of which the Rasch analysis is the most commonly used
model in dermatology (Wright, 1996).
For instance, the Skindex includes constructs such as physical limitations and discomfort within the physical domain.
Dimensions within the psychosocial domain include cognitive,
social, and emotional disruptions, with the emotional dimension being further characterized by the constructs of depression,
fear, embarrassment, and anger (Figure 2) (Chren et al., 1996).
Items must be loaded onto a specific domain for instrument results to be appropriately interpreted. For example, the
Skindex item “My skin hurts” is loaded onto the “discomfort”
category, a component of the physical domain. Conversely,
“I think about my skin condition” is loaded on the “cognitive” category, a psychosocial domain. Items may be loaded
onto a construct in a variety of ways, ranging from objective
to subjective.
Validity

The validity of an instrument is the extent to which it measures
what it is intended to measure. Rather than a single gold standard, there are several methods with which to assess validity.
Content validity refers to the adequacy of the instrument
to address all relevant items within a construct; this can be
evaluated by the instrument respondents (e.g., patient). When
assessed by experts, this is termed “face validity.”
Convergent validity is achieved when a tool correlates well
with tools that are supposed to measure the same underlying
construct (e.g., a new tool assessing HRQoL in atopic eczema
patients showed results similar to those obtained using an
existing HRQoL tool). The statistical test used is the correlation
coefficient.
Construct validity is tested by hypothesizing that different
groups of patients show differences in scores as expected. For
example, patients with severe disease should exhibit higher
levels of HRQoL impairment than those for patients with mild
disease. If this is confirmed by the outcome-measure tool, it will
suggest optimal construct validity (Prinsen et al., 2013).
Reliability

Test–retest reliability evaluates the consistency of the score when
the instrument is administered to the same person at different
times, with the interval being short enough that the disease condition is unlikely to have changed. Intraclass correlation coefficients are used to determine this aspect of reliability, with 1.0
showing perfect correlation. Generally, scores greater than 0.7
are considered acceptable (Spuls et al., 2010).
Internal consistency can be tested after one application of an instrument and examines the degree to which the
set of items measures the same construct; this is measured
by Cronbach’s α test. For example, an α < 0.7 suggests that
the item is not highly correlated with the other items in the
© 2013 The Society for Investigative Dermatology
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incorporate responses from leaders in many health-care fields
of expertise (Mokkink et al., 2010). Thus, health-care providers
may use this checklist to select appropriate measurement tools
for patient feedback and optimal health-care outcomes.

Effect of
skin disease

Physical

Psychosocial

Cognitive

Depression

Social

Fear

Discomfort Limitations

Emotional

Embarrassment

Anger

Figure 2. Conceptual framework representing the effects of skin disease on
quality of life. This hypothesis was based on literature review and directed
interviews with patients with skin disease and clinicians who care for them.
The boxes with double borders indicate constructs addressed by the eight
scales of the Skindex. Adapted from Chren et al. (1996).

WHY IS THIS IMPORTANT IN DERMATOLOGY?

With more than 50 proposed outcome measures for patients
with psoriasis, how can dermatologists determine which measurement tool is appropriate for their patients (Spuls et al., 2010)?
The health-care provider must understand how to administer, as
well as interpret the results of, an outcome measure for effective
utilization while recognizing the limitations of each tool. Factors
including study setting, disease manifestation, and patient type
must also be considered when choosing an optimal outcome
measure. Provider exposure and training are critical to a better

QUESTIONS
This article has been approved for 1 hour of Category 1 CME Credit. To take the quiz,
with or without CME credit, follow the link under the "CME CREDIT" header.

scale, suggesting it measures a different aspect of the disease.
Conversely, an α > 0.9 suggests item redundancy, and the construct is being overemphasized and overrepresented within the
instrument (Prinsen et al., 2013).
Responsiveness refers to the instrument’s capability to
change when the patient experiences a change in disease state.
Responsiveness addresses whether a tool is sensitive enough
to detect changes in patients. For example, the score should
be lower after a successful therapeutic intervention than it was
prior to treatment. The important question is whether the change
in impairment reflects a statistically significant change while
actually affecting the patient. To assess this, the minimal clinical
important difference can be estimated (Revicki et al., 2008).
Response distribution assesses whether the entire range of the
item scores is being utilized. If more than 70% of patients score
an item “0” (or any other score), then this item may not discriminate between patients and may be removed from the scale.
Overall, the distribution of scores can also be measurement
indicators. For example, the Psoriasis Area and Severity Index
instrument curve is skewed right, underrepresenting patients
who suffer from mild disease because the instrument is not as
sensitive to detection of disease in this range (Spuls et al., 2010).
Finally, other axes of instrument evaluation lie in identifying
biases based on culture and language, as well as practical issues
ranging from respondent burden (is the tool too long?) to administrative burdens, e.g., means of administration (verbal, over the
phone, via computer) and data collection (Spuls et al., 2010).
There are currently no guidelines for development or
appropriate testing of intended health measurement within
an outcome measure. The Consensus-based Standards for the
Selection of Health Measurement Instruments study represents
initial research in the development of a provider checklist to
address this need in assessing different health-related, patientreported outcomes using the Delphi procedure. This process
includes sequential questionnaires, or “rounds,” with controlled
feedback to gain consensus by a group of experts. It is favorable where there is a lack of empirical evidence, yet it is able to
© 2013 The Society for Investigative Dermatology

1. Which of the following is NOT an example of an
outcome measure?
A.

Score.

B.

Scale.

C.

Profile.

D. Index.
E. Table.
2. Which of the following is NOT a property used to
test the behavior of an outcome measurement tool?
A. Validity.
B. Structure.
C.

Responsiveness.

D.

Reliability.

E.

Sensibility.

3. Which of the following statements regarding
outcome measures is false?
A. The PASI remains the gold standard by which all
other psoriasis tools are judged.
B. The COSMIN checklist is an attempt to standardize
development and reporting of outcome measures.
C. Outcome measures are used to quantify clinical
disease severity and patient-reported outcomes.
D. Items that load onto multiple constructs are best
eliminated from the instrument.
E. In the Skindex, the emotional dimension is further
subdivided into the constructs of depression, fear,
embarrassment, and anger.
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understanding of outcome measures and their role in determining the extent of disease burden in order to assist dermatologists
in providing optimal patient care.
The authors state no conflict of interest.
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Organotypic Skin Culture
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An organotypic culture system (OCS) allows for the in vitro
growth of complex biological tissues in a way that replicates
part of their normal physiology and function. Because epidermis and other skin components, such as hair follicles, can be
readily maintained in vitro, OCSs have gained broad popularity in dermatological research. Compared with traditional “ona-plastic” cultures, where individual dissociated cells quickly
lose all but a few of their original in vivo properties, cells in
OCSs can engage in elaborate behaviors, such as the growth of
new hairs, which requires complex coordination of cell division, differentiation, and migration. OCSs enable human skin
to be studied with approaches, such as genetic manipulations,
that are otherwise unsafe and unethical in human subjects.
As such, skin OCSs are powerful as an experimental platform
in preclinical dermatological research, helping to validate
mechanisms of diseases and test the therapeutic potential of
candidate drugs. This article provides an overview of organotypic skin culture techniques with special emphasis on stratified epidermis and hair follicle in vitro systems.
ORGANOTYPIC CULTURES IN EPIDERMAL RESEARCH

The key advantage of OCSs over the traditional "on-a-plastic"
systems is their ability to reproduce the three-dimensional
stratified space within which skin cells normally live and
function in vivo. In its very basic form, the skin consists of a
collagen-rich stroma dominated by fibroblasts and topped
with stratified epidermis. Epidermal disorders are among the
most prevalent, often life-threatening, and mechanistically
complex pathologies of human skin. Understandably, there is
a great deal of interest in an in vitro culture system that can
support the formation of nearly normal stratified epidermis
(Stark et al., 1999) and mimic epidermal pathologies, such as
psoriasis (Figure 1) (Barker et al., 2004) or epidermal cancer
metastasis (Ridky et al., 2010).
Traditionally, epidermal OCSs are started by adding fibroblast support cells to vacant scaffolds, ranging from a simple collagen gel made fresh in the laboratory, to an array of
commercially available premade matrices, to the actual skin
dermis previously stripped off its original cells. Fibroblasts
are allowed time to populate the scaffold, at which point
epidermal keratinocytes are seeded on top of it. Stratified differentiation of keratinocytes is then induced by elevating the
scaffold above the liquid–air interface (Figure 2). The relative

WHAT ORGANOTYPIC CULTURE DOES
• Allows for the study of complex in vivo–like
behavior of skin cells under in vitro settings.
• Allows for the study of human skin using research
techniques that are otherwise unsafe and unethical
in human subjects.
• Can be used to simulate human skin diseases and
study their mechanisms.
• Can be used for screening the therapeutic potential
of new drug compounds on human tissues.

LIMITATIONS
• It recapitulates only part of normal skin
organization and function.
• Complex, systemic responses, such as wound
healing, cannot be reliably studied.
• The size of cultured tissues is constrained by
inefficient diffusion of nutrients from the culture
medium.
• Studying disease states in vitro requires tissues
from disease-affected donors.

simplicity and ease with which epidermal OCSs can be established under standard laboratory settings makes them an obvious system of choice in research projects tasked with studying
signaling mechanisms and screening therapeutic candidates
for human epidermal disorders.
Once a basic culture technique is in place, the behavior of
human epidermis can be studied and compared under a variety of disease-like scenarios. For example, Ridky et al. (2010)
modeled the process of oncogene-induced epidermal neoplasia by replacing normal epidermal cells in an OCS with cells
virally transduced to overexpress mutant cell cycle proteins.
This way, transduced epidermal cells bypassed normal cell
cycle checkpoint mechanisms, mimicking genetic alterations
commonly observed during spontaneous malignant transformation of human epidermis in vivo. This in vitro epidermal
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Figure 1. Reconstituted epidermal organotypic culture systems (OCSs). The
OCSs, reconstituted with keratinocytes and fibroblasts derived from a human
donor with psoriasis (far right), displayed high expression of tumor necrosis
factor α (TNF-α) and IFN-γ cytokines in epidermis (pink areas, arrows),
similar to psoriasis skin (arrows). IL-6 remains high in both normal and
psoriasis OCSs. Reprinted with permission from Barker et al. (2004).

neoplasia model system reproduced basement membrane
invasion, the key step during in vivo epidermal cancer metastasis. Ridky et al. (2010) also showed that epidermal neoplasia OCS is suitable for systematically screening cancer inhibitors on the basis of their ability to block basement membrane
invasion. Under similar experimental conditions, the anticancer potential of other therapeutic agents, such as soluble peptides, neutralizing antibodies, or small hairpin RNAs, can be
evaluated and compared.
Other cells in addition to keratinocytes and fibroblasts
can be incorporated into and studied within the context
of skin OCSs. For example, by adding normal or malignant
melanocytes, one can study the mechanisms of epidermal
pigmentation or melanoma progression (Eves et al., 2000).
Also, immune cells, such as macrophages, can be added to
OCS scaffolds to study more complex in vivo–like epidermal–dermal–immune signaling interactions in in vitro settings
(Bechetoille et al., 2011).

Human hair follicle OCSs are easy to set up, and detailed
experimental protocols have been made available (Figure 3)
(Tobin, 2011). In short, hair follicles are microdissected from
freshly isolated scalp skin biopsies and selected for culture on
the basis of their morphology. Only intact, undamaged follicles
that display mature growth-phase morphology (anagen) are
typically selected. Anagen hair follicles are then cultured in a
free-floating state, typically in serum-free William’s E medium
supplemented with glutamine, hydrocortisone, and insulin. If
undamaged during the initial OCS setup, follicles will continue
growing new hair in vitro, and the hair elongation rate can be
easily measured and compared between different experimental conditions by means of time-lapse photography and simple
morphometry. Care should be taken to examine cultures regularly for signs of premature follicle involution (catagen), under
which normal growth activities cease, yet the hair shaft appears
to be elongating as it is physically extruded from the follicle. A
set of morphological criteria has been recently described, providing a simple guide for distinguishing anagen from catagen
hair follicles in vitro (Kloepper et al., 2010). Also, care should
be taken to maintain cultured follicles in a free-floating state. If
attached to the dish surface, epithelial and dermal cells can start
growing and spreading out from the follicle, altering its morphology and disrupting its hair-growing activity (Tobin, 2011).
Once these conditions are optimized, hair follicle OCSs
can become an important tool to uncover the mechanism of
human hair growth pathologies. Progressive miniaturization of
human scalp hairs upon androgenetic alopecia is believed to

Stromal fibroblasts

Support scaffold:
- Collagen gel
- Commercial matrixes
- Decellularized dermis
Scaffold with
stromal fibroblasts

Seed keratinocytes
on top

ORGANOTYPIC CULTURE IN HAIR FOLLICLE RESEARCH

An alternative to engineering organotypic cultures through
their de novo reassembly from dissociated cells and extracellular matrix is to culture freshly isolated intact tissues in a way
that preserves part of their function and physiological responses. Owing to their inherent complexity, most adult tissues cannot be easily maintained in vitro without undergoing rapid
deterioration. Few exceptions exist, and the hair follicle is
one of such tissues that can continue to grow new hair, seemingly uninterrupted, for up to 2 weeks after its dissection and
placement in a dish. Since they were originally described by
Philpott et al. (1990), human hair follicle OCSs have become
favorite experimental systems in preclinical studies on antialopecia compound screening. The popularity of human hair
follicle OCSs is partly attributed to the fact that mouse hairs
grow differently from human hairs, remaining in active growth
for less than 2 weeks compared to 3–5 years in human scalp.
Further, mice do not develop alopecia in response to androgenic hormones, thus failing to replicate the key signaling step
in the pathogenesis of human androgenetic alopecia.
8
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Culture dish
Culture insert
Fibroblast growth medium
(DMEM + 10% serum)

Contracted scaffold
populated by fibroblasts

Initial epithelialization
of scaffold by
keratinocytes

Change medium to
epidermalization medium
(Keratinocyte growth
media, KGM)

Create air–liquid
interface to induce
keratinocyte
differentiation and
stratification

Figure 2. Flowchart of an organotypic epidermal culture system.
Adapted from Kalabis et al. (2012).
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Collect scalp
skin biopsy

Microdissect
individual
hair follicles

Cut out epidermis,
sebaceous gland
surrounding dermis and fat
Culture hair follicles in
supplemented serum-free
William’s E medium

Maintain hair follicles
in a free-floating state
Observe and record
hair shaft elongation rate
(for up to 2 weeks)

Figure 3. Flowchart of in vitro hair follicle culture.

Organotypic hair follicle cultures also have their
limitations. Whereas in vivo hair follicles cycle through
consecutive phases of growth (anagen), involution
(catagen), and rest (telogen), in vitro they can only maintain
a limited-in-duration state of growth or undergo involution.
The key hair cycle event of telogen-to-anagen transition,
when dormant hair follicle stem cells undergo activation,
has not being reliably recapitulated in vitro. It is also important to consider that depending on the proposed mechanism of action, the effect of antialopecia compounds might
not necessarily register in hair cultures because in vitro
conditions have been developed for physiologically normal
anagen hair follicles, which already grow at nearly the
maximum possible rate. In the future, it will be important to
adapt culture conditions for alopecia-affected hair follicles
derived from genetically susceptible patients.
EMERGING ORGANOTYPIC CULTURE TECHNIQUES

In an effort to overcome some of the inherent OCS
limitations, such as inefficient tissue perfusion, the socalled “on-a-chip” approaches are starting to emerge.
Through integration of microfluidic technologies, on-a-chip
approaches deliver a constant steady-state flow of culture
medium to tissues. Additionally, bioengineering techniques
that can recon
stitute endothelial microvascular tissue
networks in vitro are now being developed. When these

occur as the result of changes in the growth factor composition
secreted by dermal papilla cells of the hair follicle in response
to their exposure to high levels of testosterone or its metabolite, dihydrotestosterone. For example, Kwack et al. (2012) have
shown that IL-6, prominently produced by dermal papilla cells
of the balding scalp, exerts a strong inhibitory effect on hair
shaft elongation by human hair follicles in vitro (Figure 4). A
decrease in hair shaft elongation rate and induction of premature catagen involution are the two main readouts indicative of
the inhibitory properties of a given molecule. Opposite in vitro
results can indicate potential hair growth–promoting effects.
LIMITATIONS OF ORGANOTYPIC SKIN CULTURE

Although OCSs are powerful research tools for studying human
skin, it is important to be aware of their limitations. OCSs engineered from scratch, such as epidermal OCSs, recapitulate only
part of normal skin organization and function. Their microanatomy is simpler than that of native skin. They consist of a
much simpler cell type repertoire and lack signaling feedback
normally coming to skin from a variety of systemic sources. For
this reason, skin OCSs cannot replicate complex inflammatory
reactions, making them unsuitable for studying wound healing.
Ideally, data from OCS experiments should be validated in vivo.
Thus, human-on-mouse skin xenografts are commonly used for
this purpose. Additionally, the composition of the culture medium can affect the behavior of cultured cells. For this reason,
serum-free culture medium should be chosen over serumsupplemented medium when possible. Biologically active compounds found in serum, such as fetal bovine serum, cannot be
fully accounted for and can potentially interfere with the experiments when drug-treated cultures are compared with controls.
© 2013 The Society for Investigative Dermatology

Figure 4. The effect of IL-6 in humans hair follicle culture. (a) Addition
of recombinant human IL-6 into human hair follicle cultures significantly
inhibits the hair shaft elongation rate as compared with control. (b–f) The
number of proliferating cells in the matrix of cultured human hair follicles,
as measured by immunostaining for Ki-67 marker, significantly decreased in
the presence of IL-6 (b). Also compare Ki-67 expression in (d) (IL-6 treated)
versus (c) (control). Reprinted with permission from Kwack et al. (2012).
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networks are allowed to anastomose to the preengineered
microfluidic channels, this approach can support in vivo–
like perfusion and physical scaling of OCS size, which
currently is largely limited by the inefficiency of passive
diffusion (Sakaguchi et al., 2013).
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1. All of the following are limitations of organotypic
skin culture except:
A. OCSs lack signaling feedback mechanisms
normally found in the skin.
B. OCSs are unable to replicate an inflammatory
response.
C. OCSs cannot be performed with genetic
manipulations.
D. OCSs have a microanatomy that is simpler than
that of in vivo skin.
2. The major advantage of OCSs over traditional
“on-a-plastic” models is:
A. OCSs can reproduce the three-dimensional
stratified space found in normal skin.

A PowerPoint slide presentation appropriate for journal club or other teaching
exercises is available at http://dx.doi.org/10.1038/jid.2013.387.

B. OCSs can replicate all of the functions
of normal tissues.
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D. Genetic manipulations can be used only in
OCSs and not in “on-a-plastic” models.
3. Why is it important to ensure that hair follicles do
not anchor onto the plate during culture?
A.

It will change hair pigmentation.

B. Nutrient flow from the culture medium to the
follicle will be interrupted.
C. The hair follicle will start growing faster.
D. Hair follicle cells will start spreading onto the
plastic, disrupting hair growth.
4. How does the “on-a-chip” approach solve the
limitation of current organotypic skin cultures?
A. It eliminates the need for adding antibiotics into
the culture medium.
B. It eliminates the need for supplementing
medium with growth factors and/or serum.
C. It increases nutrient penetration rate, simulating
normal tissue perfusion.
D. It allows for studying the entire process of
wound healing in vitro.
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Small Interfering RNA
Vinod E. Nambudiri1,2 and Hans R. Widlund3
Journal of Investigative Dermatology (2013) 133, e15. doi:10.1038/jid.2013.411

BACKGROUND: PROCESSES OF RNA INTERFERENCE

Initially postulated by Francis Crick, the central dogma of
molecular biology outlines the flow of genetic information
through transcription of double-stranded DNA into singlestranded messenger RNA (mRNA), followed by translation into
proteins, yielding the building blocks of life. The processes
of transcription and translation are regulated by numerous
molecular pathways, resulting in complex and sophisticated modifications to this linear process from gene to protein.
However, in the late 1990s, researchers demonstrated the ability of certain RNA molecules to reduce the expression of particular genes through a process now collectively termed RNA
interference (RNAi) (Fire et al., 1998). Since its initial discovery
in the laboratory worm Caenorhabditis elegans, small interfering RNA (siRNA) has been used to impact gene expression in
research laboratories around the world as an extraordinarily
powerful genetic tool in biology and medicine for the elucidation of molecular pathways in organismal development and
human disease.
RNAi takes advantage of the fundamental principle of
complementary base pairing between nucleic acids, such as
in DNA–DNA and RNA–DNA double helices. In principle,
RNAi is a natural process within cells, wherein double-stranded microRNA transcripts are expressed and participate in gene
regulation. In addition, experimental cellular manipulation
of double-stranded RNA serving as siRNAs of 20 to 30 base
pairs in length (Meister and Tuschl, 2004) can be designed
according to the complementarity principle to specifically target a particular gene’s mRNA transcript. Following the same
mechanism as microRNA-mediated silencing, the experimentally introduced double-stranded RNAs are processed by a
member of the Dicer enzyme family of RNA endonucleases,
which trim the double-stranded RNAs into fragments of 21 to
23 base pairs in length. These double-stranded RNAs are then
unwound into two short, single-stranded siRNAs (the leading
and the lagging strands). The lagging strand is degraded intracellularly, whereas the leading strand binds the multicomponent protein complex termed the RNA-induced silencing complex (RISC) in the cellular cytoplasm. When the RNAi-loaded
RISC complex comes into contact with the complementary
target gene mRNA transcript, base pairing occurs. This base
pairing activates the cleavage mechanism of the RISC complex and is catalyzed by a member of the Argonaute protein
family. The target mRNA transcript is cleaved, rendering it

WHAT IS siRNA?
• Small interfering RNA (siRNA) represents a form
of posttranscriptional gene silencing.
• siRNAs are designed to bind specific mRNA
molecules and target them for degradation.
• Common targets of siRNAs include mRNA
transcripts of mutant genes underlying genetic
disorders, as well as normal genes involved in the
cell replication process that are overexpressed in
cancer cells.

LIMITATIONS
• Delivery of siRNAs into cells in vitro by transfection
is a complex process with variable success.
• Translating siRNAs for therapeutic purposes into
humans is complicated by factors of appropriate
delivery to target cells and stimulation of host
immune responses.
• Measuring and quantifying in vivo effects of
therapeutic siRNA are challenging.

untranslatable, and, hence, synthesis of the particular protein
synthesis is prevented. Given its genetic mechanism of action,
siRNA is considered a powerful technique for posttranscriptional gene silencing. The regulation of siRNA-mediated RNAi
is an area of ongoing research.
TECHNICAL ASPECTS OF siRNA

Approaching genetic silencing using siRNA requires knowledge of the target gene’s gene sequence and specifically its
spliced mRNA transcript that is the intended target. A series
of siRNAs complementary to regions of the target mRNA
transcript should be designed and assessed for their individual efficacy. When using siRNA as a proof-of-function or
therapeutic strategy for genetic diseases, researchers tend to
identify unique sequences within the target mRNA responsible for aberrant function (such as the site of a mutant
allele) as a template by which to design siRNA with specific
degradation ability.
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Once the siRNAs are available as double-stranded RNAs
following their chemical synthesis, they must then be introduced into the cells of interest via a process known as transfection. Various methods of transfection are available; a
common technique involves mixing siRNA with chemical
lipids to form liposomes, which enables relatively effective
delivery through cell membranes into the cytoplasm. Once
the siRNAs are introduced into the cellular cytoplasm, they
are processed by cellular enzymes as described above and
can mediate posttranscriptional gene silencing. A major
challenge to siRNA effectiveness relates to the cytoplasmic
degradation of siRNAs that can be delayed by chemical
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Figure 1. Summary of steps of the siRNA lab technique and intracellular
mechanism. (a) Identification of target gene DNA leads to design of
complementary siRNA that will bind to a DNA target site. (b) Transfection of
siRNA into cells using liposomal reagents. (c) Intracellular mechanism of siRNA.
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modification of the synthesized RNA. Quantification gene
silencing efficacy can be measured using several techniques,
including real-time quantitative PCR (qPCR) to assess target
mRNA transcript levels (Garibyan and Avashia, 2013) and
Western blotting analysis to address effects on protein levels
(Nicholas and Nelson, 2013). The methodology of siRNAmediated RNAi is summarized in Figure 1.
APPLICATIONS OF SIRNA IN DERMATOLOGY RESEARCH

The advantage of siRNA relies upon gene-specific downregulation to target skin disorders and genodermatoses caused by
a single dominant gene. Recently, Pendaries and colleagues
studied the potential of siRNA as a modality to inhibit abnormal collagen synthesis in a cellular model of dominant
dystrophic epidermolysis bullosa (DDEB) (Pendaries et al.,
2012). DDEB, also known as Cockayne–Touraine disease, is
caused by mutations in the gene COL7A1 encoding a mutant
type VII collagen α1 subunit that fail to assemble appropriately, resulting in generalized persistent blistering of the skin.
Pendaries and colleagues designed 21 distinct siRNAs targeted against a specific COL7A1 mutation—deletion of exon
87—associated with DDEB pruriginosa. The siRNAs were
designed to interfere with the mutant sequence formed at
the aberrant splice junction of the defective gene. Using siRNAs that were delivered into cultured cells with the mutant
COL7A1 gene as well as normal cells (Figure 2a and 2b),
11 of the siRNAs were able to achieve >40% inhibition of
mutant COL7A1 RNA levels. The specificity of these siRNAs
for downregulating mutant gene expression was further studied by evaluating their effectiveness in fibroblasts derived
from DDEB pruriginosa patients in comparison to healthy
(normal) control patients, demonstrating 40–60% reductions
in mutant gene expression, with negligible inhibition of wildtype collagen VII RNA levels (Figure 3). These findings, in
conjunction with similar reports using allele-specific siRNA
targeted against keratin 5 mutations in epidermolysis bullosa
simplex (Atkinson et al., 2011), offer a glimpse of future clinical applications of siRNA techniques in the management of
chronic blistering skin disease.
In addition to blistering skin diseases, siRNA has been studied as a potential therapeutic strategy in a variety of other cutaneous conditions, including skin cancers. Because tumor cells
exhibit higher rates of cell proliferation than normal cells, siRNAs may be used to target critical components of cell replication. In 2010, Zuckerman and colleagues examined the M2
subunit of ribonucleotide reductase (RRM2)—a key protein in
DNA replication, required for cell proliferation—as a target for
siRNAs in melanoma cells (Zuckerman et al., 2010). In Figure
4, the authors demonstrate the efficacy of the targeted siRNA,
termed siR2B+5, at decreasing the expression of both RRM2
mRNA and protein relative to control siRNA, as evidenced by
qPCR and Western blot analysis. The authors confirmed that
this siRNA interference functionally affected cell proliferation
by demonstrating decreased cell viability in a variety of melanoma cell lines cultured in vitro (Figure 5a) and a dose-dependent response (Figure 5b). Finally, the authors were able to
show that cotreatment of melanoma cell lines with siRNA and
temozolomide—a chemotherapeutic DNA alkylating agent that
© 2013 The Society for Investigative Dermatology
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Figure 3. Allele-specific inhibition of endogenous COL7A1Δ87 mRNA.
Significant gene silencing by siRNAs of mutant type VII collagen in fibroblasts
derived from patients with dominant dystrophic epidermolysis bullosa (red
line) versus fibroblasts derived from healthy control subjects (blue line).
Adapted from Pendaries et al. (2012).

Figure 4. Knockdown of ribonucleotide reductase subunit-2 (RRM2)
mRNA and protein expression by siRNA siR2B+5 in melanoma cells. (a and
b) The efficacy of siR2B+5, a targeted siRNA directed against the mRNA
encoding the M2 subunit of ribonucleotide reductase (RRM2), at decreasing
the expression of both the target mRNA (a) and the RRM2 protein (b) levels
relative to control siRNA. Adapted from Zuckerman et al. (2010).

Figure 2. Assay for COL7A1 mRNA inhibition by siRNAs. (a) The structural
elements of the COL7A1 gene introduced into the cells. (b) The base-pair
structures of siRNAs that were studied for silencing the mutant COL7A1 gene in
DDEB. (c) The efficacy of the 11 siRNAs that demonstrated over 40% inhibition
of mutant gene expression. Reprinted from Pendaries et al. (2012).

interrupts DNA replication—resulted in enhanced antitumor
effects that were greater than that of either agent alone (Figure
6). Other researchers have used siRNA conjugated with anti
tumor nanoparticles to demonstrate efficacy against melanoma
cells in vitro (Chen et al., 2010). Similar applications of siRNA in
combination with nanoparticle-deliverable chemotherapeutic
agents directed against melanoma may show promise as a novel
means to achieve tumor-targeted treatment in the future.

Figure 5. In vitro antiproliferative effects of ribonucleotide reductase
subunit-2 knockdown by siR2B+5 siRNA in a panel of melanoma cell lines.
(a) Decreased cell viability in melanoma cell lines transfected with siR2B+5
siRNA versus control siRNA. (b) A dose response in cell viability over time
with increasing concentrations of siRNA resulting in decreased viability.
Reprinted from Zuckerman et al. (2010).

FUTURE DIRECTIONS

The past decade has seen tremendous growth and use of
siRNA techniques for gene silencing and targeted drug delivery. Such laboratory insights have led to early clinical trials
seeking to translate these bench applications to the bedside.
However, several limitations of delivering siRNAs therapeutically in living organisms exist (Pecot et al., 2011). Biological
barriers include stabilizing siRNAs for intravascular delivery,
© 2013 The Society for Investigative Dermatology

Figure 6. Synergy between siR2B+5 and temozolomide treatment. (a and b)
Cotreatment of two distinct melanoma cell lines (M202 and HT-144) with
both siRNA and temozolomide had an antitumor effect that was greater than
that of either agent alone. Adapted from Zuckerman et al. (2010).

www.jidonline.org

13

RESEARCH TECHNIQUES MADE SIMPLE 

achieving efficient target tissue penetrance, and limiting offtarget effects of the siRNAs. One significant challenge is limiting host immune recognition of siRNAs resulting in stimulation
of an inflammatory response; techniques to modify siRNAs to
adapt to these constraints are currently being developed.
Despite these challenges, application of siRNAs to in
vivo treatment of human disease has already begun. Phase
I clinical trials of systemically delivered siRNA using
nanoparticles to target melanoma have demonstrated early
promise (Davis et al., 2010). Trials using intradermal injection of siRNAs developed for the treatment of pachyonychia
congenita (Smith et al., 2008; Leachman et al., 2010) have
similarly been initiated in patient groups. One limitation of
siRNA-based RNAi in clinical trials is accurately assessing
efficacy on the molecular level. Strategies using qPCR from
skin samples are one avenue of measurement, but definitive end points for patient surveillance remain to be elucidated (Hickerson et al., 2010). Although still an emerging
technique, achieving RNAi via siRNAs has already captured
the attention of researchers and clinicians alike in achieving
better understanding and more effective therapeutics for a
spectrum of cutaneous disorders.
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1. The typical length of siRNAs used for gene silencing is:
A. 7 to 9 base pairs.
B. 21 to 23 base pairs.
C.

36 to 38 base pairs.

D. 55 to 57 base pairs.
2. siRNAs are considered what form of gene
expression modification?
A. Transposon-mediated gene silencing.
B. Histone-mediated gene silencing.
C. Posttranscriptional gene silencing.
D.

Posttranslational gene silencing.

3. The process of introducing siRNAs into cells
is known as:
A. Transposition.
B. Translation.
C. Translocation.
D. Transfection.
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Many human skin diseases are caused by gene mutations
that result in either the loss of protein or an altered protein
function. To understand how these mutations cause disease
and to find possible therapeutic targets, it is crucial to use
not only cell culture approaches but also in vivo investigations in a complex multicellular organism to assess
the contributions of the macro- and microenvironment.
Although clinical data provide a wealth of information on
disease-causing mutations, it is often difficult to distinguish
between cause and consequence in humans. The genetic
and environmental variation is another complicating factor in understanding the underlying mechanisms that
result in disease. Targeted genetic modifications in related
mammals therefore offer great possibilities to investigate
molecular mechanisms that underlie mammalian physiology and disease. The mouse is one of the most relevant
research organisms because it shares 99% genetic identity with humans, inbred strains exist, and it has been very
well characterized on both the genetic and behavioral levels (Paigen, 2003). Most importantly, the groundbreaking
work of Mario Capecchi, Martin Evans, and Oliver Smithies
in the 1980s, in which they discovered how to introduce
specific gene modifications in mice using embryonic stem
cells, opened the way to address directly the consequences of specific mutations. For this they received the Nobel
Prize in Physiology or Medicine in 2007 (Vogel, 2007). We
provide an overview of how to design (conditional) knockout mice and discuss their relevance for understanding
human disease.
HOW TO CREATE A KNOCKOUT MOUSE

A gene knockout is the manipulation of endogenous DNA
that results in nonfunctionality or complete loss of the

BENEFITS OF CREATING KNOCKOUT MICE
• A knockout is a mutation in a certain gene
of interest resulting in the loss or decrease of
function of the gene and the correlating gene
product (protein).
• In comparison to whole-body knockouts,
conditional knockouts (using the Cre-loxP system)
allow the deletion of a certain gene in one specific
tissue of interest.
• Via gene targeting, an altered gene can be inserted
in the genome of a mouse.

LIMITATIONS
• Complete gene knockout does not always reflect
the situation in human disease.
• Redundancy of related gene products may
compensate and thus not reveal gene function.
• The in vivo situation in mice is not always fully
representative of the in vivo situation in humans.

corresponding protein. The knockout of a gene offers the
possibility to investigate its usual function by examining
the consequences of loss of the encoding protein in a living
organism. Capecchi, Evans, and Smithies established the
gene knockout strategy by “gene targeting,” a method to
introduce artificial DNA into mouse embryonic stem (ES)
cells (Figure 1). ES cells are isolated from mouse blastocysts
and they are pluripotent, which means they can differentiate and give rise to any organ in the mouse. The method
of gene targeting uses the natural process of homologous
recombination in which two identical (homologous) parts
of a DNA sequence are exchanged. The in vitro engineered
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DNA (targeting construct) consequently contains sequences that are homologous to a part of the endogenous genomic DNA that flank the target sequence.
After the targeting construct is delivered into the ES cell
(mostly by electroporation), parts of the endogenous gene
of interest are exchanged (recombined) with the modified
engineered sequence (Figure 1). The targeting construct
also contains an antibiotic resistance gene (in general, a
“neo” gene that confers resistance to neomycin). Only ES
cells that contain the recombined DNA will therefore survive the subsequent neomycin treatment. Because most
DNA will integrate randomly into the genome, ES cell
clones are then screened for homologous DNA recombination. The “targeted” ES cells are then transferred to
the blastocoel cavity of a mouse embryo, which then is
implanted in the uterus of a surrogate mother. The recipient embryo in which the manipulated ES cells are injected
already contains ES cells. The surrogate mother will give
birth to chimeric mice, in which a proportion of the tissues derive from the manipulated ES cell population,
whereas the rest derive from the recipient embryo ES cells
(so-called chimerism). If the manipulated ES cells contribute to the germline, further breeding of chimeric mice will
result in homozygous gene-manipulated mice (Figure 1).
The creation of knockout mice has some drawbacks.
First, the resistance gene that selects for positively targeted
cells remains in the genome and may have an unpredictable effect on the mutant phenotype. Second, gene inactivation will occur in every cell of the mouse, and its protein
product will thus be absent during all important developmental stages. Depending on the significance of the protein of interest in different developmental processes or cell
lineages, this may compromise the viability of the knockout mouse. Finally, the protein’s absence prevents the
investigator from discerning whether the observed effects
are tissue autonomous or involve secondary effects of the
surrounding tissue. Hence, the removal of the resistance
cassette and a specific (conditional) knockout in either
a certain tissue or a developmental stage might be beneficial. For example, investigations on the protein Acvr1b
were restricted because the total knockout led to embryonic lethality of affected mice. An epidermis-specific
Acvr1b knockout was the solution to circumvent the early
lethality and continue investigations on this protein in the
epidermis (Qiu et al., 2011).
CONDITIONAL GENE KNOCKOUT

Two analogous strategies were developed to overcome
the above-mentioned limitations. Both involve site-specific recombination events discovered in bacteria or yeast,
respectively (Lewandoski, 2001). In principle, an enzyme
with a recombinase activity (Cre recombinase from bacteria or FLP enzyme from yeast) recognizes short (25–50 bp),
specific DNA sequences (loxP or FRT sites, respectively)
and recombines the DNA region that is flanked by these
sequences in a directed way. This means that, depending on the orientation of these small recognition sites, the
flanked region is either irreversibly removed or inverted.
16
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The discovery that this mechanism works in vitro as well
as in other organisms, including mammals, has driven the
generation of tissue-specific knockout constructs (Gu et
al., 1994). Because the Cre-loxP system was developed
first and is more widely used than the FLP-FRT system, the
Cre-loxP technique will be discussed here.
To create a tissue-specific conditional knockout mouse,
two loxP sites, one upstream and one downstream of the
functional part or the whole target gene to be inactivated,
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Figure 1. Generation of genetically modified mice. (a) Embryonic stem
(ES) cells are isolated from blastocysts of pregnant mice. These cells are
pluripotent; i.e., they can differentiate to every cell type of the adult
organism. The ES cells are taken into cell culture and grown in nutrient
medium. The modified DNA (see b) is then transfected into the cells by a
process called electroporation. Not all of the cells will take up the DNA.
Therefore, the cells are treated with an antibiotic, normally neomycin,
and only cells containing the modified DNA and thus expressing the
neomycin-resistant gene (neo) will survive. The modified ES cells are
subsequently injected into a mouse blastocyst embryo, which is implanted
into the uterus of a surrogate mother. The surrogate mother will give birth
to so-called chimeric mice because their tissues are derived from both the
modified ES cells and the recipient embryo's ES cells. Further breeding of
the chimeric mice will lead to homozygous genetically modified mice.
(b) After the targeting construct is transfected into the ES cell, homologous
recombination will replace exon 1 with the neo gene, which results in a
nonfunctional wild-type gene.
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For studies in dermatology the keratin 14 (K14) promoter
is often used to drive an epidermis-specific Cre recombinase
expression. The murine K14 is only expressed in the basal
epidermal keratinocytes (in addition to the tongue, thymus
epithelium, and certain cells in the eye; see Figure 3d).
Importantly, K14 is expressed in oocytes and therefore must
be carried only by males because in females expression
would result in gene activation early during development.
The mouse line with a K14-Cre;;genefl/fl genotype will therefore have a gene knockout in which the Cre recombinase
is or was expressed, which is the whole skin epidermis,
because all epidermal cells derive from the basal keratinocytes (Clayton et al., 2007; Qiu et al., 2011). Depending on
the genotype of the parental mice, the knockout mice will
come in a certain Mendelian ratio. Therefore, it is always
mandatory to confirm the genotype via PCR and to check
whether the gene and thus the protein really is ablated in the
targeted tissue (Qiu et al., 2011).

(will be degraded)

loxP
loxP

3

Figure 2. Schematic illustration of the Cre-loxP system. To create a
conditional knockout (KO) mouse, two independent mouse strains must
be generated and crossed (Figure 1): a “Cre-mouse,” expressing the Cre
recombinase under a chosen promoter that is specifically active in the
tissue of interest, and a “floxed mouse.” In this example, exons 2 and 3 from
the gene of interest are targeted and will be deleted. To this end, a target
construct is introduced in embryonic stem cells, in which exons 2 and 3
are flanked by loxP sites, that also includes a neomycin-resistance gene
placed in the intron between exons 2 and 3. The construct also contains
flanking regions that are homologous to regions of the gene of interest.
Upon transfection, homologous recombination results in replacement of the
endogenous gene of interest sequences with the target sequence, resulting
in floxed exons 2 and 3 and hence a floxed “gene X” mouse. Crossing of the
Cre mouse with the floxed mouse now gives rise to offspring in which the
Cre gene is expressed in tissues where the chosen promoter is active. Only in
these tissues does loxP site-specific recombination take place, resulting in the
deletion of exons 2 and 3 and thus in tissue-specific gene knockout.

must be introduced into the genome. This is achieved by gene
targeting with an engineered DNA construct that contains
loxP sites at the required positions (Figure 2). A mouse carrying a floxed gene (written geneflox/flox or genefl/fl) will not be
a knockout mouse unless the Cre recombinase is expressed
and recombines the flanked DNA region. The floxed mouse
is then crossed with a second mouse that carries the Cre
recombinase gene downstream of a tissue-specific promoter.
Cre will be expressed in cells in which this promoter is
active, recombine at the loxP sites, and accordingly delete
the functional part or the whole gene of interest. This will
result in a knockout not only in all cells in which Cre is
active but, importantly, also in all descendants of these cells.
Conversely, no recombination will occur and the expression
of the gene of interest remains unaffected in tissues in which
the promoter that drives Cre expression is not active.
© 2014 The Society for Investigative Dermatology

ADVANTAGES AND LIMITATIONS

The Cre-loxP system has been very useful to overcome
embryonic and early postnatal lethality of classic gene
knockout strategies. It also has the advantage of allowing
investigations on the function of a gene/protein in a cellor tissue-specific manner without indirect effects of the
surrounding organs. Once a functional Cre line is generated
it can be crossed to any floxed mouse strain and vice versa,
entailing a very large variety of mouse models. There are also
mouse lines available in which Cre recombinase expression
is driven by a promoter that is already active in the germline,
thus resulting in a total body knockout. International consortia and companies nowadays offer the generation of knockout or floxed mice for almost every gene (Austin et al., 2004)
and a large range of floxed and Cre mouse lines that have a
reported biological relevance are available (e.g., http://informatics.jax.org/recombinase.shtml).
A potential technical limitation of mouse knockout technology could be that deletion of part of the gene does not
result in a full loss of protein, as anticipated, but instead
results in a truncated protein with different function.
Furthermore, the introduction of a transgene (such as Cre)
might affect more than just the target protein (Gangoda
et al., 2012). Perhaps most importantly, the limitations of
mouse knockouts to study human diseases mostly involve
the disadvantages of the mouse model itself. Not every
human disease will have a suitable mouse model and vice
versa, and given the complexity of both organisms, a translation from the mouse model to humans will not always
be directly possible (Seok et al., 2013). To simulate certain
diseases, investigate gene functions, or test drug treatment
in mice, it may also be inappropriate to knock out a gene.
Instead, it might be suitable to use alternative strategies to
influence the expression of the gene of interest, such as a
gene knockdown to reduce but not completely prevent the
gene expression (Wang et al., 2007). Further adjustments
of the Cre-loxP system, for instance, to not delete but
induce gene expression or introduce a point mutation into
the gene of interest (so called knockins) or to control the
www.jidonline.org

17

RESEARCH TECHNIQUES MADE SIMPLE 

QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.

1. What determines where a conditional knockout
occurs?
A. The promoter that drives Cre expression.
B. The promoter that drives neo expression.
C. The promoter that drives loxP expression.
2. How is a modified DNA construct introduced
into the mouse genome?
A.

Intradermal injection in adult mice.

B. Via gene targeting and injection into ES cells.
C. Application via drinking water in pregnant
females.
3. What is a conditional knockout?
A. The deletion of a gene in every cell
of the mouse.
B. The knockout of a gene in only a certain tissue
or at a certain developmental stage.
C. A knockout affecting more than one gene.
D. A knockout inducible at a later time point.
4. What is a floxed gene?
Figure 3. Knockout and genotyping PCR. (a) Exons (E) 2 and 3 of the Acvr1b
gene are flanked by loxP sites. Primers (P) 1–5 were designed for genotyping
PCR. (b) Acvr1b genotyping using P1/P2 or P3/P4. The upper bands include a
loxP site and are therefore bigger than the wild-type allele (lower bands). (c)
PCR with primers P4/P5 detecting the recombined DNA and confirming that it is
recombined only when Cre is expressed under the K14 promoter. (d) PCR with
P4/P5 indicating in which tissue the recombination occurred (Qiu et al., 2011).

induction of Cre expression in a temporal manner (inducible knockout/knockin), harbor diverse opportunities to
investigate specific gene functions in vivo.
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A. The target sequence that shall be removed
surrounded by two loxP sites.
B. A mutated gene that is still producing a
functional protein.
C. A gene that has a high natural mutation rate.
5. How can a conditional knockout mouse be created?
A. By crossing a mouse carrying a floxed gene with
a mouse expressing a Cre recombinase.
B. By crossing mice carrying loxP sites
with different orientations.
C. By crossing a mouse carrying a gene for the Cre
recombinase with one carrying the gene for FLP.
6. What is a promoter?
A. A gene that stimulates DNA replication
in ES cells.
B. A drug that enhances the embryonic growth
rate in mice.
C. A DNA fragment in front of a gene that
drives its transcription.

© 2014 The Society for Investigative Dermatology
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Antibody Phage Display: Technique and Applications
Christoph M. Hammers1 and John R. Stanley1
Journal of Investigative Dermatology (2013) 134, e17. doi:10.1038/jid.2013.521

INTRODUCTION

The production of human monoclonal mAbs for research and
clinical use is closely related to the development of phage
display technology, initially described by Smith in 1985 and
further developed by other groups (e.g., Winter, McCafferty,
Lerner, Barbas). Antibody phage display (APD) is based on
genetic engineering of bacteriophages (viruses that infect
bacteria) and repeated rounds of antigen-guided selection
and phage propagation (Barbas, 2001). This technique allows
in vitro selection of mAbs of virtually any specificity, greatly
facilitating recombinant production of reagents for use in
research and clinical diagnostics, as well as for pharmaceuticals for therapeutic use in humans (e.g., adalimumab, the
first fully human APD-derived mAb) (Lee et al., 2007).
Because of a physical connection established between the
antibody fragment on the outside and the genetic information encoding the displayed protein within the phage, APD
also allows comprehensive studies of genetics and function
of antigen-specific mAbs. These characteristics make APD a
powerful tool to better understand immunological processes
and human diseases that involve formation of (auto-)antibodies against defined (self-)antigens.

WHAT ANTIBODY PHAGE DISPLAY DOES
• Antibody phage display (APD) allows in vitro
selection of human mAbs of virtually any specificity
and affinity.
• Owing to its design, this technique permits
both genetic and functional analyses of the mAb
selected, thus facilitating studies on mechanisms of
the human immune system.
• Translational research approaches embracing APD
may converge on new future therapies.

LIMITATIONS
• Phage display may not recover all antigen-specific
mAbs present in a given antibody library.
• The heavy- and light-chain pairing may not reflect
that of the in vivo immunoglobulin.
• APD is a complicated, demanding, and timeconsuming technology.

ANTIBODY-LIBRARY PREPARATION

The APD process begins with antibody-library preparation,
followed by ligation of the variable heavy (VH) and variable
light (VL) PCR products into a phage display vector, culminating in analysis of clones of mAbs. A large antibody library
and efficient selection are needed to isolate specific mAbs
from a cloned immunoglobulin repertoire. The key to success is preparation of quality RNA from the cell source chosen (e.g., peripheral blood mononuclear cells). This RNA is
reverse-transcribed into cDNA, which is used for PCR of the
VH and VL chains of the encoded antibodies (Figure 1a, b).
Defined sets of primers specific for the different VH and VL
chain–region gene families then allow amplification of all
transcribed rearranged variable regions within a given immunoglobulin repertoire for library construction, thus reflecting all antibody specificities in a particular individual. This
immortalizes recombinant cDNA clones for expressed Igs.

Variations on phage display libraries include (i) libraries constructed for Ig isotypes (e.g., IgG, IgA, and IgE) and (ii) libraries of mAbs expressed as Fab fragments or as single-chain
variable fragments (scFv), the latter of which consist of the
VH and VL joined by a linker (Figure 1b).
PHAGE AND PHAGEMID BIOLOGY IN APD

The VH and VL PCR products, representing the antibody
repertoire, are ligated into a phage display vector (e.g., the
phagemid pComb3X) that is engineered to express the VH
and VL as an scFv fused to the pIII minor capsid protein of a
filamentous bacteriophage of Escherichia coli that was originally derived from the M13 bacteriophage. However, the
phage display vector pComb3X does not have all the other
genes necessary to encode a full bacteriophage in E. coli.
For those genes, a helper phage is added to the E. coli that
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Figure 1. Antibody phage display (APD). (a) Diagram showing how APD is performed. (b) Interrelatedness of Ig (here, IgG), single-chain variable fragment
(scFv), and Fab. Importantly, both scFv and Fab reflect the original specificity of the Ig they are derived from because variable heavy (VH) and variable light
(VL) chains form the interface with the antigen. (c) Phage display systems are derived from wild-type bacteriophage of Escherichia coli. Monovalency of the
displayed protein (turquoise) ensures selection for high-affinity mAbs in phagemid vector-based systems (e.g., pComb3X). Helper phages display a fusion
protein as well after propagation from phage-infected cells and are also selected during panning (but they do not possess the sequence of the displayed protein
within). A defective helper phage origin of replication ensures preferential production and packaging of the desired phage particles, requiring addition of new
helper phage in every panning round.

are transformed with the phage display vector library. The
result is a library of phages, each expressing on its surface a
mAb and harboring the vector with the respective nucleotide
sequence within (Figure 1c).
In addition to the ability to produce phage displaying the
mAb, the phage display vector can be used to produce the
mAb itself (not attached to phage capsid proteins) in certain strains of E. coli. Additional cDNA is engineered, in the
phage display vector, after the VL and VH sequences to allow
characterization and purification of the mAb produced.
Specifically, the recombinant antibody may have a hemagglutinin (HA) epitope tag and a polyhistidine to allow easy
purification from solution (Barbas, 2001).
FINDING THE NEEDLE(S) IN THE HAYSTACK: SELECTION
BY PANNING
Diverse APD libraries are produced from ~108 independent
E. coli transformants infected with helper phage. A library is
screened for phage binding to an antigen through its expressed
surface mAb by a technique called (bio-)panning. Cyclic panning allows for pulling out potentially very rare antigen-binding clones and consists of multiple rounds of phage binding
© 2014 The Society for Investigative Dermatology

to antigen (immobilized on ELISA plates or in solution on cell
surfaces), washing, elution, and reamplification of the phage
binders in E. coli (Figure 1a). During each round, specific
binders are selected out from the pool by washing away nonbinders and selectively eluting binding phage clones. After
three or four rounds, highly specific binding of phage clones
through their surface mAb is characteristic for directed selection on immobilized antigen. For panning on eukaryotic cell
surfaces, more rounds of panning are usually needed, and
more sophisticated protocols involving cell-sorting techniques have been published (Barbas, 2001). Of note, it is also
possible to perform double recognition panning to select for
bispecific mAbs (i.e., mAbs that recognize two antigens),
as demonstrated in a patient with active mucocutaneous
pemphigus vulgaris (PV) and serum antibody reactivity against
desmoglein (Dsg) 3 and Dsg1, yielding scFv specific for both
Dsg3 and Dsg1 (Payne et al., 2005).
FUNCTIONAL AND GENETIC ANALYSIS OF SELECTED MABs

After cyclic panning, the resultant (polyclonal) phage pools
(i.e., a mixture of all the phages that bind to the antigen
chosen) are tested by phage ELISA, in which the phage pool
www.jidonline.org

21

RESEARCH TECHNIQUES MADE SIMPLE 

is incubated on an antigen-coated plate and then, after
being washed, developed with an enzyme-conjugated antiphage antibody directed against the major capsid protein
and a chromogenic substrate specific for the enzyme chosen. If these pools bind the desired antigen (compared with
control nonpanned phage libraries), the enzyme renders a
change in color, indicating enrichment of phage binding
of the specific antigen. In that case, E. coli infected with
polyclonal phage is plated out and individual colonies are
picked and expanded for monoclonal phage production.
These are each tested again by phage ELISA to confirm antigen binding. The phage display vector, isolated from each
clone, is then subjected to sequencing to determine the
nucleotide sequence of VL and VH encoding the mAb that
bound to the antigen. Furthermore, soluble scFv (or Fab)
from clones of interest can easily be produced in bacteria
that have been transformed with the phage display vector
of interest. These mAb are then purified by metal chelation (e.g., through polyhistidine) or affinity purification
(e.g., through a HA tag). To further analyze these soluble
mAbs, a vast array of methods exists (Figure 1a). Obtained
nucleotide sequences can be analyzed and grouped (e.g.,
by heavy- or light-chain gene usage and shared “fingerprints,” known as complementarity-determining region 3,
indicating common B-cell clonal origin) with tools available online (e.g., VBASE2 and IMGT/V-QUEST).
APPLICATIONS OF APD IN INVESTIGATIVE DERMATOLOGY

Despite the power to genetically and functionally characterize antibody responses, APD has been used in only
a few studies to mechanistically dissect human skin diseases, perhaps because it is a demanding technology. Ishii
et al. (2008) applied APD to characterize the IgG coding
sequences from a pemphigus foliaceus (PF) patient and
obtained, after cyclic panning against Dsg1, five Dsg1specific IgG heavy-chain clones with restricted VH gene

Figure 2. Monovalent mAbs (in the form of scFv) cause blister formation
typical of pemphigus foliaceus in human skin. After injection of purified
antidesmoglein 1 scFv, human skin specimens were cultured for 24 hours.
Histology and direct immunofluorescence (IF) are shown. 3-07/1e and
3-30/3h caused superficial epidermal blisters. All scFv, except 3-094/O1808,
bound to the cell surface of epidermal keratinocytes. Immunoprecipitation
and indirect IF experiments suggested that 3-094/O1808 binds to the
proprotein but not to the mature protein (data not shown). mAb, monoclonal
antibody; scFv, single-chain variable fragment. Reprinted with permission
from Ishii et al. (2008).
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Figure 3. Multiple PF and PV sera compete for the same or nearby epitopes
targeted by an anti-Dsg-1 monoclonal scFv (3-30/3h) derived from a PF
patient. 6 PF sera, 5 mucocutaneous PV sera, and 3 mucosal PV sera (and a
normal control, N) were used to block binding of the 3-30/3h to Dsg1. All PF
and mucocutaneous PV sera inhibited binding of 3-30/3h, but mucosal PV
patients’ sera (featuring anti-Dsg3 antibodies only) did not. Dsg, desmoglein;
PF, pemphigus foliaceus; PV, pemphigus vulgaris; scFv, single-chain variable
fragment. Reprinted with permission from Ishii et al. (2008).

usage. Two of these five anti-Dsg1 clones proved pathogenic, meaning that the antibodies recombinantly produced
from their nucleotide sequences caused typical PF blister
formation in human skin (Figure 2). Inhibition ELISA studies using a pathogenic scFv derived from these clones and
multiple PF sera suggested that the pathogenic antibody
response in other PF patients is directed at similar or identical Dsg1 epitopes as defined by the clones’ scFv from this
patient (Figure 3), also illustrating the biological validity of
studying human disease with monoclonal scFv. Yamagami
et al. (2009) reported similar findings with another PF
patient, and comparable results have also been obtained
by APD of PV patients’ peripheral blood mononuclear cells
(Payne et al., 2005).
Similarly, Saleh et al. (2012) cloned pathogenic antiDsg3 mAbs from a patient with paraneoplastic pemphigus
and found four Dsg3-specific clones (profoundly restricted
to the VH1 family), of which three were pathogenic. Further
characterization of those scFv (and the patients’ serum
antibodies) using a series of Dsg3/Dsg2 domain-swapped
molecules and immunoprecipitation demonstrated that the
epitopes covered extracellular domains (EC) 1–4, in contrast to classical PV in which pathogenic abs mostly bind to
EC1–2 (Figure 4).
In a translational research approach designed to use a
nonpathogenic cloned scFv from a pemphigus patient to
deliver a biologically active agent to the epidermis, Kouno
et al. (2013) created a fusion protein containing Px44, a
nonpathogenic anti-Dsg-scFv domain (Payne et al., 2005),
linked to an active domain of human tumor necrosis factor–
related apoptosis-inducing ligand (hTRAIL). The recombinantly produced Px44-hTRAIL fusion protein bound and
delivered TRAIL to the cell surface of human keratinocytes
(Figure 5a). The TRAIL component maintained its known
biological activity both to inhibit secretion of γ-interferon
by activated CD4+ T cells and to cause apoptosis of
© 2014 The Society for Investigative Dermatology
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Figure 5. Px44-hTRAIL binds to human epidermal keratinocytes and causes
apoptosis of tumor cells. (a) When injected intradermally into human skin, the
fusion protein binds to the cell surface of epidermal keratinocytes as detected
by immunofluorescence with anti-hemagglutinin (HA) and anti-hTRAIL
antibodies. (b) TUNEL staining of actinic keratosis-like lesions in K14-activated
Fyn transgenic mice after intratumoral injection of the fusion protein shows
apoptosis of tumor cells (green fluorescence signal). hTRAIL, human tumor
necrosis factor–related apoptosis-inducing ligand. Reprinted with permission
from Kouno et al. (2013).

Figure 4. Three anti-Dsg3 scFvs (PNP-A1/B1/C1) isolated from a PNP
patient bind to the EC2 and EC3 domains of Dsg3 in immunoprecipitation/
immunoblot analysis of the patient’s and a PV patient’s sera. The PNP patient’s
sera recognized Dsg3 epitopes EC1–4, but the mAbs derived by phage display
recognized only EC2 and EC3. In classic PV patients, the main epitopes are EC1
and EC2. These findings also demonstrate that antibody phage display may miss
some pathologic clones (here, such mAbs that target EC1 and EC4) for various
reasons, as discussed in the last paragraph of this article. Dsg, desmoglein; PNP,
paraneoplastic pemphigus; PV, pemphigus vulgaris; scFv, single-chain variable
fragment. Reprinted with permission from Saleh et al. (2012).

rapidly proliferating lymphocytes and keratinocytes. In
a preliminary study Px44–hTRAIL caused apoptosis in a
mouse model of actinic keratosis and early squamous-cell
carcinoma (Figure 5b). These studies suggest that mAbs
cloned from pemphigus patients may be useful as agents
to deliver biologically active proteins to the epidermis for
therapy of various immunological and neoplastic diseases.

LIMITATIONS AND PECULIARITIES

Compared to other methods used to dissect human immune
responses (Table 1), APD offers sufficient depth of coverage to
find antigen-specific mAbs even if they are rare in the ab-coding
repertoire of circulating cells. The relative ease of constructing and screening antibody libraries comes from many wellestablished published protocols, and there are various easily

Table 1. Other typical methods used for studies characterizing the genetics of human (auto-)antibody responses
Method
Antibody phage
display

Production of mAb

Sequencing

Selection bias1

Advantages

Disadvantages

scFv, Fab
(Ig)

Directly from
phage display
vector

+

Relative ease of screening,
sequencing, and production
of soluble protein; depth of
coverage; ease of adapting
isotype-specific applications

Random pairing of VH and
VL, tedious Ig production
(subcloning required)

Heterohybridoma

Ig

RT-PCR

+

In vivo VH/VL pairing,
production of full-length Ig

EBV/unselected fusions
often yield IgM, instability
phenomena and inefficient
isolation, expensive culturing

Single B-cell PCR

(Ig)

RT-PCR

+

In vivo VH/VL pairing

Difficult mAb production
(subcloning), difficult for
rare clones

Deep sequencing

None

From any nucleotide source

–

No selection bias, calculation
of frequencies

Necessary trade-off of
sequencing length and read
number; no pairing of VH
and VL for analysis

Advancements and combinations of the methods detailed above may pave the way for future studies of unparalleled depth and accuracy (see DeKosky et
al., 2013, and others).
EBV, Epstein–Barr virus; scFv, single-chain variable fragment; VH, variable heavy; VL, variable light.
1
Selection bias may result from differences in phage growth rates, instability of cell fusions, or limited numbers of B cells analyzed by single B-cell PCR.
These effects may lead to nonrepresentative (biased) distributions of the parameters analyzed.
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accessible systems that facilitate production of soluble mAbs.
Still, there are limitations to APD. One example is that pairing
of VH and VL chains during phage display library construction may not represent the in vivo antibody pairing in patients.
However, scFvs derived from APD bind the same epitopes on
Dsg as polyclonal patient IgGs do (Figure 3), and some data
indicate that in both heterohybridoma and APD the same genes
for VH and VL are detected (unpublished observation), suggesting that the mAbs derived from APD accurately represent the
antibodies in patients. A second caveat is that APD libraries may
not fully represent all antibodies, because not all phage clones
of a given library will display a protein because of inherent toxicity or interference with phage assembly. A third issue is that
clones of interest may be missed as a result of poor recovery of
RNA from cells or from loss of DNA during library construction,
which requires repetitive gel purifications. Finally, undersized
sampling of monoclonals after panning may result in the loss
of some relevant clones. However, even given these limitations, APD—by virtue of its ability to screen up to 1012 phages to
select those with antigen binding—is thought to be much more
likely to detect relevant antibodies than are cell-based methods,
whose numbers are much more limited. Combination of APD
with other established high-throughput methods such as nextgeneration sequencing and/or proteomics may offer the most
powerful approach for future molecular deciphering of antigenspecific serum responses in disease and health (Cheung et al.,
2012; DeKosky et al., 2013; Wine et al., 2013).
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1. What of the following is required to obtain antigenspecific mAbs by antibody phage display?
A. A source containing antibody-expressing cells.
B. A phage display vector.
C. A defined antigen for selection.
D.

Molecular tags for protein purification.

E. All of the above.
2. Which technique(s) mentioned below reflect(s)
accurately the in vivo pairing of variable heavy
and light chain?
A.

Deep sequencing.

B. Heterohybridoma.
C. Antibody phage display
D.

Single B-cell PCR.

3. Which of the following points is limiting for the use
of antibody phage display technology for an experiment planned?
A. Using surface antigens on eukaryotic cells
for panning.
B. Known toxicity of the displayed protein for E. coli.
C. Low frequency of cells producing the antibody of the desired specificity in the initial cell
source.
D. Desired production of full-length immuno
globulins for further analyses.
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A Critical Evaluation of Clinical Research Study Designs
Justin Besen1 and Stephanie D. Gan2
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INTRODUCTION

Prior to starting any clinical research, an investigator
must determine the appropriate study design to answer
the question at hand. Selecting the correct study type also
depends on ethical considerations, disease of interest, and
the resources available. A well-designed study will clearly
identify an exposure and an outcome in an objective,
quantifiable manner to answer a defined hypothesis. After
thorough data analysis and discussion of the results, the
study will ideally prompt further research on the subject.
Understanding the various indications for different study
designs is important not only for devising one’s own study
but also for critically reviewing the literature. This article
outlines frequently encountered study designs in clinical research and their respective strengths and drawbacks
(Table 1).
OVERVIEW

In clinical research, studies can be classified as either
interventional (experimental) or noninterventional (observational) studies. The National Institutes of Health defines
an interventional study as one in which “participants
receive specific interventions according to the research
plan created by the investigators. These interventions may
be medical products, such as drugs or devices; procedures; or changes to participants’ behavior” (http://www.
clinicaltrials.gov). Subcategories include randomized
controlled trials (RCTs) and clinical trials. This article
addresses RCTs.
In observational studies, there is no intervention; that is,
subjects are observed and evaluated for exposures encountered as part of the natural course of their lives. This article
will address the following types of studies: case–control,
cohort, cross-sectional, and case reports/series.
RANDOMIZED CONTROLLED TRIALS

RCTs are considered the “gold standard” for evaluating a
given therapy and its causal impact on an outcome. In an
RCT, study subjects are randomly assigned to one of two
groups: the treatment arm, which receives the therapy, or
the control arm, which receives a placebo or no treatment.
Both study arms are subsequently followed in an identical
manner and analyzed for differences in outcomes.

WHAT CLINICAL RESEARCH DESIGNS DO
• Clinical research studies are often divided into two
main categories: interventional and observational
(noninterventional). An example of an interventional
study is a randomized controlled trial (RCT).
Observational studies include case–controls,
cohorts, cross-sectional, and case reports/series.
• RCTs help evaluate effectiveness of a therapy and
the causal impact on an outcome. Observational
studies answer questions of epidemiology of
disease and possible associations between
exposure and an outcome.

LIMITATIONS
• Selection of an appropriate study design is limited
by the research question, the disease of interest,
availability of time and resources, and ethical
considerations.
Unlike other studies, the intrinsic design of an RCT allows
investigators to assess causality of a variable of interest, rather
than simply a correlation. These studies generally have stringent selection criteria to ensure that subjects are comparable
in most respects, thereby reducing confounding and isolating
the effect of the intervention. Randomization ensures that
any confounding factors are equally divided between groups.
Furthermore, blinding reduces the likelihood that behaviors
of subjects or investigators could influence the results of the
study. In a single-blinded study, subjects are unaware of their
treatment status, whereas in a double-blinded study both the
investigators and the subjects are unaware of which intervention the subjects receive (Röhrig et al., 2009).
Advantages

RCT is considered the most reliable study design and a
high-impact method when practicing evidence-based medicine because of its ability to minimize confounding factors
through randomization. By reducing biases, causality of an
intervention on a defined outcome can be most effectively
determined (Fletcher et al., 1996).
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Disadvantages

Advantages

The main disadvantage of RCTs compared to other prospective studies is that they are typically more expensive
and tedious to perform. In addition, the applicability of the
study results to real-world situations may be limited by the
study population characteristics, procedures implemented,
or outcomes measured (Fletcher et al., 1996).

A main advantage of a cohort study is that multiple variables
may be assessed concurrently and disease risk factors may be
identified. The population evaluated in a cohort study is not
as restrictive as that in an RCT. As a result, the findings of a
cohort study may be more generalizable. Finally, cohort studies can prospectively study the relationship between certain
outcomes and exposures that could not otherwise be ethically administered to subjects (Mann, 2003).

COHORT STUDIES

Unlike RCTs, there is no intervention in a cohort study.
Cohort studies are useful when determining a correlation
between cause and effect. First, investigators select a group
of people who share a common characteristic or exposure,
such as a medication or procedure, but do not have the disease or outcome of interest. A control group is often selected
from the general population that has not previously encountered the exposure. In a prospective study, both groups are
followed over time to determine whether they develop the
outcome of interest. In a retrospective cohort study, cohorts
are identified by the same process, but are instead followed
via historical data. Analysis of risk factors aids in studying
causal associations between exposures and disease, but
does not identify true causality (Mann, 2003).
Several important epidemiological measures can be
obtained from cohort studies. Investigators can determine the
relative risk, or the likelihood that an exposed individual will
develop a given disease when compared to a nonexposed
individual. In addition, the incidence, or development of
new cases of an outcome, can be determined based on their
prospective nature (Röhrig et al., 2009).
Recently, Chren et al. (2013) conducted a prospective
cohort study consisting of 1,253 patients with a history of
nonmelanoma skin cancers (NMSCs) to determine the recurrence of skin cancer. The cohort of patients was grouped
according to treatment of the primary NMSC by destruction, excision, or Mohs surgery (Figure 1).This study design
allowed investigators to conclude there was no difference in
recurrence rates for these treatments (Chren et al., 2013).

Disadvantages

Similar to RCTs, cohort studies are costly and time-consuming, as well as vulnerable to subject attrition or loss
to follow-up during the course of the study. They are not
ideal for studying rare diseases because very few patients
will develop the disease. Finally, because of the absence of
randomization, cohort studies are more prone to bias and
confounding than are RCTs (Mann, 2003).
CASE–CONTROL STUDIES

In a case–control study, those affected by a disease (cases)
are compared to disease-free controls from within the
population. This type of study is frequently retrospective
and aims to identify an association between a disease
and potential risk factors. Figure 2 compares the designs
of case–control and cohort studies. These studies may
be performed through interviews or patient chart review.
This allows investigators to determine prior exposure to a
potential risk factor and the weight of its impact on disease
development. An approximation of the relative risk, known
as an odds ratio, can be calculated (Mann, 2003).
Robinson et al. (2013) identified patients with NMSC
(cases) matched by age and gender to a population of control
subjects within the same geographic region. Subjects were
assessed for use of photosensitizing medications and odds
ratios were calculated. This allowed the authors to postulate
that the risk of developing certain skin cancers was enhanced
by use of these medications (Robinson et al., 2013).

Table 1. Comparing study designs in clinical research
Study design

Description

Advantages

Disadvantages

RCT

Interventional
Subjects randomized to treatment
or control

Gold standard for evaluating therapy effects
Can determine causality
Minimizes bias/confounding

Cost and time
Potential for low generalizability

Cohort

Observational
Subjects followed over time for
disease development

Can help identify risk factors of disease
More generalizable than RCT

Cost and time
Difficult to show causality
Potential for bias/confounding

Case–control

Observational
Disease cases retrospectively compared
with controls for exposure status

Fewer cost and time concerns
Ideal for rare diseases
No patient follow-up needed

Difficult to show causality
Potential for bias/confounding

Cross-sectional

Observational
Assess prevalence of disease and exposure
status at one time point

Fewer cost and time concerns
Evaluates associations between
exposure and disease

Cannot determine causality
Potential for bias/confounding

Case report/case series

Observational
Describes a rare finding in a patient
or group of patients

Rapidly bring attention to new findings
Preliminary research

Definitive conclusions cannot
be made
Potential for bias/confounding

RCT, randomized controlled trial.
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1,536 Patients with 1,993 NMSCs
diagnosed in 1999–2000

Excluded:
153 Recurrent tumors
24 Tumors in patients with basal cell
nevus syndrome
231 Tumors not treated with destruction,
excision, or Mohs surgery

1,253 Patients with 1,585 NMSCs
enrolled in study

University site
738 Patients with
946 tumors

VA site
515 Patients with
639 tumors

Lost to follow-up
8 Patients (with 8 tumors)
not seen after treatment

Lost to follow-up
71 Patients (with 89 tumors)
not seen after treatment
667 Patients with 857 tumors
229 Treated with destruction
247 Treated with excision
381 Treated with Mohs surgery

507 Patients with 857 tumors
132 Treated with destruction
324 Treated with excision
175 Treated with Mohs surgery

1,174 Patients with 1,488 NMSCs
in final analytic cohort

Figure 1. Prospective cohort design. A cohort of patients with a history of nonmelanoma skin cancer (NMSC) was grouped based on treatment for primary skin
cancer with destruction, excision, or Mohs surgery. Patients were followed for tumor recurrence. Reprinted with permission from Chren et al. (2013).

Advantages

Case–control studies do not rely on patient follow-up and
therefore require less time and cost than the aforementioned studies. It is the ideal design for researching rare diseases because disease status is known from the beginning
of the study. Although it is difficult to show causality, associations may be observed that can be studied further using
a more rigorous method (Fletcher et al., 1996).
Disadvantages

Case–control studies are limited by the potential for confounding. There is the additional risk of recall bias, in which case
subjects may have a skewed recollection of exposure to a
potential risk factor as compared with controls (Mann, 2003).
CROSS-SECTIONAL STUDIES

Whereas RCTs and cohort studies study subjects longitudinally, cross-sectional studies are a “snapshot” and assess
disease and exposure status of a population at one particular time point. A survey is one prototypical example.
As a descriptive study, the cross-sectional design evaluates
the association between certain factors and an outcome of
interest. The most important epidemiological contribution
is the prevalence of disease, or the number of cases in a
population (Mann, 2003).
Advantages

Cross-sectional studies are cost-efficient and can be completed in a relatively short amount of time on a large scale.
© 2014 The Society for Investigative Dermatology

The initial associations observed in this type of study are
ideal for prompting further research using study designs
that yield a stronger level of evidence, such as case–control or cohort studies (Noordzij et al., 2009).
Disadvantages

Causality cannot be determined with this study design. It is
also prone to the forms of bias associated with other observational studies, such as recall and selection bias.
CASE SERIES/REPORT

A case report details a rare finding, such as a peculiar drug
reaction or a new disease entity. Case series chronicle
multiple patients with the same finding. Typically, these
studies are retrospective and serve to garner attention for
unique findings.
Advantages

Case reports can be an excellent way to rapidly and inexpensively disseminate information about a new finding to
the medical community. They can help generate awareness
of new disease entities and spark hypotheses about pathophysiology (Noordzij et al., 2009).
Disadvantages

Given that there may be a limited number of cases and
absence of a control group, no definitive conclusions
can be drawn from case reports. They serve as a preliminary study.
www.jidonline.org
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QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.

1. Which of the following study designs allows for the
calculation of the relative risk?
Figure 2. Comparison of cohort and case–control study designs. (a) In
a prospective cohort study, healthy subjects are followed over time and
assessed for exposure status and disease development. (b) In a retrospective
case–control study, historical data are reviewed to compare exposure status
in diseased (case) and nondiseased (control) individuals. Reprinted with
permission from Röhrig et al. (2009).

SUMMARY

Interventional and observational studies have important roles
in dermatology. The results from any study must be put in the
context of the appropriate research design selection. RCTs are
most useful in determining causality and effectiveness of treatment. Observational studies provide information about epidemiology and possible links between exposure and disease.
Understanding the fundamentals underlying the various study
designs is critical to both investigators and clinicians alike.
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A PowerPoint slide presentation appropriate for journal club or other teaching
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A.

Case–control.

B.

Case series.

C.

RCT.

D.

Cohort study.

E.

Cross-sectional.

2. Which of the following study designs allows for the
calculation of an odds ratio?
A. Case–control.
B. Case series.
C.

RCT.

D.

Cohort study.

E.

Cross-sectional.

3. Which of the following research questions is NOT
an appropriate candidate for evaluation by a randomized controlled trial?
A. Does contact with arsenic lead to increased
development of squamous cell carcinoma?
B. Can multivitamin supplementation decrease
mortality in elderly patients?
C. Could classroom lectures increase sun-protective
behaviors in elementary-school children?
D. What is the incidence of infection by cytomegalovirus in AIDS patients?
E.

Both a and d.
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T-Cell Receptor Gene Rearrangement Detection
in Suspected Cases of Cutaneous T-Cell Lymphoma
Pooja Chitgopeker1 and Debjani Sahni1
Journal of Investigative Dermatology (2014) 134, e19. doi:10.1038/jid.2014.73

Primary cutaneous T-cell lymphomas (CTCLs) are a heterogeneous group of extranodal non-Hodgkin’s lymphoma that
present on the skin with no evidence of extracutaneous disease at the time of diagnosis (Willemze et al., 2005). The
general consensus is that CTCLs are typically monoclonal in
origin, developing from a single T cell that forms a malignant
clone of T cells in the skin (Kandolf Sekulovic et al., 2007).
Mycosis fungoides (MF) and Sézary syndrome (SS) are the two
most common types of CTCL, accounting for almost 65% of
CTCLs. In the early stages of disease, MF can pose a diagnostic quandary for physicians and often leads to a delay in diagnosis despite multiple skin biopsies. This occurs because the
neoplastic T cells in the skin in the early stages of MF are far
outnumbered by the body’s immune response through tumorreactive T cells and other effector cells in the skin. Together
with the neoplastic T cells, these resemble a nonspecific
inflammatory infiltrate on microscopy, making it difficult to
distinguish from other benign dermatoses such as eczema or
psoriasis (Mishra and Porcu, 2011). SS often has nonspecific
features histologically or they are less marked changes than
are typically seen in MF, thus also posing diagnostic difficulties from skin biopsy alone (Willemze et al., 2005).
T-cell receptor (TCR) gene rearrangement studies demonstrated by PCR are used to detect clonality and can be a
highly reliable method to aid in diagnosing CTCL (Ponti et al.,
2008). The technique is dependent on the fact that T cells bear
a unique antigen receptor on their cell surface that serves as
a specific marker for that cell and its clonal progeny. If a cell
undergoes neoplastic transformation, its TCR becomes a tumor
marker specific to that cell lineage (Wood, 2001). Using PCR
and high-resolution electrophoresis, a TCR clone can be demonstrated in up to 90% of skin biopsies in MF cases (Bottaro et
al., 1994).
This article describes how the TCR gene rearrangement
analysis is carried out and interpreted, as well as its advantages, limitations, and use in the diagnosis of CTCL.
HOW IS TCR GENE REARRANGEMENT ANALYSIS PERFORMED?

TCRs are protein heterodimers expressed on the cell surface of T lymphocytes. They are composed of either α and

WHAT TCR GENE REARRANGEMENT
ANALYSIS DOES
• TCR gene rearrangement studies, as demonstrated
by PCR and gel electrophoresis, are used to detect
malignant T-cell clones in CTCL.
• It is an excellent tool to aid in the diagnosis of
CTCL, although it cannot be used to make a
diagnosis of CTCL on its own.

LIMITATIONS
• Lack of amplification of the TCR-γ gene may occur
owing to loss of representative gene segments or
cells, variations in section thickness and cell size, or
degradation of DNA in the histological processing
of tissue.
• It can produce false-negative results due to factors
such as poor tissue sampling, a biopsy specimen
that has a small number of malignant T cells, or the
possibility that the primers used may not cover all
possible TCR-γ gene rearrangements.
• The high sensitivity of PCR means it can also
produce false-positive results by detecting a
dominant clone in other benign chronic dermatoses.

β chains (the vast majority) or γ and δ chains. Each of these
TCR chains is composed of several distinct regions called
variable (V), joining (J), diversity (D), and constant (C). TCRs
are unique to individual T lymphocytes and are formed by
the rearrangement and assembly of the TCR genes during
T lymphocyte development in the thymus, a process called
somatic recombination. The gene segments that encode the
separate distinct regions of the TCR protein exist as multiple
nonidentical sets. There are, for example, 12 TCR-γ V-region
gene segments.
During T-cell maturation, the TCR genes undergo rearrangement. Thus, in TCR-γ chain assembly, a single V
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region from several V gene segments is positioned next to
a single J region that has also been selected from several
J gene segments to make a highly exclusive rearranged
V/J gene region that is eventually expressed on the TCR-γ
protein. To further add to the exclusivity of the TCR, there
is then random loss of the original nucleotides at the ends
where the V and J segments join. This loss is replaced
by the insertion of N nucleotides at the joins. The result
is a unique V/N nucleotide/J structure that serves as a
“fingerprint” for that particular T cell and all its clonal
progeny (Wood, 2001; Wood et al., 1994).
TCR gene rearrangement analysis with PCR can be
performed on any TCR gene. The TCR-γ gene is preferred
because it is rearranged early in T-cell development both
in α/β and in γ/δ T cells, and T cells generally retain intact
rearranged TCR-γ genes although the protein may no longer be expressed on mature T cells. The γ gene structure
is also simpler, with only 12 variable segments compared
with other TCR genes such as the TCR-β gene, which has
over 60 variable segments. Thus, fewer sets of primers are
needed to detect most of the possible gene rearrangements
(Kandolf Sekulovic´ et al., 2007; Wood, 2001).
The process involves three main steps: (1) extraction
of genomic DNA from the skin specimen; (2) PCR-based
amplification of the TCR-γ gene rearrangements from the
genomic DNA; and (3) detection of the PCR products, most
commonly by fractionation of the resulting products by gel
electrophoresis (Figure 1) (Wood et al., 1994).

a

b

Skin graft

Reaction components
Test tube of skin sample
placed in bucket of ice

Figure 2. PCR/denaturing gradient gel electrophoresis (DGGE): dominant
T-cell clonal patterns. Discrete sharp bands are present in lanes 1–6, 8, 9,
11, 12, and 15. These bands reflect the presence of dominant TCR-γ gene
rearrangements and contrast with the diffuse smears present in Figure 3
and also in lanes 7, 13, and 16–20, which correspond to the absence of
detectable dominant TCR-γ gene rearrangements. Reprinted with permission
from Wood et al. (1994).
d

c

Gel electrophoresis

DNA extraction
Blood
sample

Restriction enzymes cleave
DNA into smaller segments

DNA
extract

Restriction enzymes

DNA
sample

990

DNA segments are loaded into
wells in a porous gel, causing DNA
fragments to move toward
the positively charged cathode

Synthetic DNA fragments
can be added at 55˚C,
binding to correct positions

Raise

90˚C
Smaller DNA segments
move faster and farther
than larger DNA segments

70˚C

55˚C
55
C

Strands separate when
temperature rises to 90˚C

Raise

Added enzyme DNA
polymerase builds up
two new complete strands

The whole process works
like a copying machine

Lower

70˚C 55˚C
By cycling through the three
temperatures, the strands are
separated and built up again

PCR copy
Producing millions
of copies an hour

Figure 1. Method of TCR-γ gene rearrangement. (a) A skin biopsy specimen
is taken from active lesions. (b) The skin specimen is placed into a container,
which is placed on ice for transport. (c) The genomic DNA is isolated, and
PCR amplification is started. (d) The PCR products are analyzed using gel
electrophoresis. (c, Concept by E.K. Martin, Svenska Dagbladet. d, Adapted
from http://cg.scs.carleton.ca/~morin/teaching/compbio/electro.html.)
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1. Extraction of genomic DNA from the skin specimen.
Genomic DNA can be isolated from both fresh and formalin-fixed paraffin-embedded tissue. Although both methods
are acceptable, fresh-frozen samples are preferred because
of the higher sensitivity associated with isolating genomic
DNA from them. If the specimen is in formalin-fixed paraffin,
then DNA is isolated from paraffin blocks by deparaffinizing specimens by incubation with xylene, 100% ethanol, and
acetone. After this, a mixture including proteinase K is added
to the specimen and incubated overnight at 37 °C or for
3 hours at 55 °C (Sprouse et al., 2000).
2. PCR-based amplification of the TCR-γ gene
rearrangements from the genomic DNA. Once the
genomic DNA is extracted, the PCR-based amplification
process is started. Amplification is performed by adding
genomic DNA as the template, combined with primer,
© 2014 The Society for Investigative Dermatology
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gradient that results in partial melting of the PCR products
and therefore reduces the mobility at a point in the gradient determined by the nucleotide sequence. If there are
enough numbers and fragments that are of identical size
and sequence, as is produced by PCR of TCR genes from
the genomic DNA of a monoclonal T-cell population, an
intense clonal band is visible under UV light after the gel is
stained with ethidium bromide (Figure 2). If there are heterogeneous fragments amplified from polyclonal cells, then
only a diffuse smear is seen (Figure 3) (Bottaro et al., 1994;
see Figure 1).
ADVANTAGES

Prior to the use of PCR and gel electrophoresis to detect clonality in suspected cases of CTCL, the Southern blot technique
was commonly used. In comparison to the above technique,
the Southern blot analysis is time consuming, requires large
skin samples, and can detect only 5–10% of clonal subpopulations of cells (Kandolf Sekulovic´ et al., 2007).
PCR has several additional advantages over Southern
blot analysis. It is a much more sensitive technique that can
be done with standard-size punch and shave biopsy specimens; in addition, it is less expensive than Southern blot
analysis, and it takes only 2–3 days to complete. Unlike
Southern blotting, which typically requires radiolabeled
hybridization probes, PCR does not require radioactive
agents. In addition, PCR can analyze lesions with sparse
lymphocytic infiltrates, as is often the case in early-stage
MF. Despite the low numbers of tumor cells, amplification
ensures they are detected (Bottaro et al., 1994).
LIMITATIONS
Figure 3. PCR/denaturing gradient gel electrophoresis (DGGE): polyclonal
T-cell pattern. Vy1-8 PCR products (lanes 1–6) and Vy9 PCR products
(lanes 7–13) were subjected to DGGE, stained with ethidium bromide, and
photographed using UV illumination. Lanes 1–5 and 7–12 contain diffuse
smears lacking discrete bands. This is the typical result in the absence of
detectable dominant TCR-γ gene rearrangements. Lane 6 shows Vy1-8
carryover–negative control containing all reagents except target DNA.
Reprinted with permission from Wood et al. (1994).

nucleotides including all four bases (adenine, thymine,
cytosine, and guanine), and DNA polymerase to a test tube.
Next, the test tube is placed in a thermocycler machine
that raises the temperature to denature the DNA, then lowers the temperature to allow primers and DNA to anneal,
and finally raises the temperature again to allow the DNA
polymerase to extend the primers by adding nucleotides
to the DNA template strand (Sprouse et al., 2000; Guitart
and Kaul, 1999). (See the recent Research Techniques Made
Simple article on PCR (Garibyan and Avashia, 2013) for a
detailed description of the process.)
3. Detection of the PCR products. The final step involves
analysis of the PCR products by gel electrophoresis to
separate the PCR products according to their nucleotide
sequence and size. The gel contains a urea/formamide© 2014 The Society for Investigative Dermatology

Although the advent of PCR and gel electrophoresis has increased the sensitivity of detecting TCR-γ gene
rearrangement, several limitations to this technique can
lead to false-negative results. The TCR-γ gene of selected T
lymphocytes may not amplify owing to factors such as section thickness and cell size variations or the degradation of
DNA in the histological processing of tissue (Gellrich et al.,
2000). Other limitations include poor tissue sampling (i.e.,
a biopsy taken from a skin sample with a small number of
malignant T cells) and the possibility that the primers used
may not cover all possible TCR-γ gene rearrangements.
Finally, in the later stages of the disease, TCR gene deletion
is possible as the cell undergoes malignant transformation
leading to nonamplification of TCR-γ gene sequences
(Kandolf Sekulovic´ et al., 2007). False positives can also
occur because of the presence of rare benign lymphoid infiltrates, leading to “pseudoclonal” results. Another cause of
false positives is cross-contamination of specimens by clonal
DNA from positive controls. For these reasons, it is not possible to rely on the results of the TCR gene rearrangement
analysis solely to diagnose a patient with CTCL.
WHEN IS TCR GENE REARRANGEMENT ANALYSIS USED
IN DERMATOLOGY?

The most common use of TCR gene rearrangement analysis is
to aid in the diagnosis of CTCL. In the case of SS, the leukemic
www.jidonline.org
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form of CTCL, the presence of a T-cell clone in the skin
and blood, together with certain cytomorphologic features
and immunophenotypic features in the blood, is helpful in
making a diagnosis and differentiating from benign inflammatory conditions that can mimic this condition. TCR
gene rearrangement has not been shown to improve with
resolution of disease and thus cannot be used as a marker
of disease activity.
It is important to note that a positive clonality result does
not necessarily equate to malignancy, as several benign
dermatoses can produce a similar pattern, including lymphomatoid papulosis, pityriasis lichenoides et varioliformis
acuta, lymphomatoid drug eruptions, actinic reticuloid,
and lichen planus (Gellrich et al., 2000). It is essential that
clinical, histological, and immunological data be taken into
consideration when making a diagnosis of CTCL and that
the TCR gene rearrangement analysis is used as an adjunct
to help make the case for or against a diagnosis of CTCL,
rather than as the sole diagnostic feature.
IS TCR GENE REARRANGEMENT ANALYSIS USED FOR
ANYTHING ELSE?

TCR gene rearrangement is an important event in T-cell
ontogeny, and any disruption in this cycle may result in
disease. T cells have been implicated in the pathogenesis
of immunodeficiency, autoimmunity, and atopy. One of
the most pivotal uses of TCR gene rearrangement analysis is in the diagnosis of lymphocytic disease and in distinguishing it from reactive lymphoid proliferations. It has
been used in monitoring minimal residual disease after
bone marrow transplantation, aiding in the diagnosis of
immunodeficiency states, and characterizing T cells at disease sites in patients with allergy or autoimmune disease
(Bottaro et al., 1994).
SUMMARY AND FUTURE DIRECTIONS

TCR gene rearrangement analysis with PCR and gel electrophoresis is a widely used adjunct in the diagnosis
of CTCL. Most studies on TCR gene rearrangement have
focused on the diagnosis of CTCL or response to therapy.
Few have addressed whether these molecular methods are
a useful staging tool for predicting prognosis. The technical advantages of PCR make it the method of choice for
detecting clonality, and it will continue to be the method
of choice until newer methods are shown to have advantages over this technique.
MF disseminates to blood, lymph nodes, and viscera
in the advanced stages. A positive clone in the blood is
detected more frequently with progressive stages of cutaneous disease, such as those with cutaneous tumors or
erythroderma. Studies have shown that the detection of a
clone in dermatopathic lymph nodes (i.e., early-stage MF)
can be associated with a worse prognosis. T-cell clones
have even been found in the blood of a significant proportion of patients with early-stage MF, and the presence of a
peripheral blood clone was shown to be associated with a
worse outcome (Bottaro et al., 1994). To date, such studies have involved small numbers of patients, and studies
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with a larger patient population will be needed to confirm
these observations and to evaluate how best to incorporate
these data in the staging of MF.

QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.

1.	In what way does the TCR gene rearrangement
study aid in CTCL?
A. A
 TCR gene is lost in CTCL and thus serves as an
indicator for diagnosis of CTCL.
B.

 TCR gene serves as a marker for the
A
monoclonal T cell, thus aiding in diagnosis.

C. A
 TCR gene rearrangement study, if positive,
is diagnostic of CTCL.
D. A
 TCR gene rearrangement test is not useful
because it is nearly always negative in patients
with CTCL.
2. A major advantage of using PCR compared with
Southern blotting is:
A. Low sensitivity.
B.

Low specificity.

C. High specificity.
D. High sensitivity.
3. A positive TCR gene rearrangement test is
interpreted positive when there is a:
A.
B.
C.
D.

Polyclonal band detection on DGGE.
Smear detected on DGGE.
Monoclonal band detected on DGGE.
Blank space on DGGE.

4. TCR gene rearrangement studies should be used:
A. To help confirm a clinical suspicion of CTCL.
B.

 s a screening tool for all pruritic patients with
A
no histologically confirmed diagnosis.

C. T
 o help confirm a histological and clinical
suspicion of CTCL.
D. To rule out CTCL in a pruritic patient.
5. All of the following are limitations of PCR in TCR
gene rearrangement studies, except:
A. Loss of gene as the cell undergoes malignant
transformation.
B.

Poor tissue sampling.

C. Inadequate number of primers.
D. Inability to use paraffinized tissue for the test.

© 2014 The Society for Investigative Dermatology
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MF is often preceded by a chronic nonspecific
dermatitis that does not have diagnostic features of
MF histologically, yet harbors a dominant T-cell clone.
This observation has been termed “clonal dermatitis.”
Molecular studies have demonstrated that both diseases
can share the same monoclonal population. Thus, clonal
dermatitis may represent a subgroup of patients who are
at increased risk of developing clinically overt MF. Future
studies could help determine their long-term risk of MF. It
is necessary to closely follow these patients to diagnose
lymphoma at the earliest possible time and to institute the
correct treatment (Bottaro et al., 1994).
What does the future hold for this molecular technique?
This highly sensitive tool enables earlier and more accurate diagnosis of CTCL. With further studies and greater
understanding of the pathogenesis of cutaneous lymphomas, these tools may be used for more precise disease
staging and the ability to provide better prognostic information for patients, thus allowing for more tailored treatment (Wood, 2001; Gellrich et al., 2000).
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Multivariable Analysis
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In all observational research, one will sooner or later be
confronted with the question of whether a certain exposure
is related to an outcome. For example, is the risk of cutaneous melanoma affected by the use of nonsteroidal antiinflammatory drugs (NSAIDs) or is psoriasis an independent
predictor for the occurrence of cardiovascular diseases?
Questions like these can be answered using multivariable
regression analysis. This technique can be used in observational research to adjust for confounders, to assess the effect
size of risk factors, or to develop prediction models.
Researchers with limited epidemiological background may
feel uncertain how to appraise studies using multivariable
regression analysis, let alone use multivariable regression
analysis themselves. The objective of this article is therefore to
provide a practical overview of the basic principles of multivariable analysis, illustrated with various examples.
WHAT IS A MULTIVARIABLE ANALYSIS?

Multivariable analysis is a statistical technique that can be
used to simultaneously explore whether multiple risk factors (referred to as independent variables) are related to a
certain outcome (referred to as dependent variable). The
type of regression model that is selected depends mainly on
the outcome variable and the role of time in the available
data (Table 1). In this article we will describe the three most
frequently used types of regression analysis: linear regression, logistic regression, and Cox proportional hazards
regression analysis, which are generally sufficient to answer
most research questions.
Multivariable linear and logistic regression

In cross-sectional and case–control studies, you can use
either linear or logistic regression to analyze the data. If
the outcome is continuous (e.g., weight), linear regression
can be applied and relationships will be represented by
β-coefficients. For dichotomous outcomes, such as the presence or absence of a disease, logistic regression is used to
calculate odds ratios (ORs). Continuous variables may also
be transformed into a dichotomous variable, such as weight
into the absence or presence of obesity. Transforming data
by grouping results can lead to a loss of information and
precision, but the resulting risk estimates may be easier to
interpret. If cases and controls are matched for certain risk

WHAT MULTIVARIABLE REGRESSION
ANALYSIS DOES
• Aims to explore how multiple risk factors are
independently related to an outcome.
• Applies to various models depending on the
distribution and temporal relationship of the
outcome.
• Allows adjustment for known and available
confounders.
• Enables accounting for statistical interaction
between independent variables.

LIMITATIONS
• Multivariable regression analysis provides
information on potential associations, but a
significant association does not automatically
imply causality.
• It only adjusts for measured confounding.

factors (e.g., age), a conditional logistic regression model
should be used. Based on their matched criteria, the cases
and controls are linked to form a set to which the multivariable analysis used to adjust for other confounders can
be applied. Discarding the matched design by adjusting for
matched factors in an unconditional analysis leads to a bias
toward the null. Interactions with the matching variables
can still be taken into account.
In all models it is assumed that the independent variables
have a linear relationship with the continuous outcome
(linear regression) or logarithm of odds of the dichotomous
outcome (logistic regression). In the case of nonlinear
relationships, the independent variables can be forced into
a normal distribution by taking the natural logarithm or by
creating multiple dichotomous variables.
Multivariable Cox proportional hazards analysis

In cohort studies, where the exposure precedes the outcome,
data can be analyzed using multivariable Cox proportional
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are compared at one point in time or over a comparable
timeframe (e.g., a two-year period), which implies retrospective data collection or excluding subjects without sufficient
follow-up time and therefore losing valuable information.
Finally, with Cox proportional hazards analysis it is assumed
that all independent variables change linearly with the logarithm of the hazard.
Risk estimates

Independent
variable

?
Outcome

b
Intermediate
variable
+/–

+/–

The β-coefficient obtained from linear regression is directly
interpretable as the slope, which denotes the change in dependent variable per unit change in independent variable (Table
1). If the 95% confidence interval (CI) includes the value 0, this
represents a nonsignificant association, because a slope of 0
means there is no association (or a non-linear relationship). In
the case of logistic or Cox proportional hazards analysis, the
ORs or HRs are an exponentiation of this β-coefficient, which
results in an outcome that cannot extend below 0 but ranges
from 0 to infinity. For ORs or HRs, the 95% CI must exclude
the value 1 to demonstrate a significant association (Table 1)
because a ratio of 1 means that the odds or hazards are the
same for the two groups you are comparing. Reporting 95%
CIs is preferred over reporting P values because reporting 95%
CIs has the advantage of directly including both an effect size
(point estimate) as well as the range of values in which the true
value lies (width of 95% CI), rather than stating only whether a
statistically significant difference is observed.
Examples of multivariable analysis

Independent
variable

?
Outcome

Figure 1. The role of a confounder versus an intermediate variable in the
relationship between an independent variable and an outcome. (a) The
association between an independent variable and an outcome may be
confounded. That is, the confounder predicts the independent variable,
predicts the outcome, and is not part of the causal pathway, leading to a
triangular relationship. Thereby, the association between the independent
variable and the outcome is (partly) explained by the confounder. (b) The role
of an intermediate variable in the relation between an independent variable
and an outcome. The intermediate variable is part of the causal pathway in
the relationship between the independent variable and the outcome.

hazards regression analysis, also known as survival analysis.
In Cox proportional hazards models the effect of independent
variables on survival time is assessed and represented by hazard ratios (HRs). The advantage of Cox proportional hazards
analysis is that it includes all observation-years available for
each participant until the studied outcome (e.g., a cardiovascular event) or death, or otherwise to the end of the followup time, whichever comes first. It also takes into account the
exposure time to a risk factor (e.g., days of sun exposure),
which may be shorter than the total included follow-up time.
The prospective means of data collection in cohort studies
result in more precise data with a temporal component. This
is in contrast to linear or logistic regression, where subjects
© 2014 The Society for Investigative Dermatology

Multivariable conditional logistic regression was applied in
an age- and gender-matched case–control study investigating the association between cutaneous melanoma (CM) as a
dichotomous dependent variable and exposure to NSAIDs as
an independent variable (Curiel-Lewandrowski et al., 2011).
Matching for age and gender was done by including at least
one community-based control subject from the same 5-year
age group and gender for every subject with CM in this study.
The odds of CM were significantly lower among those using
aspirin, with a crude OR of 0.75 and a 95% CI of 0.57–0.97,
which actually represents an adjusted OR because it already
includes adjustment for age and gender by matching the case
and control subjects. This effect of aspirin was even stronger
after adjusting for the number of sunburns during childhood in
the multivariable model, resulting in an adjusted OR of 0.72
(95% CI 0.55–0.94) (Curiel-Lewandrowski et al., 2011).
In a population-based cohort study assessing the association between psoriasis and cardiovascular events, multivariable Cox proportional hazards analysis was applied to adjust
for other cardiovascular risk factors, including the significantly
younger age of the psoriasis cohort (Dowlatshahi et al., 2013).
The crude HR showed a borderline significantly decreased
cardiovascular risk with a HR of 0.69 and a 95% CI 0.48–
1.00 for psoriasis patients compared to reference subjects.
In this case the HR is called “borderline significant” because
the upper limit of the CI includes 1; this is also reflected in
the P value of 0.05. After adjusting for the total cardiovascular risk profile, the HR was 0.73 with a 95% CI between 0.50
and 1.06, which is not significant because the value 1 lies
www.jidonline.org
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Table 1.

Multivariable regression techniques

Statistically
significant CI

No. of
independent
variables (predictors) Example of
allowed for
interpretation
consideration
of associations

β = change in
the dependent
variable

If the CI does
not include 0

No. of
subjects/10

Psoriasis:
β = change in IMT of psoriasis
patients compared with controls
of the same age and sex

Occurrence
of a
cutaneous
melanoma

Odds ratio
(OR)

If the CI does
not include 1.0

No. of events/10

NSAID use:
OR of melanoma for NSAID users
compared to no NSAID users adjusted for age, gender, and sunburn

Time to
occurrence
of a CVD

Hazard ratio
(HR)

If the CI does
not include 1.0

No. of events/10

Psoriasis:
HR of a CVD for psoriasis patients
compared to patients without psoriasis adjusted for other CV risk factors

Multivariable
technique

Dependent
variable
(outcome)

Example of
dependent
variable

Reported
measure
of association

Linear regression

Continuous

Intima media
thickness

Logistic regression Dichotomous

Cox proportional Time until
hazards regression event

CI, confidence interval; CVD, cardiovascular disease; IMT, intima media thickness; NSAID, nonsteroidal anti-inflammatory drug.

within the 95% CI; this is also reflected in the P value of 0.10.
Further examples of multivariable linear regression, such as
the association between psoriasis and measures of subclinical
atherosclerosis (for example, carotid intima media thickness),
can also be found in this study (Dowlatshahi et al., 2013).
CONFOUNDING AND INTERACTION
Confounding

A confounder is a variable that explains (part of) the association between exposure and outcome (Rothman and
Greenland, 1998), but a confounder cannot be part of the
causal pathway (Figure 1a). As depicted in Figure 1a, the
confounder has a triangular relationship with both the
exposure and the outcome. Confounders should not be

1.10

Intima media thickness (in mm)

1.08

Psoriasis:
interaction
with age

1.06
1.04

Psoriasis:
no interaction
with age

1.02

No psoriasis
(reference)

1.00
0.98
0.96
0.94
40

50

70

60

80

Age

Figure 2. An example of interaction in linear regression between psoriasis
and age for the difference in carotid intima media thickness. If no
interaction is present, the difference in intima media thickness will be equal
for all ages. In the case of statistical interaction, the difference in intima
media thickness depends on age.
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confused with intermediate variables, which are part of the
causal pathway (Figure 1b), because adjusting for an intermediate variable would attenuate the measure of association. To test whether a variable is a confounder, the data can
be stratified for a suspected confounder to examine stratumspecific risk estimates. If data on confounders are available,
they can be corrected for using multivariable regression
models. Usually in clinical research not all confounders
are available or known; this is referred to as unmeasured or
residual confounding.
Interaction

Statistical interaction means that the effect of an independent
variable is affected by a second independent variable in the
multivariable model. This implies that the effect of two independent variables on the outcome is different than would
be expected based on the separate effect of the independent
variables. Statistical interaction may indicate the presence of
a biological interaction, which is the effect of two or more
factors in a causal mechanism to develop a disease.
There are two types of interaction. Additive interaction in
linear regression means that the effect of two interacting variables is stronger or weaker than would be expected by adding the effect of two variables. If there is statistical interaction
in logistic or Cox proportional hazards regression models, this
is multiplicative interaction, meaning there is a multiplicative
effect between two independent variables on the OR or HR.
An example of interaction in linear regression is shown
in Figure 2, which is based on the study by Dowlatshahi et
al. (2013), where no significant difference in carotid intima
media thickness was found in psoriasis patients compared
to healthy controls. In this hypothetical figure the potential
effect of interaction between psoriasis and age on the carotid intima media thickness is demonstrated. If no interaction
is present, the difference in intima media thickness will be
equal for all ages. In the case of statistical interaction, the
difference in intima media thickness is dependent on age.
© 2014 The Society for Investigative Dermatology
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Table 2. Hill’s criteria of causation (Hill, 1965), which can be used as supporting evidence to demonstrate a
causal relationship in observational research
Criteria

Explanation

1

Strength of association

A larger association (e.g., larger odds ratio) increases the likelihood of a causal relationship.

2

Temporality

The exposure precedes the effect.

3

Consistency

The same association is replicated in different study settings and environments.

4

Biological plausibility

The presence of a rational and theoretical basis.

5

Dose–response relationship

Greater amount of exposure results in an increased risk.

6

Experimental evidence

The presence of experiments to make a causal interference more plausible.

7

Coherence

The association does not conflict with the existing theory and knowledge.

8

Specificity

The outcome has only one cause.

9

Analogy

Evidence from one research area can be applied to another area.

Some criteria may not be applicable to all research questions.

SELECTION OF INDEPENDENT VARIABLES FOR THE
MULTIVARIABLE MODEL
Sufficient sample size
The number of confounders that you can adjust for depends
on the sample size. This is reflected in large CIs in studies
where the sample size is too small for the number of confounders. There are some rules of thumb to determine the
required sample size (Table 1). For multiple logistic regression and Cox proportional hazards analysis, it is recommended that for every independent variable screened for
association there are at least 10 events (Harrell, 2001). In
multivariable linear regression it is recommended that for
every independent variable approximately 10 subjects are
included (Harrell, 2001).
Selection process of independent variables

In addition to having a sufficiently large sample size, you must
also decide which potential confounders are eligible to enter
into the model. Variable selection can be based on literature,
clinical expertise, the influence on risk estimates, or statistical
significance. Including all available variables that do not add
much to the model can lead to unnecessarily large models.
Using biologically plausible reasons (i.e., literature or clinical expertise) to select the variables for the model is a justifiable and often advised technique. However, including only
biologically plausible variables rules out the option of finding
unexpected confounders. Furthermore, a small sample size
may require further reduction of the independent variables,
which can be achieved through various techniques. One
option is bivariable analysis, where confounders that change
the studied association by 10% or more are included in the
final model (Vandenbroucke et al., 2007). Variables can also
be selected based on a certain P value (e.g., <0.05) in univariable analysis, although a disadvantage of this technique is
that variables that are not important in the univariable association, and are therefore excluded, can be important in the
full model. Another option is to allow the statistical program to
choose the variables by forward or backward selection. In this
technique the role of each independent variable is evaluated
stepwise based on statistical significance. The most significant
variables are added one by one, starting with an empty model
© 2014 The Society for Investigative Dermatology

(forward selection), or nonsignificant variables are removed
stepwise (backward selection), starting with a full model. This
can lead to unpredictable effects because the significance
may depend on the order of adding or removing covariates. In
addition, this technique may also lead to the exclusion of variables you might have preferred to keep in your model based
on clinical reasons.
Model performance

Once the final multivariable model has been built, there are
various measures to assess the performance of the model. An
easy-to-interpret measure of overall performance is the R2. The
R2 represents the proportion of variance in the outcome that is
explained by the independent variables in the model. The value
of R2 ranges from 0 to 1, with the value 1 representing the perfect model, where independent variables entirely account for
the outcome. In linear regression this is represented by the
(adjusted) R2, and in logistic regression the R2 of linear regression is best approximated by Nagelkerke’s R2. Unfortunately,
an easily interpretable R2 cannot be calculated for Cox
proportional hazards regression models.
LIMITATIONS OF MULTIVARIABLE ANALYSIS

As discussed before, multivariable analysis only adjusts for
measured confounding. This is a significant difference compared to randomized controlled trials, where the randomization process results in an equal distribution of all potential
confounders, known and unknown, thereby removing any
relation with the exposure group and thus the effect on the risk
estimate.
Once a significant association is found by multivariable
analysis, always consider whether statistical significance also
implies clinical relevance. It can be helpful to determine the
clinical relevance of a significant association by calculating
the absolute risk difference or the number needed to treat or
screen to prevent one event. In 1995 the British Committee
on Safety of Medicines issued a warning that third-generation
oral contraceptives were associated with a twofold higher
risk of venous thromboembolisms, with second-generation
oral contraceptives serving as the reference group. This news
caused great anxiety among women who used oral conwww.jidonline.org
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traceptives. There was, unfortunately, less attention for the
absolute risk increase for venous thromboembolisms, which
was, according the studies the warning was based on, about
1 in 7,000 for women who took the pill from the previous
generation compared to 2 in 7,000 for women using a thirdgeneration pill. The subsequent “pill scare” was estimated to
result in an additional 13,000 abortions the following year
in England and Wales (Furedi, 1999). This example illustrates that researchers should always try to place their results
in the bigger perspective and should not always focus only
on a statistically significant difference. Finally, significant
associations found by multivariable regression analysis, for
example, the association between psoriasis and cardiovascular death based on observational studies, do not automatically prove causality (Samarasekera et al., 2013). Randomized
controlled trials are the gold standard to prove causality.
However, in observational studies causality can be made
more plausible by collecting supportive evidence such as the
Bradford–Hill criteria for causation, which are listed in Table
2 (Hill, 1965).
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1. In a multivariable survival analysis:
A. Subjects without a complete follow-up time
must be excluded.
B. The dependent variable is the time until event.
C. Statistical interaction between independent
variables is additive.
D. The hazard ratio is significant if the confidence
interval excludes 0.
2. What type of analysis was used to investigate whether
subjects with psoriasis have an increased carotid
intima media thickness (IMT) compared with subjects
without psoriasis in the article by Dowlatshahi et al.?
Start by determining the independent (risk factor) and
dependent (outcome) variable.
A. Independent variable = psoriasis,
dependent variable = IMT; linear regression.
B. Independent variable = IMT, dependent
variable = psoriasis; proportional hazards analysis.
C. Independent variable = IMT,
dependent variable = psoriasis; logistic regression.
3. Which statement on confounding is correct?
A. A confounder affects the relationship between
two independent variables.
B. In addition to multivariable regression
techniques, there are other options to correct for
confounding.
C. It is always possible to adjust for confounding.
4. Approximately how many events are needed in
logistic regression analysis to adjust for one independent variable?
A. This does not depend on the number of events,
but on the number of study subjects.
B. For every independent variable approximately
10 events are required.
C. As long as there is a biologically plausible
reason to adjust for a potential confounder, no
assumptions on the sample size are required.
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Zebrafish as a Model System to Study Skin Biology
and Pathology
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INTRODUCTION

Several animal models have been developed to recapitulate the features of specific skin diseases, and such
model systems have provided valuable insight into the
pathomechanistic details of these diseases. They have also
provided useful systems for testing of treatment modalities
for a number of conditions. The preferred platform for such
model development has been the mouse, often through
the development of “knockout” mice or by development
of transgenic mice with expression of the mutant genes.
Although the mouse models have often demonstrated
remarkable similarity to human diseases, mice as a model
system have considerable limitations, including relatively long lifespan and high cost of development. Also, the
genetic background of the mouse strains can have a major
influence on the development of the disease phenotype. In
some cases, development of the mouse model is not feasible because of the absence of the corresponding gene in
the mouse genome. These considerations, particularly in
conjunction with cost-containment issues, have prompted
the search for an alternative model system to study skin
diseases. In fact, Vanchieri (2001) suggested, “Move over
mouse: make way for the woodchucks, ferrets, and zebrafish,” and Lieschke and Currie (2007) said, “Animal models
of human disease: zebrafish swim into view.”

ADVANTAGES OF THE ZEBRAFISH
MODEL SYSTEM
• A freshwater vertebrate with a complement of
genes very similar to those of mammals.
• Rapid development of transparent embryos,
allowing visual inspection of internal organs.
• Easy breeding, with a large number of embryos and
larvae.
• Easy manipulation of gene expression with
phenotypic consequences.
• A facile and cost-efficient system for large-scale
screening.

LIMITATIONS
• Lack of functional stratum corneum and expression
of genes necessary for terminal differentiation of
epidermis.
• The zebrafish genome database is not complete
and contains misassemblies.
• Paucity of antibodies recognizing zebrafish protein
sequences.

THE ZEBRAFISH GENOME

The genome of zebrafish, a small freshwater vertebrate,
consists of 25 chromosomes and contains essentially the
full repertoire of vertebrate genes. Although the zebrafish genome sequencing has not been fully completed, the
most recent gene set comprises 26,247 protein-coding
genes and 54,869 transcripts, based on integrated wholegenome assembly (Ensembl, Zebrafish Zv9; http://asia.
ensembl.org/Danio_rerio/Info/Index). Comparison with
the human genome reveals that approximately 70% of our
genes have a zebrafish counterpart; perhaps more importantly, about 84% of the genes that cause human diseases
have a zebrafish ortholog (McKie, 2013).

A characteristic feature of the zebrafish genome is that
a number of genes appear in duplicate, reflecting two
sequential rounds of duplication of the genome before
divergence of ray-finned and lobe-finned fish. In addition, there is evidence of another round of whole-genome
duplication near the origin of teleost fish ~350 million
years ago (Postlethwait, 2007). Although in many cases
one copy of the duplicated gene has been lost or silenced
during evolution, in some cases both copies have survived
in a functional state but resulted in distinct function or
spatial distribution. The overall conservation in different
orthologous genes between species, such as humans and
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Figure 1. Cutaneous biology of the developing zebrafish. (a) The growth of zebrafish from an embryo 1 day postfertilization (dpf), which is surrounded by a transparent
chorion (c) and displays a prominent yolk sac (ys), to an adult fish. At 6 dpf, pigmentation becomes apparent on the skin. (b) Transmission electron microscopy reveals
an epidermis (e) at 1 and 6 dpf consisting of two cell layers; at 6 dpf the epidermis is separated from the underlying collagenous stroma (cs) and dermis (d) by a clearly
demarcated basement membrane (open arrowheads). In adult fish, there is a multilayered epidermis, and higher magnification of the basement membrane zone
reveals the presence of hemidesmosomes (arrows in the inset). The spicule-like extensions of the surface of the skin (arrows) correspond to microridges. (c) Scanning
electron microscopy reveals well-demarcated keratinocytes with distinct cell–cell borders (small arrows). In the middle of the keratinocyte surface, there are developing
microridges that at 6 dpf become well organized (open arrowheads). In an adult fish, the epidermis is covered by scales. Reprinted with permission from Li et al. (2011).

zebrafish, can be determined by constructing phylogenetic trees based on precise nucleotide information. The
conservation of individual genes between humans and
zebrafish is variable, but certain protein domains are well
conserved. Nevertheless, the overall conservation of the
human and zebrafish genome forms the basis to study the
role of distinct genes in cutaneous biology and pathology.
ZEBRAFISH SKIN DEVELOPMENT

The advantages of using zebrafish as a model are that a large
number of embryos can be obtained per laying, approximately 50–100 per female, and the development of various organs in zebrafish embryos is easy to visualize in vivo
because the embryos are optically transparent during the
first several days of development (Li et al., 2011). Zebrafish
has a rapid rate of maturation from embryo to fully developed fish, and at 5–6 days postfertilization (dpf), all important internal organs are largely formed, and skin consists
of distinct compartments, as visualized by transmission
electron microscopy (Figure 1). Layers representing the
epidermis and the dermis can be recognized as early as 1
dpf, but the cutaneous basement membrane zone (BMZ)
separating the epidermis and dermis is not evident at that
point. However, at 6 dpf, the epidermis is composed of a
two-cell layer and is separated from the underlying connec40
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tive tissue stroma by a basement membrane. On the dermal
side, there is collagenous stroma with fibroblastic cells with
well-developed rough endoplasmic reticulum. At 6 dpf, the
zebrafish skin has a well-demarcated epidermis and dermis,
and in a fully developed adult zebrafish, there is a multilayer
epidermis that is separated from the underlying collagenous
stroma by the basement membrane (Figure 1).
Examination of the zebrafish skin surface as early as 1
dpf by scanning electron microscopy reveals well-demarcated keratinocytes with surface contour containing developing microridges, which become fully developed by 6
dpf. In adult zebrafish the epidermis is covered by scales,
which develop at around 30 dpf as a result of a genetic
cascade that includes sonic hedgehog expression. In addition to fibroblastic cells adjacent to the collagenous stroma, zebrafish skin has a neural crest–derived pigment cell
system that includes melanocytes, potential targets to study
the developmental biology and pathology of pigmentation (Ni-Komatsu and Orlow, 2007). Zebrafish also have
structures that are specialized for the aquatic environment,
including the lateral line that contains 54 neuromasts,
topographically highly conserved neural elements consisting of hair cells. This lateral line serves as a sensory organ
monitoring the rheological movement of the fish in water.
It should be pointed out, however, that in addition to the
© 2014 The Society for Investigative Dermatology
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scales, zebrafish and human skin are different in that the
zebrafish lacks mammalian appendages, including hair follicles and sebaceous glands.
CUTANEOUS GENE EXPRESSION

Considering the similarity of the skin structure, with clearly
recognizable epidermis, BMZ, and dermis, we have
previously profiled zebrafish skin gene expression by reverse
transcription (RT)-PCR for selected genes known to be
expressed in human skin (Li et al., 2011). A number of epidermal marker genes, including keratins 1 and 5, the 230kDa bullous pemphigoid antigen, and plectin, are expressed
in zebrafish skin as early as 1 dpf. Several BMZ genes,
including subunit polypeptides of type IV collagen, as well
as collagens VII and XVII, can be readily detected. Major
collagens present in human dermis, including collagens I,
V, and VI, are also expressed in zebrafish skin at 6 dpf. Thus,
the gene expression profile in zebrafish reveals a repertoire
of genes that are also represented in the developing human
skin. It should be noted, however, that the zebrafish genome
does not appear to contain genes encoding filaggrin, involucrin, or trichohyalin. The absence of these genes may reflect
the fact that zebrafish epidermis does not undergo terminal
differentiation and does not form stratum corneum with barrier functions similar to that of human skin. This difference
clearly limits the study of some human epidermal disorders
using zebrafish as a model system.
In addition to analysis of temporal expression of the
genes in zebrafish by RT-PCR, spatial expression of these
genes can be monitored by in situ hybridization, which
allows identification and distinct localization of mRNAs at
different developmental stages. Collectively, technologies

such as RT-PCR and in situ hybridization allow determination of the temporal and spatial expression of genes in
developing zebrafish. The corresponding techniques at the
protein level (i.e., western blot and immunohistochemistry)
can also be applied to study gene expression in zebrafish,
but these approaches are limited by the paucity of antibodies that recognize zebrafish protein sequences.
GENETIC MANIPULATION OF THE ZEBRAFISH GENOME
AND INHIBITION OF GENE EXPRESSION

One approach to study heritable skin diseases using zebrafish as a model system employs forward genetics, in which
discrete point mutations are introduced into the genome
with ethylnitrosourea (ENU), or random mutagenesis is carried out using retroviral techniques. After mutagenesis, a
large number of embryos or larvae are screened for cutaneous phenotypes, facilitated by the transparency of the developing fish (Figure 2). Large-scale forward-genetics screens
can also be used to identify mutated genes orthologous to
those causing human heritable diseases, with phenotypic
similarities. This approach will also allow identification of
previously unreported genes that can be tested in patients
with similar phenotypes but with no known gene defects.
Another way of utilizing zebrafish as a model system to
study heritable skin diseases is to perform “knockdown”
of the expression of specific genes by stable morpholinobased antisense oligonucleotides (Figure 3). These morpholinos can target either the sequences around or slightly
upstream from the translation initiation codon (AUG) to
prevent translation or splice junction sequences to prevent
synthesis of a mature mRNA. In the case of morpholinos
targeting the upstream regulatory sequences, the efficiency

Figure 2. Principles of forward genetics for identification of mutated genes in zebrafish by ethylnitrosourea (ENU) mutagenesis. (a) ENU treatment of male
fish results in random mutagenesis (m). Mating of mutant males with normal females results in a progeny of mutant fish with a readily observable phenotype
in the case of a dominant mutation in F1 and F2 generations. In the case of a recessive mutation, random matings result in a population with the phenotype
(gray fish). (b) Identification of the recessive mutations resulting in a phenotype (gray fish). The specific mutant genes will be identified by linkage analysis and
the mutations can be detected by genome sequencing. SNP, single-nucleotide polymorphism; SSLP, simple sequence-length polymorphism. Modified with
permission from Dahm et al., 2005. Copyright Wiley–VCH Verlag GmbH & Co. KGaA.
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Figure 3. Morpholino-mediated knockdown of zebrafish genes. (a) A morpholino (MO1) corresponding to the col17a1b gene was used to target the 5′
untranslated region of the corresponding mRNA to prevent translation. To determine the efficacy of morpholino in downregulating the translation, an
expression construct consisting of the SP6 promoter, 5′ untranslated region of the col17a1b gene, and downstream enhanced green fluorescent protein (EGFP)
reporter gene was generated. Microinjection of mRNA transcribed in vitro from the pCS2/EGFP vector to 1–4 cell-stage embryos shows green fluorescence
at 8.5 hpf (lower left panel). Coinjection of this mRNA together with the MO1 morpholino completely abolished the fluorescence, indicating inhibition of
the translation. (b) A morpholino (MO2) corresponding to the zebrafish abcc6b gene was placed on the exon 18/intron 18 splice junction. Efficiency of the
morpholino in preventing splicing of the abcc6b pre-mRNA into mature mRNA was monitored by reverse transcription (RT)-PCR using primers placed on exon
18 (forward) and exon 19 (reverse). PCR of the genomic sequence resulted in a 421-bp fragment, whereas fully spliced cDNA yields a 299-bp fragment devoid
of intron 18 (122 bp). RT-PCR of morpholino (MO2)-treated zebrafish embryo reveals the presence of the 421-bp mRNA sequence only, indicating complete
inhibition of the removal of intron 18 by splicing. Because the intron 18 sequence is out of frame, this results in a complete absence of the abcc6b protein
product. Reprinted with permission from Li et al. (2011).

can be monitored by coinjection of the morpholino with
mRNA transcribed from an expression construct containing the 5′ regulatory elements of the corresponding gene
linked to green fluorescent protein reporter. In the case
of splice junction morpholinos, the efficiency of the gene
expression knockdown can be monitored by reverse
RT-PCR (Figure 3).
APPLICATION OF THE ZEBRAFISH MODEL
FOR SKIN RESEARCH

The advantages of the zebrafish as a model system to study
cutaneous biology and pathology are becoming widely
recognized, and an increasing number of publications utilize this system (Rakers et al., 2010). For example, several recent articles published in the Journal of Investigative
Dermatology utilized zebrafish as a model system. One
examined wound healing and reepithelialization in adult
zebrafish skin following full-thickness wounds inflicted
onto the flank of adult zebrafish (Richardson et al., 2013).
The results showed that, apart from external fibrin clot formation, all steps of adult mammalian wound repair also
exist in zebrafish. Extremely rapid reepithelialization was
initiated with no apparent lag phase, followed by migration
of inflammatory cells and formation of granulation tissue
consisting of macrophages, fibroblasts, blood vessels, and
collagen. The granulation tissue later regresses, resulting
42
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in minimal scar formation. Further studies suggested that
wound reepithelialization occurs independently of inflammation and fibroblast growth factor signaling, essential
for fibroblast recruitment and granulation tissue formation. Together, these results demonstrated that major steps
and principles of cutaneous wound healing are conserved
among adult mammals and adult zebrafish, making zebrafish a valuable model for studying vertebrate skin repair.
Another study demonstrated the utility of forward genetic
screening to identify a loss-of-function mutation in the
kindlin-1 gene in mutant zebrafish demonstrating epidermal fragility at 2 dpf (Postel et al., 2013). The phenotype
consisted of progressive rupturing and eventual complete
loss of medial fins as a result of ENU mutagenesis. Mitotic
mapping positioned the causal mutation on chromosome
20 to an interval that contained kindlin-1 (FERMT1), which
encodes Kindlin-1, the zebrafish ortholog of the human
protein at fault in Kindler syndrome (Has et al., 2011).
Characterization of the zebrafish mutation in this gene
revealed a G → T transversion mutation in exon 13, resulting in a premature termination codon at amino-acid residue
E565. It was noted that the fin phenotype of the kindlin-1
mutants resembled that of knockdown embryos injected
with kindlin-1-specific morpholino. Thus, the kindlin-1
mutant zebrafish provides a unique model system to study
epidermal adhesion mechanisms in vivo.
© 2014 The Society for Investigative Dermatology
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Another study examined the microphthalmia-associated transcription factor (MITF), the master melanocyte
transcription factor with a complex role in melanoma,
using a conditional zebrafish model (Lister et al., 2013).
Specifically, a temperature-sensitive MITF zebrafish
mutant was employed to conditionally control endogenous MITF activity. The results showed that low levels of
endogenous activity are oncogenic with BRAFV600E to promote melanoma, reflecting the pathology of the human
disease. Abrogating MITF activity in BRAFV600E melanoma
led to dramatic tumor regression marked by melanophage
infiltration and increased apoptosis. These studies suggested that targeting MITF activity is a potent antitumor mechanism, but also showed that caution is warranted because
low levels of wild-type MITF activity could be oncogenic.
CONCLUSIONS

Zebrafish is an expedient and cost-effective model system
that can be applied to explore the pathomechanisms of a
number of human skin diseases. It is conceivable that the
zebrafish model will become increasingly popular with
increasing recognition of its advantages over conventional
model systems.
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1. Which of the following statements is applicable to
zebrafish?
A. The zebrafish genome has been completely
sequenced.
B. There is a multitude of antibodies suitable for
western analysis and immunohistochemistry of
zebrafish proteins.
C. The zebrafish model system is expensive
because of the long developmental delay of
embryos.
D. None of the above.
2. The zebrafish model system can be used to study
which of the following?
A. Pigment cell biology.
B. Wound healing and skin repair.
C. The genetic basis of skin diseases.
D.

Epidermal adhesions.

E.

All of the above.

3. Techniques applicable to study genetic diseases in
the zebrafish model include which of the following?
A. Morpholino “knockdown” of gene expression.
B. Forward genetics by ENU mutagenesis.
C. 
In situ hybridization to examine spatial
expression of genes.
D.

All of the above.

4. Zebrafish skin development is different from that of
humans because of

A PowerPoint slide presentation appropriate for journal club or other teaching
purposes is available at http://dx.doi.org/10.1038/jid.2014.182.

A. a lack of terminal differentiation toward
formation of stratum corneum.
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C. formation of the lateral line containing
neuromasts.
D.

All of the above.

5. Which layer is absent in zebrafish skin?
A.

Basement membrane zone.

B. Collagenous stroma.
C. Stratum corneum.
D.

Basal cell layer.
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INTRODUCTION

Mutations in a variety of genes underlie different skin
pathologies, in either monogenic or multigenic diseases. In
vivo model systems are essential to investigate the contribution of the different proteins encoded by these genes to
disease development. Furthermore, these models are necessary to develop and test new treatments for these diseases.
Gene-targeting strategies in mice allow investigators to turn
genes off or on, either in the whole organism or in a tissuespecific manner (Gu et al., 1994). Strategies to inactivate
genes using Cre–loxP technology, for example, were introduced in the first part of the “Transgenic Mouse Technology
in Skin Biology” Research Techniques Made Simple article
(Scharfenberger et al., 2014). However, many complete
and tissue-specific Cre-mediated knockout mice result in
embryonic or early perinatal death, thereby precluding
the analysis of gene function in different cell types and in
the regulation of skin homeostasis (Lewandoski, 2001). In
addition, many skin diseases only manifest in adult stages
of life, and this is often accompanied by an altered gene
expression. To circumvent early lethality and/or mimic the
alterations in gene expression that precede or accompany
disease, several transgenic mouse systems have been developed, which allow investigators not only to regulate gene
expression in a tissue/cell-specific manner (spatial control)
but also to initiate this alteration at a time point that is determined by the researcher (temporal control).
Several inducible systems have recently been developed,
each with different advantages and limitations (Garcia and
Mills, 2002; Lewandowski, 2001). Some of these inducible
systems are based on spatiotemporal control of promoter
activity by regulatory elements inserted in front of the promoter, whereas in other systems the spatial localization of the
protein of interest (mostly Cre) determines whether the protein is active. Using Cre as an example of a spatiotemporally

ADVANTAGES
• Inducible mouse technology enables investigators
to determine not only where but also when to turn
on or off genes of interest.
• I t also allows investigators to assess the functional
importance of overexpression or loss of proteins
in normal skin homeostasis and at different stages
of disease.

LIMITATIONS
• Long-term treatment with the inducer can lead to
side effects.
• The system can be “leaky,” resulting in undesired
expression of the protein of interest.

induced protein, we will discuss the two most common
models: the tetracycline/doxycycline binary transactivation
model and the tamoxifen–Cre–inducible model.
THE TETRACYCLINE-INDUCIBLE CRE–LOXP SYSTEM

Tetracycline (Tet)-inducible systems use an artificial protein (tetracycline-responsive transactivator (tTA)) to regulate the expression of proteins of interest (Garcia and Mills, 2002; Figure 1). As
an example we use the Cre protein, which can control the timing of Cre-mediated recombination of loxP sites. The tTA fusion
protein is composed of the tetracycline repressor from bacteria
and the viral protein p16 (used by Jaubert et al., 2004). tTA is
able to bind to a 19 base pair–long DNA sequence (tet Operon
(tetO)) and induce the expression of the gene of interest that
is inserted after the tetO (in this case the Cre recombinase). In
the presence of the antibiotic Tet or its derivative, doxycycline
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(Dox), tTA changes its confirmation and the tTA is no longer able
to bind to the tetO, thus shutting down expression of the Cre
recombinase (Garcia and Mills, 2002). Inactivation of a gene at
the time point of interest requires the persistent application of
Tet/Dox until this time point (Jaubert et al., 2004). Upon clearance of Tet/Dox from the tissue, the Cre recombinase is active,
resulting in recombination of the loxP sites and, in the case of
deletion, inactivation of the gene (Figure 1a).
The main disadvantage of this so-called Tet-off system is the
high toxicity of Tet/Dox when used in the long-term treatment
of mice. To circumvent this problem the “Tet-on” system was
developed, where a reverse tTa (rtTA) protein (Jaubert et al.,
2004) only binds to the DNA upon binding to Tet/Dox, which
then results in activation of Cre expression (Figure 1b). The
advantage of this method is that mice do not have to be treated
continuously with Tet/Dox. In addition, expression of the Cre
recombinase solely depends on saturation of the drug in the tissue. Using cell/tissue-specific promoters to drive tTA/rtTA fusion
protein expression allows spatial control of the turning off or on
of genes in the tissue or cells of interest.

a

Tet-off
Tissue-specific
promoter

tetR

APPLICATION METHODS

Tet/Dox and tamoxifen dissolved in a vehicle, such as ethanol,
can be applied topically to a defined area of mammal skin.
When a systemic approach is favored, tTA or rtTA mice are
usually fed Dox-containing drinking water to induce gene deletion. For tamoxifen-inducible Cre–ER systems, the application
methods are more diverse. Similar to Dox treatment, the mice
can be fed tamoxifen drinking water or tamoxifen food pellets.
This is a convenient method for investigators, and it is considerably less stressful for the mice compared to other procedures.
When using these food- and water-based application methods,
the gene deletion efficiency depends on the animals’ drinking
and eating behavior, which directly correlates to the final Dox
or tamoxifen dosage in the target tissue.
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tTA protein
Tet/Dox
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THE TAMOXIFEN-INDUCIBLE CRE–LOXP SYSTEM

The second major inducible gene knockout/knockin system is
based on nuclear hormone receptors that translocate into the
nucleus to regulate gene expression when bound to their corresponding hormone ligand (Garcia and Mills, 2002; Lewandoski,
2001; Figure 2). The estrogen receptor (ER) is such a nuclear
hormone receptor that binds estrogen, but also the estrogen
antagonist tamoxifen. In the inactive state the ER is bound to
heat shock protein 90 (Hsp90) and is thereby excluded from
the nucleus. When estrogen or tamoxifen binds the hormonebinding site of the ER, Hsp90 is released and the ER shuttles into
the nucleus. This property is used to control the localization of
Cre, which can only recombine loxP sites in the nucleus. By
fusing Cre to the ER, it is retained in the cytosol by Hsp90 in
the absence of hormone. Upon application of tamoxifen, the
Cre–ER protein is released from Hsp90 and can now enter the
nucleus, where Cre recombines the loxP-flanked (floxed) target
gene. This system uses modified versions of the estrogen receptors, which cannot bind endogenous estrogen but are able to
bind tamoxifen. The expression of this Cre–ER fusion protein is
controlled by tissue-specific promoters (Gu et al., 1994; Denton
et al., 2009; Figure 3).

DNA
construct

tTA

No Tet/Dox
application

Cre

Cre

No Cre
recombinase
expression

Cre
recombinase
expression
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Tet-on
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rtTA

rtetR

VP16
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No Tet/Dox
application

Tet/Dox
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No Cre
recombinase
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Cre
recombinase
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Figure 1. Tetracycline/doxycycline-inducible Cre–loxP system. (a) The Tet/
Dox-responsive tetracycline-responsive transactivator (tTA) protein, which
is expressed under the control of a tissue-specific promoter, can bind Tet/
Dox. Upon Tet/Dox application, the tTA is unable to bind the tet Operon
(tetO), resulting in an inactive promoter and no expression of the protein of
interest, in this case Cre recombinase. When Tet/Dox is removed, tTA is able
to bind the tetO element, resulting in activation of the promoter and, thus,
expression of Cre (Tet-off). (b) The Tet-on system uses a modified reverse tTA
(rtTA) protein, which can be activated by Tet/Dox. Upon Tet/Dox application,
the rtTA protein is able to bind the tetO and activate the promoter, resulting
in expression of the protein of Cre. Subsequently, Cre can then recombine
the floxed gene of interest, thus leading to gene inactivation.
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In addition, the relatively low water solubility of tamoxifen limits the tamoxifen doses that can be administered
via drinking water, making it more difficult to arrive at a
dose sufficient for gene knockout. These feeding or drinking variations can be circumvented by the use of a feeding needle, which, however, increases stress for the mice.
Intraperitoneal or subcutaneous injections are also common
using tamoxifen resolved in corn oil (Figure 3b). The subcutaneous implantation of tamoxifen pellets can also be used
in rodents. Often, finding the right method to achieve the
best possible deletion efficiency using these systems can be
challenging and requires considerable testing.

Tissue-specific
promoter

DNA
construct
Cre

Figure 3. Inducible fibroblast-specific deletion of TbII. The Cre–estrogen
receptor (ER) is expressed under the control of the fibroblast-specific Col1a2
promoter. The Col1a2-Cre-ERT mice were crossed with the TbRII floxed mice.
Treatment with tamoxifen leads to a fibroblast-specific deletion of exon 4
of the TbRII protein. (b) The successful deletion of exon 4 by intraperitoneal
injection of tamoxifen was confirmed by PCR. The 692-bp PCR product from
the null allele (P3, P5) is present only after tamoxifen administration. (c, d)
Lysates from fibroblasts cultured from skin biopsies (c) and immunostainings
on explanted skin fibroblasts (d) confirm the absence of TbRII after tamoxifen
treatment. (Adapted from Denton et al., 2009.)
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ADVANTAGES AND LIMITATIONS

Nucleus
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Neo

3

LoxP
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Cre-mediated recombination
in tissues with Cre expression

Tissue-specific and
tamoxifen-dependent KO

1

4
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Figure 2. Tamoxifen-inducible Cre–loxP system. The protein of interest
(here the Cre recombinase) is fused to a modified estrogen receptor (ER)
and controlled by a tissue-specific promoter. In the unactivated state, heat
shock protein 90 (Hsp90) binds to the ER, retaining it in the cytosol. Upon
tamoxifen treatment, tamoxifen binds the ER, the Hsp90 protein is released,
and the Cre–ER fusion protein can translocate in the nucleus. In the nucleus,
the Cre recombines the floxed gene, resulting in a knockout.
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The main advantage of inducible gene expression models
is the temporal control of gene expression or deletion by
the external application of a drug. It is an elegant method
to overcome problems such as prenatal lethality caused by
conventional or tissue-specific inactivation of genes, and it
enables the control of gene expression at specific time points.
This is especially appealing for studying specific gene function at specific time points during development and homeostasis and, importantly, allows investigators to turn genes on
or off at different disease stages, enabling assessment of their
importance during the progression of various diseases.
Inducible systems also have several limitations. Beside
the problem of choosing the right drug application methods
to achieve induction of expression and/or deletion, there
are other pitfalls when using these systems. One problem is
determining the dose of Dox or tamoxifen. If the dose is too
high or the time of treatment is too long, toxic side effects can
occur and ruin an experiment. Doses that are too low may
result in insufficient induction of the protein of interest (e.g.,
Cre), resulting in only a partial gene knockout. Furthermore,
tamoxifen can interfere with the endogenous ER pathway
and might therefore have additional unwanted effects.
As in conditional knockout approaches, the locus of the
target gene is important for recombinase efficiency and varies
among tissues. In addition, the recombination efficiency of
fusion proteins, such as Cre–ER, can vary in different areas of
the tissue, resulting in genetic mosaicism (Schwenk et al., 1998;
www.jidonline.org
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Lewandoski, 2001). A prominent problem in many inducible
knockout methods is the “leakiness” of the system, meaning
that the Cre recombinase has an unwanted weak activity independent of the inducing substance. For example, in the tTA system a reduction of Dox levels in the tissue can lead to undesired
gene deletion in some cells, leading to an effect before the actual experiment even starts. Similar problems have been observed
for the Cre–ER mouse models (Garcia and Mills, 2002).
Despite these disadvantages and the sometimes labor-intensive testing of these mouse models, they offer a great opportunity for spatiotemporal control of gene expression and the
assessment of gene function in vivo—not only during normal
skin homeostasis but also at various stages of skin disease.

1. What is a possible disadvantage of total-body
knockout mice?
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A.

The researcher induces the knockout.

B.

The knockout is tissue specific.

C.

The knockout is embryonic lethal.

A. The tetracycline-responsive transactivator (tTA
or rtTA) binds to the promoter of the target gene
(knockout).
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3. Which protein in the cytoplasm binds the
estrogen-fusion protein?
A. Hsp70.
B. Hsp90.
C.

BAG-3.

D.

NEMO.

4. Which method is not preferred for tamoxifen
treatment?
A.

Feeding with tamoxifen food pellets.

B. Subcutaneous injections.
C. Adding tamoxifen to the drinking water.
D.

Applying tamoxifen to the skin.

5. What needs to be checked after treatment of the
mice before further investigation?
A.

Check for deletion efficiency of the target gene.

B. Check for alterations of related signaling pathways.
C. Check the skin of these mice for a phenotype.
D.

Check for behavioral changes of the mice.
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Use of Induced Pluripotent Stem Cells
in Dermatological Research
Jason Dinella1–3, Maranke I. Koster1–3 and Peter J. Koch1–4
Journal of Investigative Dermatology (2014) 134, e23. doi:10.1038/jid.2014.238

Induced pluripotent stem cells (iPSCs) have the potential to
differentiate into any cell type of the body. iPSCs are generated through a process termed “reprogramming,” which
entails the introduction of a set of transcription factors into
somatic cells, such as dermal fibroblasts. iPSC clones, recognizable by their morphology (Figure 1a), arise from these
cultures, usually within 14–21 days. In addition to their
pluripotency, another important characteristic of iPSCs
is that they can be propagated in cell culture indefinitely.
Thus, an unlimited supply of iPSCs can be generated from
a small skin biopsy. These iPSCs can then be differentiated
into different types of somatic cells. For example, iPSCs
can be directed to differentiate into epidermal keratinocytes, one of the cell types often affected in skin disorders.
iPSC-derived keratinocytes can then be used to generate a
stratified epidermis, either in vitro (3D skin equivalent cultures) or in vivo (xenotransplantation of keratinocytes onto
immunodeficient mice; see Koch et al., 2014; Koster et
al., 2014 for references). The ability to generate unlimited
numbers of disease-specific keratinocytes provides an ideal
tool for basic scientists to explore the molecular mechanisms underlying different skin disorders. Further, recently
developed technologies now enable investigators to correct
disease-causing mutations in iPSCs. These cells could then
be used to generate gene-corrected, healthy replacement
skin for patients affected by genetic skin disorders. A major
advantage of this approach is that patients would be treated
with cells that are unlikely to be immunologically rejected.
iPSC GENERATION AND CHARACTERIZATION

iPSCs are most frequently generated from fibroblasts
obtained from a small (e.g., 4-mm) skin biopsy. A set of
cDNAs representing four specific genes (“Yamanaka factors”)—POU5F1 (Oct3/4 in the mouse), SOX2, KLF4, and
MYC (Takahashi and Yamanaka, 2006)—is then introduced
into the cells to induce pluripotency. Initially, these reprogramming factors were introduced into cells using retroviral vectors. Although successful, retroviruses integrate into

ADVANTAGES
• iPSCs can be generated from skin biopsies.
• iPSCs can be propagated indefinitely in vitro,
providing a renewable source of cells.
• iPSCs can be differentiated into any cell type.
• Cells differentiated from iPSCs can be used for
disease modeling and drug screening.
• Disease-causing mutations can be corrected in
iPSCs.
• iPSC-derived cells, such as keratinocytes, can be
used in cell therapy.
• Generation of iPSCs involves the use of adult cells,
bypassing ethical concerns associated with using
embryonic stem cells (ESCs).

LIMITATIONS
• iPSCs can acquire genetic mutations during
reprogramming or in vitro culture.
• Undifferentiated iPSCs, if transferred to a patient,
could form tumors (teratomas).
• More stringent protocols must be developed and
standardized for the generation, maintenance,
characterization, and differentiation of iPSCs
before they can be considered a viable option for
clinical use.

the host genome, thus generating mutations. To circumvent
this problem, nonintegrative systems have been developed
to introduce reprogramming factors into cells such as plasmids, proteins fused to cell-penetrating peptides, mRNAs,
and nonintegrating Sendai virus vectors (reviewed in
Schambach et al., 2010).

Department of Dermatology, University of Colorado School of Medicine, Aurora, Colorado, USA; 2Charles C. Gates Center for Regenerative Medicine and
Stem Cell Biology, University of Colorado School of Medicine, Aurora, Colorado, USA; 3Graduate Program in Cell Biology, Stem Cells, and Development,
University of Colorado School of Medicine, Aurora, Colorado, USA and 4Department of Cell and Developmental Biology, University of Colorado School of
Medicine, Aurora, Colorado, USA

1

Correspondence: Peter J. Koch, Department of Dermatology, Charles C. Gates Center for Regenerative Medicine and Stem Cell Biology, 12800 East 19th
Avenue, University of Colorado Denver, Aurora, Colorado 80045, USA. E-mail: Peter.Koch@ucdenver.edu

© 2014 The Society for Investigative Dermatology

www.jidonline.org

49

RESEARCH TECHNIQUES MADE SIMPLE 

Figure 1. Generation of induced pluripotent stem cells (iPSCs) and iPSCderived keratinocytes. (a) human iPSC colony. (b–d) Immunofluorescence
microscopy of iPSC colonies with antibodies against pluripotency markers
demonstrating that the iPSCs have the typical characteristics of pluripotent
stem cells (b, NANOG; c, SSEA-3; d, TRA1-60). (e) Micrograph of an iPSCderived keratinocyte culture that (f) expresses KRT14 (red) and TP63 (green),
two marker proteins for keratinocytes. (g, h) 3D skin equivalent generated from
human iPSC-derived keratinocytes. The sections were stained with antibodies
against (g) LOR (loricrin; green) and KRT14 (red) and (h) DSC3 (desmocollin 3;
green) and KRT14 (red), proteins expressed in normal human epidermis.

After the reprogramming factors are introduced, cells with
morphological characteristics similar to those of embryonic
stem cells (ESCs) arise (Figure 1a). To determine whether successful iPSC conversion has occurred, these putative iPSC
colonies are evaluated for the expression of genes associated with pluripotency, such as NANOG, SSEA-3, and
TRA1-60 (Figures 1b–d; see also references in Tolar et al.,
2013). Further, the absence of gross genetic abnormalities is
assessed by karyotype analysis (i.e., a microscopic evaluation of chromosome numbers and structures). Finally, proof
of pluripotency is obtained by assessing the ability of iPSCs to
differentiate into cell types representing all three germ layers
(endoderm, ectoderm, and mesoderm) in vitro or in vivo. For
example, intramuscular or subcutaneous injection of human
pluripotent iPSCs into immune-compromised mice will give
rise to teratomas, tumors composed of cells representing
each of the three germ layers (Figure 2; Tolar et al., 2013).

differentiation markers such as KRT1 and loricrin. Finally,
iPSC-derived keratinocytes can form a fully stratified epidermis either in vitro (Figures 1g and 1h) or when transplanted
onto immunodeficient mice. In addition to keratinocytes,
other components of human skin, such as melanocytes
and fibroblasts, can also be generated from iPSCs (Ohta et
al., 2011; Itoh et al., 2013). By combining the three main
cellular components of human skin, namely keratinocytes,
fibroblasts, and melanocytes, it should soon be possible to
regenerate fully functional human skin.
Beside generating epidermis, iPSC technology can be used
to generate skin appendages. For example, two groups demonstrated that human iPSC-derived ectodermal precursor
cells (EPCs) can contribute to the formation of hair follicles
in vivo (Figure 3; Veraitch et al., 2013; Yang et al., 2014). In
both studies, human iPSC-derived EPCs were combined with
trichogenic neonatal mouse dermal papilla cells and then
transplanted into immunodeficient mice. Several weeks
later, newly generated hair follicles were observed that
were, in part, derived from the human EPCs. The tremendous
advances made in the past two years in this field of research
suggest that we should soon be able to generate all major
components of human skin in the laboratory.
APPLICATION OF iPSC TECHNOLOGY IN RESEARCH
AND THERAPY

One defining property of iPSCs is their ability to be expanded
indefinitely. The essentially limitless amount of resulting material now enables skin researchers to generate human models
for various genetic skin disorders (reviewed in Koch et al.,
2014; Koster et al., 2014). These models are used not only
to gain a better understanding of pathological mechanisms
responsible for various skin disorders but also for the generation of cell-based screening systems designed to identify compounds that reverse or diminish disease phenotypes (Figure 4).

GENERATING KERATINOCYTES FROM iPSCs

Treatment of iPSCs with retinoic acid and BMP4 in cell culture directs the differentiation of these stem cells into keratinocytes (Figure 1e) (Itoh et al., 2011; Petrova et al., 2014).
These cells express well-established keratinocyte markers
such as KRT14 and TP63 (Figure 1f), and they can be isolated as pure cell populations using fluorescence-activated
cell sorting with antibodies against keratinocyte cell surface
markers such as ITGA6 and ITGB4. Further, iPSC-derived
keratinocytes undergo terminal differentiation upon calcium
exposure, as demonstrated by the expression of keratinocyte
50
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Figure 2. Induced pluripotent stem cell (iPSC)-induced teratoma in an
immunodeficient mouse. Note that the iPSCs differentiated into cells
representing mesodermal, ectodermal, and endodermal lineages. Reprinted
with permission from Tolar et al., 2013.
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Figure 3. Generation of skin appendages with induced pluripotent stem cell (iPSC)-derived ectodermal precursor cells. (a) Morphology of hair follicles (HFs)
formed in areas transplanted with human iPSC-derived ectodermal precursor cells (hiPSC-EPCs). (b) Pilosebaceous unit (HF and sebaceous gland) formed with
participation of hiPSC-EPCs. (c) Normal mouse HF control. (d–f) Staining of HF with a human-specific antibody. (d) Human HF and (e) hiPSC-EPC-derived HF
stain positive, whereas the mouse HF (f) is negative. Bars = 50 mm. Reprinted with permission from Veraitch et al., 2013.

One therapeutic goal is to utilize iPSC technology to generate genetically corrected keratinocytes from patients affected
by genetic skin disorders. For example, Tolar and colleagues
(Tolar et al., 2013) recently demonstrated that gene-corrected
iPSCs can be generated from the skin of patients with a
mosaic form of recessive dystrophic epidermolysis bullosa
(RDEB). RDEB is caused by mutations in COL7A1, the gene
encoding collagen VII. These mutations prevent the synthesis
of sufficient amounts of collagen VII, leading to skin blistering. The patient described by Tolar and colleagues exhibited
patches of normal-appearing skin in which the COL7A1 gene
was spontaneously corrected (Figure 5a and b). By generating
iPSCs and, subsequently, iPSC-derived keratinocytes from
these patches (Figure 5e), the authors were able to provide
proof of principle that iPSC technology can be used to generate essentially unlimited amounts of clinically normal
epidermis from patients with a mosaic form of RDEB.
Despite its potential use for patients with mosaic forms
of skin disorders, this approach is not applicable to patients
with nonmosaic skin disorders. For the latter group of skin
disorders, genetic mutations must be corrected in vitro to
generate healthy replacement skin. This can be accomplished using sequence-specific DNA nucleases (e.g., TALE
nucleases; Miller et al., 2011) designed to cut specific DNA
sequences. If these nucleases are simultaneously introduced
into patient-derived cells with a plasmid containing the corrected DNA sequence, homologous recombination leads
to the repair of disease-causing point mutations (see references in Koch et al., 2014; Koster et al., 2014). The resulting
gene-corrected iPSCs constitute an ideal source for generating unlimited supplies of patient-specific (and therefore most
likely immunologically well-tolerated), healthy skin grafts.
These gene corrections can be done either in iPSCs or in
primary patient cells. For example, Osborn and colleagues
(Osborn et al., 2013) recently corrected an RDEB-causing
COL7A1 mutation in patient fibroblasts. These fibroblasts
were then turned into iPSCs and subsequently into keratinocytes expressing collagen VII, suggesting that this technology
could indeed be used to treat genodermatoses with healthy
(gene-corrected) patient-derived replacement tissue.
© 2014 The Society for Investigative Dermatology

SUMMARY AND CONCLUSIONS

iPSCs combined with gene-editing technologies are poised
to have a significant impact on our ability to generate in
vitro and in vivo disease models for genodermatoses caused
by single point mutations. Generating keratinocytes that are
genetically identical except for the presence or absence of

Patient fibroblasts

Reprogramming
Gene correction
Disease iPSCs

Gene-corrected iPSCs

Differentiation

Affected keratinocytes

Healthy keratinocytes

Compound screening

Disease modeling in
organotypic cell culture

Cell-replacement therapy

Disease modeling in
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Figure 4. Outline of the basic principles underlying induced pluripotent stem
cell (iPSC) technology as it is used for disease modeling and for the generation
of replacement tissue in regenerative medicine. Somatic cells (e.g., biopsyderived fibroblasts) are reprogrammed into iPSCs. Using genome-editing tools,
such as TALE nucleases, point mutations can be corrected in the iPSCs (or in
the original fibroblasts; see text for details). iPSCs can be differentiated into
keratinocytes. Gene-corrected (control) and clinically affected keratinocytes
can then be used in several experimental approaches: to set up compound
screening to identify drugs interfering with disease phenotypes or to model
clinical skin phenotypes in vitro (organotypic culture) or in vivo (generation
of a human epidermis in immunodeficient mice, xenotransplants). Finally,
gene-corrected keratinocytes can be used to produce replacement tissue for
patients, for example, for patients with genetic blistering diseases (e.g., recessive
dystrophic epidermolysis bullosa, see text for details).
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QUESTIONS
This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.

1. How are iPSCs generated?
A.	Fusion between a somatic cell and embryonic
stem cell.
Figure 5. Generation of phenotypically normal keratinocytes from patients
affected by a mosaic form of recessive dystrophic epidermolysis bullosa
(RDEB) using induced pluripotent stem cell (iPSC) technology.
(a) Child with a mosaic form of generalized severe RDEB. The arrow points to
a clinically normal skin area shown at higher magnification in (b).
(c) Immunofluorescence microscopy demonstrates the absence of collagen
VII staining in the affected skin of the patient, whereas (d) clinically normal
areas show collagen VII at the epidermal–dermal junction. (e) iPSC-derived
teratoma containing an epidermal-like structure expressing collagen VII
at the dermal–epidermal junction, demonstrating that the iPSC-derived
keratinocytes that originated from cells in the clinically normal skin of the
patient produce collagen VII (collagen VII staining in red, nuclei are stained
in blue). Bars = 50 mm. Reprinted with permission from Tolar et al., 2013.

B.	Transplantation of a nucleus from a somatic cell
into an enucleated egg.
C.	Collection of cells from the inner cell mass of
a blastocyst.
D.	Ectopic expression of reprogramming factors
converting somatic cells to stem cells.
2. What are some criteria used to define iPSCs?
A.	ESC-like cellular and colony morphology.
B.	Ability to be expanded indefinitely.
C.	Ability to differentiate into different cell types.
D.	All of the above.

a disease-causing mutation will provide researchers with
ideal systems to assess defects in iPSC-derived patient keratinocytes at the RNA, protein, and functional levels. Further,
this approach will enable us to develop patient cell–based
screening systems to identify compounds capable of correcting defects in patient keratinocytes. In the long term, this
technology may also be used to generate patient-derived,
gene-corrected skin that could be transplanted onto patients
from whom the original iPSCs were derived. Thus, this may
lead to the development of novel therapies for debilitating
genetic skin diseases, such as skin blistering or skin fragility
disorders, for which no current therapies exist.
Although the research potential of iPSCs is without doubt
significant, there are still concerns regarding the safety of
using this technology for patient care. For example, introduction of undifferentiated iPSCs into patients could lead to the
formation of teratomas. Further, prolonged culture has the
potential to introduce mutations into the iPSC genome. To
overcome these concerns, methods are under development
that allow for the generation of pure populations of target
cells, such as keratinocytes, that do not contain undifferentiated iPSCs. Further, approaches such as deep sequencing can
be utilized to identify mutations in iPSCs before they are used
therapeutically. Finally, the generation and genetic manipulation of iPSCs require the introduction of recombinant
DNA into these cells. Efficient methods to introduce DNA
into cells without leaving a genetic footprint are required.
Nevertheless, the clinical use of iPSC-based technology is
rapidly approaching, as demonstrated by a clinical trial at
the RIKEN Center for Developmental Biology in Japan, in
which patients will be treated with iPSC-derived retinal pigment epithelium cells for age-related macular degeneration
(Cyranoski, 2013).
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3. List a main advantage of iPSC technology.
A.	Cells differentiated from iPSCs are unlikely to
be immunologically rejected when used in
autologous cell-replacement therapies.
B.	iPSCs are not tumorigenic and do not form
teratomas.
C.	iPSCs are easier to maintain in culture than ESCs.
D.	iPSCs differentiate more efficiently than ESCs.
4. What is one potential use for iPSCs?
A.	iPSCs can prevent tumor formation.
B.	iPSCs can be used to cure everything.
C.	iPSC-derived cells can be used to screen for
novel compounds for the treatment of specific
disorders.
D.	iPSCs can be used effectively when added to
antiaging skin creams.
5. What is an issue of concern when considering iPSCs
for use in clinical applications?
A. Gene correction cannot be performed in iPSCs.
B.	iPSCs may acquire genetic mutations while being
expanded in vitro.
C.	Cells differentiated from iPSCs may outcompete
host cells of the same type after transplantation.
D.	After a period of time, cells differentiated from
iPSCs revert to their pluripotent state.
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Tissue Microarray
Kathleen Barrette1, Joost J. van den Oord2 and Marjan Garmyn1
Journal of Investigative Dermatology (2014) 134, e24. doi:10.1038/jid.2014.277

INTRODUCTION

The tissue microarray (TMA) technique has been in use for 15
years. The technology was first described in 1987, but its use
took off 11 years later, when Kononen and colleagues developed a device that could rapidly and reproducibly produce
TMAs (Kononen et al., 1998). This powerful, high-throughput
technique can be used to assay hundreds of patient tissues
arrayed on a single microscope slide.
THE TECHNIQUE

Following fixation, biopsies and excised tissue samples are usually embedded in paraffin blocks to facilitate their cutting on a
microtome; this results in 5-µm tissue slides that can be stained
with hematoxylin and eosin (H&E) and viewed under a microscope. The paraffin blocks can also be used as source of material
from which to construct a TMA. In this procedure, areas of interest are marked on the H&E slides by a pathologist. Then, cylindrical tissue core biopsy specimens (Figure 1a) from the original
formalin-fixed paraffin-embedded (FFPE) tissue donor blocks are
punched out of the paraffin block using specialized TMA equipment and placed in a predrilled hole in a (new) recipient paraffin block at defined array coordinates (Jawhar, 2009; Camp et
al., 2008). Sectioning of this recipient paraffin block will reveal
a slide with numerous small, round tissue sections through the
cores punched out of the original blocks; hence, each original
tissue sample is represented by one or more small “histospots”
with a preset fixed diameter ranging from 0.6 to 2 mm (Figure
1b). The number of spots on a single slide depends on the core
size, ranging from 40 to 800 spots (Camp et al., 2008). Cores
are placed at specifically assigned coordinates, which typically
are recorded in a spreadsheet. To facilitate “reading” of the TMA
slide, different known tissue cores (e.g., liver, thyroid) are placed
at the outer margins and empty holes are left at predefined places. After the TMA has been constructed, the recipient block is
heated to 37 °C to fix the cores; then, using a microtome, sections are cut from the TMA blocks to generate TMA slides for
analysis (Jawhar, 2009).
There are variations on the “normal” TMA procedure. The
cutting-edge matrix assembly array is produced by cutting and
stacking sections in a serial manner to produce arrays that represent hundreds of specimens. Some researchers have made a
TMA using frozen tissue; others have used cell lines and needle
biopsies (Camp et al., 2008).

ADVANTAGES
• Allows high-throughput analysis of multiple
specimens at the same time.
• Allows semiquantitative scoring of
immunohistochemical or hybridization signals.
• Allows use of minimal quantities of tissue.

LIMITATIONS
• Cores may not be representative of the whole tumor
owing to tumor heterogeneity; in a heterogeneous
tumor, multiple cores must be taken.
• Requires experienced personnel and expensive
equipment.

APPLICATIONS

The increased use of new molecular biology techniques has
revolutionized investigation of the pathogenesis and progression of diseases such as cancer. New markers, identified via
molecular research in cellular and animal models, require
clinical validation on histopathological human specimens.
This translation from basic to clinical research is facilitated
by the TMA technology, which enables investigators to screen
for the expression of a specific protein on tissue samples from
a large cohort of patients by immunohistochemistry or the
presence of nucleotide sequences by in situ hybridization.
All applications currently performed on standard histological sections from FFPE tissue are possible using TMA.
In contrast to a series of whole FFPE-tissue sections, stained
separately via immunohistochemistry, the use of TMA slides
allows semiquantitative scoring of the intensity of staining
because all tissue samples on a TMA slide, including the controls, have been exposed to the same amount of primary and
secondary antibody and chromogen. For example, Zhou et
al. (2013) stained a TMA composed of melanoma samples
from 169 patients to evaluate expression of fibroblast growth
factor–inducible protein 14 (Fn14) and applied semiquantitative scoring (Figure 2) that enabled them to identify Fn14 as
prognostic marker and therapeutic target in melanoma.
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Detection of specific gene sequences using fluorescence
in situ hybridization (FISH) of biopsy specimens from a large
patient cohort (Chen and Chen, 2013) is another application
of TMA. FISH can be used to detect the presence or absence
of specific gene sequences as well as their location; this technique has been found useful in the differential diagnosis of
ambiguous melanocytic lesions (Chen and Chen, 2013).
ADVANTAGES

Simultaneous analysis of a large number of specimens: TMA
provides high-throughput data acquisition. For example, if 100
consecutive sections from a TMA block containing 200 cores
are used, 20,000 data points are obtained. In addition, the
original blocks from which the cores were taken are conserved;
a similar approach using the original block would require an
enormous amount of labor and time—and, more importantly,
consume the original paraffin block.
Construction of ex vivo tumor progression model: studying
morphological and molecular changes through the stages of
tumor progression is easily performed by constructing a TMA
because it is possible to include different tumor progression
stages. Figure 1a represents a TMA of squamous cell carcinoma (SCC) progression for which cores were taken from normal
skin, in situ SCC, and invasive SCC of the same patient.
Experimental uniformity: in a TMA, each tissue core is
treated in an identical manner (same antigen retrieval, same
temperature, same incubation time, same washing procedure,

Figure 2. Scoring of a TMA. Semiquantitative scoring of a TMA
immunostained with an anti-Fn14 antibody containing melanoma tissue.
Reprinted with permission from Zhou et al., 2013. TMA, tissue microarray.

and same reagent concentration); therefore, samples can be
compared and the immunohistochemical results can be read
out in a semiquantitative way. The alternative of assessing the
level of staining in separate histological whole sections is difficult because of subtle differences in intensity. When the cores
are taken from pathologist-identified regions of interest, immunohistochemical staining can often be scored reliably by individuals with only rudimentary training or the scoring can be
done by an automated reader (Camp et al., 2008).
Decreased assay volume, time, and cost: only a small
amount of each reagent is needed to assay all cores at the same
time, compared with separately assaying standard histologic
whole sections from each donor.
DISADVANTAGES

Figure 1. Construction of a TMA. (a) Example of marked areas of interest
on a hematoxylin and eosin slide indicating sites at which to punch out
samples of normal skin and in situ and invasive squamous cell carcinoma
(SCC). (b) Process of constructing a TMA. The area of interest is marked on
a hematoxylin and eosin slide. The TMA core is taken out of the original
donor block and arrayed in a recipient block using a TMA needle. Multiple
sections can be cut from the recipient block for morphological and
molecular studies. TMA, tissue microarray.

© 2014 The Society for Investigative Dermatology

Tissue heterogeneity: one of the most common criticisms of TMA
is that the small cores may not be representative of the entire
tumor, owing to tumor heterogeneity. This heterogeneity differs
from cancer to cancer; for example, it has been estimated at 71%
for SCC compared with 50% for breast cancer (Li et al., 2010).
The problem of tumor heterogeneity and consequent false-positive or false-negative results in the TMA slide can be overcome
by including enough tissue cores per sample. Ideally, this number
should be based on careful consideration before constructing the
TMA, but in practice cores should be taken from all histologically
divergent areas in the original sample, as divergent histology may
result in divergent phenotype or genotype. In a previous study we
took three or four cores from each vertical-growth-phase melanoma and obtained good concordance between immunohistochemical and reverse transcriptase–PCR data (Winnepenninckx
et al., 2006). Moreover, Jensen et al. (2011) obtained up to 96%
agreement between TMA and whole-slide immunohistochemical
data. Finally, the statistical power of analysis of hundreds of cases
will largely eliminate the effect of variability of a single data point.
www.jidonline.org
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High cost: commercial TMA builder machines such as automated and semiautomatic tissue arrayers are expensive. A relatively simple and inexpensive alternative is the use of lab-made
recipient paraffin blocks and ordinary cannula-piercing needles, skin biopsy punches, and bone marrow biopsy needles
(Choi et al., 2012). However this alternative is time-consuming,
and for large sample investigations, automated or semiautomatic arrayers may ultimately be less expensive.
Variations in antigenicity: given TMA’s ability to array many
samples and to perform retrospective studies, variations in the
antigenicity of stored archival samples may create problems.
COMPARISON WITH DNA MICROARRAYS

Every cell in the body contains a complete set of identical
DNA; however, as a result of genetic and epigenetic mechanisms, only certain genes are active in a given cell, differentiating that cell from others (Villasenor-Park and Ortega-Loayza,
2013). The active genes are transcribed into messenger RNA
(mRNA), which is subsequently translated into proteins. These
proteins are responsible for the behavior and function of the
cell (Villasenor-Park and Ortega-Loayza, 2013). In contrast
to cDNA microarrays, which focus on gene expression at the
mRNA level but do not yield information on the final steps of
translation to a protein, TMAs can provide information on the
expression level and activity of the final product, the protein.

This article has been approved for 1 hour of Category 1 CME credit.
To take the quiz, with or without CME credit, follow the link under
the “CME ACCREDITATION” heading.

1. In constructing a TMA, the starting material most
often used is:
A. Frozen tissue.
B.

Needle-biopsy specimens.

C. FFPE tissue.
D. A cell line.
2. TMA is a powerful, high-throughput technique
owing to its ability to assay hundreds of patient tissues arrayed on a single microscope slide for:
A.	DNA crosslinking.
B.	mRNA expression.
C.	Invasion capacity of a single cell.
D. Protein expression.
3. Which statement does not apply to TMA?
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A. Experimental uniformity.

C.	Decreased assay volume, time, and cost as compared with assaying whole sections.
D. Results can be obtained in less than one day.
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RTMS.e13 "Validation" of Outcome Measures in Dermatology
QUESTIONS

ANSWERS

1.	Which of the following is NOT an example of an
outcome measure?

1. E.
2. E.
3. A.

A.

Score.

B.

Scale.

C.

Profile.

D. Index.
E.
2.

Table.

 hich of the following is NOT a property used to test
W
the behavior of an outcome measurement tool?
A.

Validity.

B.

Structure.

C.

Responsiveness.

D. Reliability.
E.

Sensibility.

3.	Which of the following statements regarding outcome
measures is false?
A.	The Psoriasis Area and Severity Index remains the
gold standard by which all other psoriasis tools are
judged.
B.	
The Consensus-based Standards for the Selection
of Health Measurement Instruments checklist is an
attempt to standardize development and reporting
of outcome measures.
C.	Outcome measures are used to quantify clinical disease severity and patient-reported outcomes.
D.	
Items that load onto multiple constructs are best
eliminated from the instrument.
E.	In the Skindex, the emotional dimension is further
subdivided into the constructs of depression, fear,
embarrassment, and anger.
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RTMS.e14 Organotypic Skin Culture
QUESTIONS

ANSWERS

1.	All of the following are limitations of organotypic skin
culture except:

1.
2.
3.
4.

A.	OCSs lack signaling feedback mechanisms normally
found in the skin.
B.	OCSs are unable to replicate an inflammatory
response.
C.	OCSs cannot be performed with genetic manipulations.
D.	OCSs have a microanatomy that is simpler than that
of in vivo skin.

C.
A.
D.
C.

2.	The major advantage of OCSs over traditional “on-aplastic” models is:
A.	OCSs can reproduce the three-dimensional
stratified space found in normal skin.
B.	OCSs can replicate all of the functions of normal
tissues.
C.	Data obtained from OCSs can stand alone and do
not need support from in vivo studies.
D.	Genetic manipulations can be used only in OCSs
and not in “on-a-plastic” models.
3.	Why is it important to ensure that hair follicles do not
anchor onto the plate during culture?
A.

It will change hair pigmentation.

B.	Nutrient flow from the culture medium to the
follicle will be interrupted.
C.	The hair follicle will start growing faster.
D.	Hair follicle cells will start spreading onto the
plastic, disrupting hair growth.
4.	How does the “on-a-chip” approach solve the limitation
of current organotypic skin cultures?
A.	It eliminates the need for adding antibiotics into the
culture medium.
B.	It eliminates the need for supplementing medium
with growth factors and/or serum.
C.	It increases nutrient penetration rate, simulating
normal tissue perfusion.
D.	It allows for studying the entire process of wound
healing in vitro.
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RTMS.e15 Small Interfering RNA
QUESTIONS

ANSWERS

1. The typical length of siRNAs used for gene silencing is:

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

A.

7 to 9 base pairs.

B.

21 to 23 base pairs.

C.

36 to 38 base pairs.

D. 55 to 57 base pairs.
2.	siRNAs are considered what form of gene expression
modification?
A.

Transposon-mediated gene silencing.

B.

Histone-mediated gene silencing.

C.

Posttranscriptional gene silencing.

D. Posttranslational gene silencing.
3.	The process of introducing siRNAs into cells is known as:
A.

Transposition.

B.

Translation.

C.

Translocation.

D. Transfection.
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RTMS.e16 Transgenic Mouse Technology in Skin Biology:
Generation of Complete or Tissue-Specific Knockout Mice
QUESTIONS

ANSWERS

1. What determines where a conditional knockout occurs?

1.
2.
3.
4.
5.
6.

A.

The promoter that drives Cre expression.

B.

The promoter that drives neo expression.

C.

The promoter that drives loxP expression.

2.	How is a modified DNA construct introduced into the
mouse genome?
A.

Intradermal injection in adult mice.

B.

Via gene targeting and injection into ES cells.

C.

Application via drinking water in pregnant females.

A.
B.
B.
A.
A.
C.

3. What is a conditional knockout?
A.

The deletion of a gene in every cell of the mouse.

B.	The knockout of a gene in only a certain tissue or at
a certain developmental stage.
C.

A knockout affecting more than one gene.

D. A knockout inducible at a later time point.
4. What is a floxed gene?
A.	The target sequence that shall be removed
surrounded by two loxP sites.
B.	A mutated gene that is still producing a functional
protein.
C.

A gene that has a high natural mutation rate.

5. How can a conditional knockout mouse be created?
A.	By crossing a mouse carrying a floxed gene with a
mouse expressing a Cre recombinase.
B.	By crossing mice carrying loxP sites with different
orientations.
C.	By crossing a mouse carrying a gene for the Cre
recombinase with one carrying the gene for FLP.
6. What is a promoter?
A.	A gene that stimulates DNA replication in ES cells.
B.	A drug that enhances the embryonic growth rate in
mice.
C.	A DNA fragment in front of a gene that drives its
transcription.
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RTMS.e17 Antibody Phage Display: Technique
and Applications
QUESTIONS

ANSWERS

1.	What of the following is required to obtain antigenspecific mAbs by antibody phage display?

1. E.
2. B and D.
3. B.

A.

A source containing antibody-expressing cells.

B.

A phage display vector.

C.

A defined antigen for selection.

D. Molecular tags for protein purification.
E.

All of the above.

2.	Which technique(s) mentioned below reflect(s) accurately
the in vivo pairing of variable heavy and light chain?
A.

Deep sequencing.

B.

Heterohybridoma.

C.

Antibody phage display.

D. Single B-cell PCR.
3.	Which of the following points is limiting for the use of
antibody phage display technology for an experiment
planned?
A.	Using surface antigens on eukaryotic cells for panning.
B.

Known toxicity of the displayed protein for E. coli.

C.	Low frequency of cells producing the antibody of
the desired specificity in the initial cell source.
D.	Desired production of full-length immunoglobulins
for further analyses.
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RTMS.e18 A Critical Evaluation of Clinical Research
Study Designs
QUESTIONS

ANSWERS

1.	Which of the following study designs allows for the
calculation of the relative risk?

1. D.
2. A.
3. E.

A.

Case–control.

B.

Case series.

C.

RCT.

D. Cohort study.
E.

Cross-sectional.

2.	Which of the following study designs allows for the
calculation of an odds ratio?
A.

Case–control.

B.

Case series.

C.

RCT.

D. Cohort study.
E.

Cross-sectional.

3.	Which of the following research questions is not an
appropriate candidate for evaluation by a randomized
controlled trial?
A.	Does contact with arsenic lead to increased
development of squamous cell carcinoma?
B.	Can multivitamin supplementation decrease
mortality in elderly patients?
C.	Could classroom lectures increase sun-protective
behaviors in elementary-school children?
D.	What is the incidence of infection by
cytomegalovirus in AIDS patients?
E.

Both A and D.
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RTMS.e19 T-Cell Receptor Gene Rearrangement Detection
in Suspected Cases of Cutaneous T-Cell Lymphoma
QUESTIONS

ANSWERS

1.	In what way does the TCR gene rearrangement study aid
in CTCL?

1.
2.
3.
4.
5.

A.	A TCR gene is lost in CTCL and thus serves as an
indicator for diagnosis of CTCL.
B.	A TCR gene serves as a marker for the monoclonal T
cell, thus aiding in diagnosis.

B.
D.
C.
C.
D.

C.	A TCR gene rearrangement study, if positive, is
diagnostic of CTCL.
D.	A TCR gene rearrangement test is not useful because
it is nearly always negative in patients with CTCL.
2.	A major advantage of using PCR compared with
Southern blotting is:
A.

Low sensitivity.

B.

Low specificity.

C.

High specificity.

D. High sensitivity.
3.	A positive TCR gene rearrangement test is interpreted
positive when there is a:
A.

Polyclonal band detection on DGGE.

B.

Smear detected on DGGE.

C.

Monoclonal band detected on DGGE.

D. Blank space on DGGE.
4. TCR gene rearrangement studies should be used:
A.

To help confirm a clinical suspicion of CTCL.

B.	As a screening tool for all pruritic patients with no
histologically confirmed diagnosis.
C.	To help confirm a histological and clinical suspicion
of CTCL.
D. To rule out CTCL in a pruritic patient.
5.	All of the following are limitations of PCR in TCR gene
rearrangement studies, except:
A.	Loss of gene as the cell undergoes malignant
transformation.
B.

Poor tissue sampling.

C.

Inadequate number of primers.

D. Inability to use paraffinized tissue for the test.
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RTMS.e20 Multivariable Analysis
QUESTIONS

ANSWERS

1. In a multivariable survival analysis:

1.
2.
3.
4.

A.	Subjects without a complete follow-up time must be
excluded.
B.

The dependent variable is the time until event.

B.
A.
B.
B.

C.	Statistical interaction between independent
variables is additive.
D.	The hazard ratio is significant if the confidence
interval excludes 0.
2.	What type of analysis was used to investigate whether subjects with psoriasis have an increased carotid intima media
thickness (IMT) compared with subjects without psoriasis
in the article by Dowlatshahi et al.? Start by determining
the independent and dependent (outcome) variable.
A.	Independent variable = psoriasis,
dependent variable = IMT; linear regression.
B.	Independent variable = IMT,
dependent variable = psoriasis; proportional hazard
analysis.
C.	Independent variable = IMT,
dependent variable = psoriasis; logistic regression.
3. Which statement on confounding is correct?
A.	A confounder affects the relationship between two
independent variables.
B.	In addition to multivariable regression techniques,
there are other options to correct for confounding.
C.

It is always possible to adjust for confounding.

4.	Approximately how many events are needed in logistic
regression analysis to adjust for one independent variable?
A.	This does not depend on the number of events, but
on the number of study subjects.
B.	For every independent variable approximately 10
events are required.
C.	As long as there is a biologically plausible reason to
adjust for a potential confounder, no assumptions
on the sample size are required.
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RTMS.e21 Zebrafish as a Model System to Study Skin
Biology and Pathology
QUESTIONS

ANSWERS

1.	Which of the following statements is applicable to
zebrafish?

1.
2.
3.
4.
5.

A.	The zebrafish genome has been completely
sequenced.
B.	There is a multitude of antibodies suitable for western analysis and immunohistochemistry of zebrafish
proteins.

D.
E.
D.
D.
C.

C.	The zebrafish model system is expensive because of
the long developmental delay of embryos.
D. None of the above.
2.	The zebrafish model system can be used to study which
of the following?
A.

Pigment cell biology.

B.

Wound healing and skin repair.

C.

The genetic basis of skin diseases.

D. Epidermal adhesions.
E.

All of the above.

3.	Techniques applicable to study genetic diseases in the
zebrafish model include which of the following?
A.

Morpholino “knockdown” of gene expression.

B.

Forward genetics by ENU mutagenesis.

C.	In situ hybridization to examine spatial expression
of genes.
D. All of the above.
4.	Zebrafish skin development is different from that of
humans because of
A.	a lack of terminal differentiation toward formation
of stratum corneum.
B.

the absence of sebaceous glands and hair follicles.

C.

formation of the lateral line containing neuromasts.

D. All of the above.
5. Which layer is absent in zebrafish skin?
A.

Basement membrane zone.

B.

Collagenous stroma.

C.

Stratum corneum.

D. Basal cell layer.
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RTMS.e22 Transgenic Mouse Technology in Skin Biology:
Inducible Gene Knockout in Mice
QUESTIONS

ANSWERS

1.	What is a possible disadvantage of total-body
knockout mice?

1.
2.
3.
4.
5.

A.	The researcher induces the knockout.
B.

The knockout is tissue specific.

C.	The knockout is embryonic lethal.

C.
A.
B.
C.
A.

2. Which of the following statements is incorrect?
A.	The tetracycline-responsive transactivator (tTA or rtTA)
binds to the promoter of the target gene (knockout).
B.	The tetracycline-responsive transactivator (tTA or
rtTA) binds to the tet Operon (tetO).
C.	The tetracycline-responsive transactivator (tTA or
rtTA) is modulated by Dox.
3.	Which protein in the cytoplasm binds the
estrogen-fusion protein?
A.	Hsp70.
B.

Hsp90.

C.

BAG-3.

D. NEMO.
4. What is one potential use for iPSCs?
A.

Feeding with tamoxifen food pellets.

B.

Subcutaneous injections.

C.

Adding tamoxifen to the drinking water.

D. Applying tamoxifen to the skin.
5.	What needs to be checked after treatment of the mice
before further investigation?
A.

Check for deletion efficiency of the target gene.

B.

Check for alterations of related signaling pathways.

C.

Check the skin of these mice for a phenotype.

D. Check for behavioral changes of the mice.
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RTMS.e23 Use of Induced Pluripotent Stem Cells
in Dermatological Research
QUESTIONS

ANSWERS

1.	How are iPSCs generated?

1.
2.
3.
4.
5.

A.	Fusion between a somatic cell and embryonic stem cell.
B.	Transplantation of a nucleus from a somatic cell into an enucleated egg.
C.	
Collection of cells from the inner cell mass
of a blastocyst.

D.
D.
A.
C.
B.

D.	Ectopic expression of reprogramming factors converting somatic
cells to stem cells.
2. What are some criteria used to define iPSCs?
A.	ESC-like cellular and colony morphology.
B.

Ability to be expanded indefinitely.

C.

Ability to differentiate into different cell types.

D. All of the above.
3. List a main advantage of iPSC technology.
A.	Cells differentiated from iPSCs are unlikely to be immunologically
rejected when used in autologous cell-replacement therapies.
B.	iPSCs are not tumorigenic and do not form teratomas.
C.

iPSCs are easier to maintain in culture than ESCs.

D.

iPSCs differentiate more efficiently than ESCs.

4. What is one potential use for iPSCs?
A.	iPSCs can prevent tumor formation.
B.

iPSCs can be used to cure everything.

C.	iPSC-derived cells can be used to screen for novel compounds for
the treatment of specific disorders.
D.	iPSCs can be used effectively when added to antiaging skin
creams.
5.	What is an issue of concern when considering iPSCs for use in clinical
applications?
A.

Gene correction cannot be performed in iPSCs.

B.	iPSCs may acquire genetic mutations while being expanded in vitro.
C.	Cells differentiated from iPSCs may outcompete host cells of the
same type after transplantation.
D.	After a period of time, cells differentiated from iPSCs revert to their
pluripotent state.
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RTMS.e24 Tissue Microarray
QUESTIONS

ANSWERS

1.	In constructing a TMA, the starting material most
often used is:

1.
2.
3.
4.
5.

A.

Frozen tissue.

B.

Needle-biopsy specimens.

C.

Formalin-fixed paraffin-embedded (FFPE) tissue.

C.
D.
C.
D.
D.

D. A cell line.
2.	TMA is a powerful, high-throughput technique owing
to its ability to assay hundreds of patient tissues
arrayed on a single microscope slide for:
A.

DNA crosslinking.

B.

mRNA expression.

C.

Invasion capacity of a single cell.

D. Protein expression.
3.	Which statement does not apply to TMA?
A.	More than 150 samples can be studied at the same time.
B.	Only a small amount of reagent is needed to stain
the samples.
C.	TMA is an excellent tool for examining
heterogeneous tissue.
D.	TMA allows semiquantitative analysis of immunohistochemical signals.
4. Which statement is false?
A.

A TMA can be made of frozen tissue.

B.	Different tumor-progression stadia can be studied
from the same patient.
C.	Once a core is punched out from the original paraffin block, you cannot use it again.
D.	The antigenicity of the different samples is always
the same, even that of stored archival samples.
5. Which of the following is not an advantage of TMA?
A.

Experimental uniformity.

B.

Simultaneous analysis of a large number of specimens.

C.	Decreased assay volume, time, and cost as compared with assaying whole sections.
D.

Results can be obtained in less than one day.
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