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and/or symposia for promising young academically-oriented dermatologists in
Europe and the United Kingdom. Several participants and their faculty mentors
have contributed RTMS articles on a wide variety of topics. This year the Future
Leaders Program title at the ESDR Annual Meeting was Women in Research:
Toward Gender Equality, a departure from the usual scientific themes. The
cover photograph captures many of the more than 100 participants, men and
women, with the senior women investigators who shared their experiences
and life lessons as a pioneering minority in the world of academic dermatology
and research. Photographer: Alain Gil-Gonzalez.

EDITORIAL

Mission Accomplished?

W

hen I began my 5-year term as JID Editor in 2012, one of my primary goals
was to make the science underlying
dermatologic advances more accessible and more
relevant to the broad dermatology community. The
Research Techniques Made Simple (RTMS) onlineonly articles were envisioned as the cornerstone
of this effort. Authored by volunteer teams of
trainees, clinician-educators, and content experts,
each month the RTMS articles describe a laboratory
technique or research methodology widely used in
the medical and scientiﬁc literature but generally
poorly understood by readers not themselves conducting related research. The teams are charged
with producing a concise explanation of the
selected technique, describing what it shows as
well as its limitations, and including an example of
its use from the current dermatologic literature.
Given the rapid pace of 21st century science and
the breadth of research techniques used within our
discipline, this was an ambitious goal. Nevertheless, the RTMS articles appear to be enjoying
considerable success, as testiﬁed by this volume of
excellent contributions, numbers 37e48 in the series, and by the introductory editorials from two
trainees who have been instrumental in introducing
to their peers the RTMS articles and other onlineonly educational features that together make up
the JID Connector.
Usage statistics speak to the apparent void being
ﬁlled by the RTMS articles. Among all JID articles
published since the Journal’s launch in 1938, all of
which are now available online, the single most
downloaded article (Grada and Weinbrecht, 2013),
as well as three more of the top 10 articles (Gan and
Patel, 2013; Hammers and Stanley, 2013; Odell and
Cook, 2013), are from the RTMS series (cumulative
data as of 31 December 2015 from Nature Publishing
Group). Unlike even the most heavily cited original
reports, for which a brief period of attention is typical,
RTMS articles continue to generate downloads,
reﬂecting the facts that the described techniques
remain in use for many years and that similar
explanatory material is not readily available elsewhere. Furthermore, RTMS articles are archived and
searchable online by topic, author, and date, guaranteeing that they will remain a resource for generations of trainees and practicing physicians wishing
to fully understand what studies of interest to them
have shown. In addition, the RTMS articles appear
equally useful to basic scientists just embarking on
their research careers.

Credit for the success to date of the RTMS articles
belongs to many. First, I am grateful to the 72 trainees
and 51 faculty members at 73 institutions across the
United States and Europe who have produced the
articles. Second, at a very demanding time in her
career, Kathy Schwarzenberger agreed to serve as
inaugural RTMS Editor (Schwarzenberger, 2012). She
was succeeded by Arlene Ruiz de Luzuriaga, who as
a clinician-educator helped ensure that the material
was relevant and comprehensible to dermatology
trainees (de Luzuriaga, 2014). Over the past 2 years,
Jodi Johnson, a PhD scientist and educator, has
assumed responsibility for commissioning and
developmental editing of the RTMS articles and has
introduced numerous improvements (Johnson,
2015). Critically, and from the beginning, Elizabeth
Blalock as JID Managing Editor and Mary Annonio as
RTMS Editorial Assistant have ensured the smooth
operation of the program in countless ways. Finally,
the effort could not have been undertaken without the
visionary support of Lilly, a company well aware of
the importance of scientiﬁc advances and physician
appreciation thereof to improved dermatologic patient care. The company has just conﬁrmed funding
for a ﬁfth year, guaranteeing a permanent collection
of at least 60 RTMS articles to assist readers with an
otherwise daunting array of research methodologies.
My sincere thanks to all the above and to our readership for sharing the Journal’s commitment to facilitating their scientiﬁc literacy at this time of rapid
technical evolution.

Journal of Investigative Dermatology (2016) 136, e119.
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EDITORIAL

Bridging the Gap between Clinical
Medicine and its Underlying Science

L

ife as a dermatology resident, the foundation of
one’s career, is demanding. Not surprisingly, many
dermatology trainees feel overwhelmed by the
thought of also having to learn complex basic science concepts and the common laboratory techniques used to study
the genetic and molecular mechanisms of cutaneous biology
and dermatologic disease. These basic science concepts and
techniques (e.g., drug delivery, immunohistochemistry,
small interfering RNA, and genome-wide epigenetics) are
often underemphasized or omitted from dermatology residency program curricula, perhaps in part because the rapidly
advancing science is also unfamiliar to many of the clinicianeducators in these programs. As a result, a tremendous
knowledge gap exists that divides clinicians and scientists in
dermatology. Providing high-quality teaching in basic science not only has the potential to improve clinical care, but
also introduces trainees to the gratifying and admirable aspects of a career as a physician-scientist.
The Journal of Investigative Dermatology’s Research
Techniques Made Simple (RTMS) articles are helping to
bridge this gap. The RTMS series breaks down and explains
fundamental basic science concepts and laboratory techniques for dermatology trainees and early career scientists.
These articles highlight the signiﬁcance and translation of
these methods into state-of-the-art dermatologic care, such
as the use of xenotransplantation techniques in mice to
study skin cancers.
The value of the RTMS articles became evident to me
during my dermatology residency training. The University
of Utah’s research track provided me with the opportunity
to engage in clinical and laboratory research in conjunction with my clinical training. I became fascinated by the
research questions I was trying to answer and found
my time in the laboratory to be highly satisfying
and rewarding. Ultimately, I chose to work in a laboratory
environment that had developed an expertise in transgenic
mouse models and ﬂow cytometry. At that point in my
career, I had no ﬁrsthand experience in either of these
areas of research. The RTMS “Flow Cytometry” article
(Jahan-Tigh et al., 2012) and the three-part series on
“Transgenic Mouse Technology in Skin Biology”
(Günschmann et al., 2014; Scharfenberger et al., 2014;
Tellkamp et al., 2014) served as a crash course in these
areas. What I learned from these RTMS articles formed my
early foundation of these topics and enabled me to
become acquainted with the terminology and core principles of both technologies. They were an invaluable
reference to me as I performed my own experiments and
tried to interpret the experimental data related to my work.
I observed similar positive reactions to the RTMS
articles from the faculty and dermatology residents
participating in our basic science journal clubs.
Residents were assigned to read one or more RTMS
Journal of Investigative Dermatology (2016) 136, e121.
doi:10.1016/j.jid.2016.10.010

articles in preparation for a group discussion about
several studies that used the highlighted technology in
their research methods. Compared with previous basic
science journal clubs, I found residents and faculty to be
more fully engaged in the article discussions. It was clear
from their observations and comments that they understood the technologies being discussed. During one
journal club session, an astute ﬁrst-year dermatology
resident used the information she learned from one of
the RTMS articles to correctly identify an error in one of
the manuscript ﬁgures that had been overlooked by the
authors and journal reviewers! Incorporation of the
RTMS articles into our journal clubs helped demystify
commonly used research techniques and instill conﬁdence in clinically oriented dermatology residents who
at times felt intimidated by basic science research.
This is an exciting time in medicine. We are
witnessing unparalleled advances in the treatment of
diseases like psoriasis and melanoma. The need to understand basic science tenets and research laboratory
techniques is no longer optional. The rapid development
of innovative treatments and cutting-edge technologies
being used in health care today mandate improved basic
science literacy among dermatology trainees and clinicians. The RTMS series is a powerful supplemental
resource that helps address this need.
CONFLICT OF INTEREST
The author states no conﬂict of interest.
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EDITORIAL

A Serendipitous Retreat into Research
Techniques Made Simple

I

can distinctly remember the ﬁrst time I heard
about the Journal of Investigative Dermatology
(JID) Connector and the Research Techniques
Made Simple (RTMS) series: it was opening weekend of the Saratoga Race Course on a hot July day in
Saratoga Springs, NY. Yale Dermatology was having a resident weekend retreat, and Dr. Barbara
Gilchrest was one of our honored guests who gave
an entertaining and illuminating talk on her career
path, her role as JID Editor-in-Chief, and how to
enhance resident understanding of basic science
research in dermatology. The JID Connector,
especially the RTMS series, was one of the tools to
enhance resident training that she discussed.
Also told on that blistering hot July day was the
story of The Three Princes of Serendip, which is the
tale of three princes who, when traveling abroad,
correctly identify the existence of a blind, lame
camel carrying a pregnant woman based on clues
left in the sand. Like the tales of Sherlock Holmes,
The Three Princes of Serendip demonstrates the
incredible power of keen observation, inference,
and deductive reasoning that can astonish less prepared minds. As is often the case with language, the
original meaning of the word serendipity has faded
and is now synonymous with pleasant surprise or
good fortune. There is little remnant of the scientiﬁc
method in our modern understanding of serendipity.
However, serendipity is not simply a chance event,
but rather a proﬁciency for creatively unlocking
solutions. This was the theme of our resident
retreat—to see every unknown in dermatology as an
opportunity to promote patient care or unveil disease pathogenesis and to challenge what is known.
The RTMS series helps develop that proﬁciency.
Since then I have enthusiastically used the online
JID Connector content monthly to further develop
my comprehension of skin biology, basic research,
and clinical acumen in dermatology. This past year,
as one of the organizers of our resident journal club,
I used RTMS articles as critical background to better
understand the design, execution, and interpretation of the scientiﬁc and clinical articles we discuss.
For example, when reviewing an article on hair
follicular stem cells by Dr. Elaine Fuchs and
colleagues (Hsu et al., 2011), the RTMS article
“Lineage Tracing Mediated by Cre-Recombinase
Activity” (Vorhagen et al., 2015) helped us
comprehend the design of the assays implemented,

Hsu YC, Pasolli HA, Fuchs E. Dynamics between stem cells,
niche, and progeny in the hair follicle. Cell 2011;144:92e105.
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which in turn enhanced our capacity to critically
evaluate the interpretation of results. Beyond medical science, we used RTMS articles to understand
key diagnostic tools for our patients with cutaneous
T-cell lymphoma (TCR gene rearrangement)
(Chitgopeker and Sahni, 2014) and epidermolysis
bullosa (immunoﬂuorescence antigen mapping)
(Has and He, 2016) whom we care for in our resident clinics. Finally, we have used RTMS articles to
decipher the beneﬁts and limitations of clinical
studies and determine whether the reported results
warrant implementation. Thus, the RTMS article
series attempts to simplify and streamline multiple
facets of dermatology—whether it be basic science,
clinical diagnostics, or evidence-based medicine—
which is an inspiring and formidable task.
Two years have passed since that resident retreat
when I was a brand-new ﬁrst year resident, and
now, as I enter my ﬁnal year of residency, dermatology remains a thrilling and daunting specialty.
Mastery of our specialty, if at all possible, is many
years away, far beyond the bookends of residency.
My mentors from residency will be lifelong guides
and friends who will continue to challenge and
illuminate me, inevitably shaping my career. The
adventure is just beginning! Without question, the
RTMS articles will guide me through the snarls of
big data, emerging technologies, and novel therapeutics in the years to come as we enter the age of
precision medicine. Whether your adventure takes
you to basic science laboratories, inpatient consultations, Mohs surgery units, or clinical suites, the
RTMS articles provide a map to help you navigate
through a lifelong journey in dermatology.
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Microarray Techniques to Analyze Copy-Number
Alterations in Genomic DNA: Array Comparative
Genomic Hybridization and Single-Nucleotide
Polymorphism Array
Károly Szuhai1 and Maarten Vermeer2
Journal of Investigative Dermatology (2015) 135, e37. doi:10.1038/jid.2015.308

INTRODUCTION

Tumor cells often exhibit alterations in chromosome number
and/or structure. Studies of cells in metaphase enable detection of these alterations. However, archived samples cannot
be used for this approach, and access to proliferating tumor
cells for metaphase analysis can be difficult, especially when
attempting to culture cells from solid tumors. Comparative
genomic hybridization (CGH), described in 1992, allows
comparison between tumor and normal cell genomes by differentially labeling each and cohybridizing them on slides
containing normal metaphase cells. This technique makes it
possible to detect common regions of genomic deletion and
amplification within archived tumor samples. However, initially the resolution was limited to large genomic changes visible on metaphase chromosomes. To improve the resolution,
human metaphase chromosomes were replaced by an array
or matrix on a chip of bacterial artificial chromosome (BAC)
clones generated using human genome fragments. These
were later replaced by commercially available 25–70 base
pair–long oligonucleotides, which provide high accuracy and
reproducibility. Here, we explain these approaches, known
as array CGH or single-nucleotide polymorphism array (SNP
array), highlighting their benefits, limitations, and potential
applications and discussing their future in view of now widely
available next-generation sequencing (NGS) techniques.
Array CGH and SNP arrays have been used extensively to
analyze copy-number alterations in tumor DNA. Both techniques provide a genome-wide screening tool to identify deletions and amplifications, and SNP arrays also allow allelotyping. Array approaches are used to search for causative constitutional (germline) and acquired genomic alterations in carcinogenesis. These techniques were utilized to identify recurrent
copy-number alterations in tumors and led to the identification of novel oncogenes and tumor suppressor genes. Results
from array-CGH studies have been important for the subclassification of dermatological malignancies and identification of
novel potential prognostic markers and genomic alterations
involved in dermatological disease pathogenesis.
HOW ARRAY TECHNIQUES WORK

In array approaches, probes corresponding to genomic regions are immobilized onto a glass surface, form-

WHAT GENOMIC ARRAY DOES
• Is a genome-wide screening tool.
• Interrogates hundreds of thousands to millions of
probes in a single experiment.
• Detects tumor-associated genomic changes with
copy-number alterations (gains/amplifications and
losses/deletions).
• Probes designed for single-nucleotide
polymorphism loci allow allelotyping.

LIMITATIONS
• Requires large, up-front investment in equipment
(hybridization, imaging of slides).
• Balanced rearrangements are not detected.
• Single-nucleotide changes (pathogenic mutations)
will not be detected.
• Studies a mixed pool of cells, so there are
limitations detecting changes in cases of normal
cell infiltration and high tumor heterogeneity.
• Does not provide data on expression levels of
genes involved in the gains or amplifications.
ing the detection chip. Isolated and fluorescently labeled
test DNA is then competitively hybridized to these chips
and any unbound DNA is stringently removed by washing.
Fluorescence intensities are scanned by an imager and correspond to the copy number of each interrogated loci (probe).
In contrast to fluorescence in situ hybridization (FISH), which
generates data about genomic loci at a single-cell level,
genomic array approaches provide information about pools
of cells, albeit without morphological context.
ARRAY CGH VERSUS SNP ARRAY

For array CGH, the labeled test sample is mixed with a differently labeled reference DNA sample that typically consists of
a pool of DNA isolated from several healthy donors. The use
of a normal reference DNA sample allows easy normalization within one experiment (Figure 1, left).
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Figure 1. Overview of genomic array-based procedures. The left panel
shows array-comparative genomic hybridization (array CGH), whereas
the right panel shows single-nucleotide polymorphism (SNP) array. Array
CGH utilizes differentially labeled test and reference DNAs, whereas SNP
array uses labeled single test samples. In both cases, samples are mixed
with repeat suppressor C0t-1 DNA and hybridized to detection chips.
After hybridization and stringent washing, array chips are scanned by a
fluorescence laser scanner and intensity values are further processed.
Resulting data files are analyzed for changes in chromosomes and DNA base
positions. The resolution of the array is largely determined by the reporter
probe density. The lower left panel shows superimposed results using either
an ~3.5-kb bacterial artificial chromosome (BAC) probe array (black dots)
or a 244-kb oligonucleotide probe array (gray dots). The blue arrowhead
indicates a small triplicated region undetected by the BAC array. The lower
right panel shows results from a SNP array showing the copy number of the
displayed chromosome (lower inset), indicating no copy-number alteration.
In the upper inset, B-allele frequency is displayed. Because most of the SNP
should be heterozygous, here the allele frequency should be expected to be
0.5. Loss of heterozygosity (LOH) would lead to either the lack of B alleles
(0) or two B alleles (1.0). The red arrowheads mark large regions of LOH
without corresponding copy-number alterations, a phenomenon known as
copy number–neutral LOH.

For SNP array, reporter oligonucleotides, also known as
allele-specific oligonucleotides, are designed to detect known
single-nucleotide differences, selected from all known variants
for the interrogated sequence. In an SNP-array experiment, a
single test sample is hybridized to a chip and detected with a
single label (Figure 1, right). With bioinformatics algorithms,
SNPs can be identified and the respective copy number can
be deciphered. Detection of both loss of heterozygosity (LOH)
and copy-neutral anomalies, such as uniparental disomy or
homozygosity, becomes feasible using SNP arrays (Figure 1,
right). Use of DNA derived from both tumor and normal tissue
from the same patient is necessary to draw conclusions about
tumor-associated changes.
Finally, normalized fluorescence ratios are then ordered
based on their genomic position and displayed as a molecular
karyogram (Figure 2a).
ADVANCES IN ARRAY APPROACHES
Multitarget detection and wide range in copy-number detection
capability

In contrast to targeted approaches such as FISH or quantitative, locus-specific PCR, an array experiment allows simultaneous testing of thousands of loci, allowing genome-wide
2
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Figure 2. Array CGH identified a high level of amplification and
homozygous losses in primary cutaneous large B-cell lymphomas. (a)
Genome-wide overview of multiple primary cutaneous large B-cell
lymphoma cases. (b) The most frequent high level of amplification involved
the chromosome 2p16.1 region where BCL11A and REL genes reside. (c)
Interphase: fluorescence in situ hybridization (FISH) verification of the REL
amplification using REL (green) and CDK4 (red) region-specific probes. The
numerous loci of green signal correspond to the amplification detected by
array CGH. Reprinted with permission from Dijkman et al. (2006).

screening of copy-number alterations. Further, the relative
number of altered copies of loci can be determined, ranging
from a homozygous deletion to a high number of amplifications, since the fluorescence signal intensity is linearly proportional to the number of tested molecules.
Heterogeneous populations

Rigorous quality measures allow detection of genomic
changes present in low frequency (8–10%) in a heteroge© 2015 The Society for Investigative Dermatology
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neous population using array approaches. Examples include
mosaicism found when studying constitutional genetics,
intratumor heterogeneity, or tumor samples infiltrated with
normal cells (Szuhai et al., 2011).
LIMITATIONS OF ARRAY TECHNOLOGIES
Resolution

The resolution of array technologies is determined by the
probe density. A higher density allows more precise detection of small genomic changes, but may increase cost per
analyzed sample and background, such as detection of chromosomal copy-number variations with unknown clinical significance (Figure 1, left) (Knijnenburg et al., 2007). At present, the costs for NGS tests are similar to costs for array-based
experiments, with several advantages of NGS over genomic
arrays, including the ability to identify balanced genomic
rearrangements and small mutations. For example, exome
sequencing combined with the proper analysis algorithm
generates a genome-wide copy-number profile, allelotyping, and details on single-nucleotide changes (Grada and
Weinbrecht, 2013). Increased use of targeted sequencingbased approaches could further decrease test-related costs
and detect all relevant gene mutations, copy-number changes, and translocation breakpoints (Cheng et al., 2015).
Spatial organization

Detecting genetic copy-number changes will not reveal
information about the spatial organization of the involved
chromosomes. For example, an unbalanced translocation
will appear as a loss and gain of the involved chromosomal
regions, but nothing about their physical association will
be revealed. Similarly, balanced genomic rearrangements
including balanced translocations among chromosomes,
chromosomal insertions, and intrachromosomal changes
like inversions cannot be detected using array approaches.
Sample availability

DNA isolated from fresh-frozen tissues is preferred for array
techniques because DNA isolated from formalin-fixed, paraffin-embedded tissue blocks may have undergone degradation, leading to nonuniform sample labeling with fluorescent
nucleotides.
For accurate detection of genomic alterations, samples
with as high tumor content as possible (>50% or, ideally,
80–90% or higher) should be selected. The detection sensitivity depends not only on a high tumor content, but also on
the ploidy of tumor cells. Because of the normalization process, samples with tetraploid DNA content will show only
half the dynamic range for alterations compared with those
with a diploid DNA content.
DATA INTERPRETATION

For array CGH, where the ratio of the test and reference
samples is taken from the same hybridization reaction,
internal normalization happens immediately, assuming that
no great quality differences were present between the test
and reference DNA. For SNP arrays, each measurement is

© 2015 The Society for Investigative Dermatology

compared and normalized to a previously generated external reference. Fluctuations in actual test quality may therefore have a stronger effect.
Various statistical approaches can then be applied to normalize the data across the whole genome. The obtained ratios
are often displayed as Log 2 values to help detect gains and
losses. Results are displayed according to chromosome and
genomic positions (Figure 1).
Validation

Resulting data can be validated using other techniques,
such as quantitative real-time PCR or FISH (Figure 2).
Multiplex ligation-based probe assays can be used to verify up to 40 loci in a single reaction. However, for novel
findings new probes may need to be designed, and FISH
probes may not have the resolution to confirm results from
array-based approaches. For example, gains and deletions
of 5–10 kb can be readily detected by array approaches, whereas most FISH probes generated from BACs are
between 80 and 200 kb. Gains or duplications, especially small tandem duplications, may also not be detectable
using FISH probes.
USE OF GENOMIC ARRAYS IN DERMATOLOGY

Genomic array approaches have made major contributions
to understanding dermatological cancers. In melanoma,
array-CGH approaches revealed that increased chromosomal instability is associated with poor clinical outcome
(Hirsch et al., 2013). In addition, array-CGH studies uncovered homozygous deletions of the tumor suppressor genes
CDKN2A and PTEN and amplifications of oncogenes MITF,
CCND1, and MDM2, suggesting that these copy-number
alterations play a role in the pathogenesis of melanoma since
these genes regulate increased cell cycle progression and
resistance to apoptosis (Stark and Hayward, 2007).
Extensive genetic instability and recurrent copy-number
alterations were found in Sézary syndrome (SS) using array
CGH, including gain of MYC, loss of the MYC antagonists
MXI1 and MNT, loss of TP53, and gain of STAT3/STAT5 and
IL-2-receptor genes. These results suggest that increased
MYC expression combined with impaired MYC-induced
apoptosis and increased STAT signaling play a role in the
pathogenesis of SS (Vermeer et al., 2008).
SS is often considered a leukemic phase of mycosis fungoides (MF). However, substantial genomic differences
between SS and MF were found using array-CGH and gene
expression microarrays, suggesting a distinct molecular
pathogenesis. Furthermore, a high number of DNA alterations, specifically gains of 8q24.21 and losses of 9p21.3 and
10q26qter, were found to be associated with poor prognosis
in MF (Salgado et al., 2010; van Doorn et al., 2009).
Array-CGH and gene expression studies were important in supporting the subclassification of primary cutaneous large B-cell lymphomas into primary cutaneous follicle center lymphoma (PCFCL) and primary cutaneous
large B-cell lymphoma (PCLBCL), leg type. This distinction
is clinically important because PCFCL has a good progno-
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sis and can be treated with radiotherapy, whereas PCLBCL,
leg type, has a poor prognosis (5-year survival of 40%) and
should be treated with chemotherapy. A high level of amplification of the chromosome 2p16.1 region was observed
in 60% of PCFCL cases, involving BCL11A and REL genes
(Figure 2). Homozygous CDKN2A deletion is associated
with poor prognosis in PCLBCL, leg type (Dijkman et al.,
2006; Senff et al., 2009). These studies highlight how arrayCGH data have been used in the subclassification of dermatological malignancies and have identified potential prognostic markers and genomic alterations that may play a role
in the pathogenesis of these diseases.
SUMMARY AND FUTURE PROSPECTS

Genomic array testing allows detection of genetic copy-number changes and, in the case of SNP array, allelic changes.
Results from genomic array tests have been important in
the identification of underlying copy-number alterations in
microdeletion/microduplication syndromes and in characterizing acquired genetic alterations in malignancies.
Collected, publicly accessible array profiles could serve as
references to gain a broader understanding of the genetic etiologies underlying disease. However, in our view, genomic
array techniques will likely soon be overtaken by NGS-based
approaches to uncover unknown genomic changes or generate novel diagnostic tests.
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1. Comparative genomic hybridization is a tool that
is suited to
A. Detect copy-number alterations.
B. Detect translocations.
C. Give information about gene expression.
2. A genomic array-CGH profile without any
detectable alteration indicates
A. The lack of tumor cells.
B. Copy number–neutral LOH.
C. Balanced rearrangements.
D. Probe density that is too low.
3. Array CGH is preferably performed using
DNA obtained from
A. Frozen tissue with low tumor content.
B. Paraffin-embedded tissue with low tumor
content.
C. Frozen tissue with high tumor content.
D. Paraffin-embedded tissue with high tumor
content.
4. Major advances in array approaches do not include
the following:
A. Multiple genetic loci are investigated in one
experiment.
B. A wide dynamic range in copy-number
estimation allows for detection of gains
and losses.
C. Array CGH can be performed on heterogeneous
cell populations.
D. Information on spatial organization of the
involved chromosomes.
5. The resolution for the detection of copy-number
alterations depends largely on
A. The probe density on a chip.
B. The software that is used.
C. The DNA quality of the samples.
D. The amount of available sample DNA.
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Research Techniques Made Simple: Drug Delivery
Techniques, Part 1: Concepts in Transepidermal
Penetration and Absorption
Shawn Schmieder1, Parth Patel2, and Karthik Krishnamurthy2,3
Journal of Investigative Dermatology (2015) 135, e38. doi:10.1038/jid.2015.343

INTRODUCTION

In dermatology, topical therapies are usually the first line
and mainstay of treatment for the majority of skin conditions. Most topical preparations are available in a variety of
potencies and delivery systems. Practitioners must carefully
choose from this vast array based on the potency required,
location of intended use, product elegance, and likelihood
of patient compliance. Unfortunately, information concerning which preparation is truly best, regarding actual penetration and delivery to the site of action, is not readily available.
In general, many practitioners believe that ointments and
foams enhance penetration when compared to creams, gels,
and powders. However, this is not always the case. Aside
from vehicles, there are a variety of chemical and physical
enhancement techniques that influence topical penetration.
As physician-scientists, dermatologists should be aware of
the basic mechanisms involved in topical absorption and
should be able to assess whether a preparation is likely to
exert its desired effect. In this article, we explore the inherent
properties of the epidermis and the physiology of passive diffusion and aim to clarify the definition of the terms “absorption” and “penetration.”
ACCUMULATION VERSUS PENETRATION

The terms “absorption,” which is the accumulation of drug in
the skin, and “penetration,” which is a measure of flux/transport across the skin, are often incorrectly used interchangeably. Penetration is quantifiable as the amount of substance
that crosses the skin per unit area per unit time. By contrast, “absorption,” or “accumulation,” refers to the amount
of a substance that builds up in the skin over a certain time
period. The accumulated substance may remain in the skin
or leave the skin to enter the systemic circulation. Whether
the substance exerts a biological effect, is inert, is metabolized (and at what rate), and/or is soluble can impact the substance’s concentration in the skin at any given time, making
the results difficult to compare and reproduce.
There are two general routes through which topically
applied preparations can enter the skin: transepidermal (via
the stratum corneum) and transappendageal (via appendages
such as eccrine ducts and hair follicles). Transepidermal pen-

KEY POINTS
• The terms “absorption” and “penetration” are
often used interchangeably, which is incorrect.
• “Absorption,” or “accumulation,” refers to the
amount of substance that builds up in the
skin over a certain period of time whereas
“penetration” is the amount of a substance that
crosses the skin per unit area per unit time.
• The stratum corneum is the greatest barrier against
drug penetration.
• The extracellular lipid composition of the
epidermis plays a large role in barrier function.
• There are numerous techniques, both passive and
active, to enhance drug penetration through the
skin.

etration can be either transcellular (through the corneocytes
and the lipid lamella) or intercellular (through a complex
pathway along the lipid lamella). Generally, it is believed that
the penetration of topical drugs occurs primarily through the
intercellular route, given the hydrophobic nature of the extracellular space. Although it has traditionally been thought that
the transcellular and transappendageal routes contribute only
slightly to the overall drug transport, the former is important
for small hydrophobic molecules and the latter may in fact be
underestimated in certain cases. Transappendageal transport of
the follicular type has become a focus of research in the past
decade because hair follicles represent an effective reservoir
and contain target sites such as stem cells and dendritic cells.
The reservoir effect of follicles is profound, measuring up to
10 times larger than that of the surrounding skin (Shah et al.,
2014). However, there are two major issues with the follicular pathway. The first is the fact that although some substances
can pass deep into hair follicles, none has been able to pass
transfollicularly into the surrounding skin or penetrate into the
circulation. The second is the lack of a proper skin model other
than intact human skin for researching transport through the
transfollicular pathway.
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Figure 1. Basic structure of the stratum corneum. (a) “Bricks-and-mortar” model of the epidermis. The extracellular space of the stratum granulosum and
stratum corneum exhibits hydrophobic properties due to its lipid-rich composition. This is in contrast to the layers below the stratum granulosum, which exhibit
a hydrophilic environment due to the lipid-poor, desmosome-rich composition. pH = ~7.3 in stratum granulosum; pH = ~5.0 in the mid–stratum corneum. (b)
Formation of lipid-rich extracellular space. Expulsion of lamellar bodies and conversion of lipids into final end products.

One approach to solving the penetration problem is the use
of triggered release mechanisms. This allows the drug to be
released independently after it has been delivered deep into
the hair follicle. The drug can then pass through the hair follicle and into the surrounding skin. Currently, a number of these
release triggers are under investigation and include radiofrequency, ultrasound, light, enzymatic reactions, and pH manipulation (Shah et al., 2014).
BARRIER PROPERTIES OF THE SKIN

The stratum corneum of the stratified epidermis functions as
the single greatest barrier against drug penetration (Bouwstra
et al., 2001; Jain, 2008). A major component of this barrier
is extracellular lipids, which are extruded into the extracellular space as cells transition from the granular layer to the
stratum corneum. In conjunction with this lipid-rich extracellular space, limited desquamation of corneocytes provides a
homeostatic layer of cells that protects the underlying epidermis. Together, this arrangement of corneocytes in the stratum
corneum and the formation of a lipid-rich extracellular space
has been coined the “bricks-and-mortar” model (Figure 1)
(Bolognia et al., 2012; Bouwstra and Ponec, 2006; Lampe et
al., 1983; Hachem et al., 2003; Elias et al., 2006; Shah et al.,
2014; Jain, 2008).
The lipid-rich, hydrophobic, extracellular space of the
stratum corneum is predominated by ceramides, cholesterol, and free fatty acids (Bouwstra and Ponec, 2006;
Shah et al., 2014). This extracellular space is formed by the
conversion of lipids extruded from lamellar bodies in the
stratum granulosum (i.e., glucosylceramides, sphingomyelin, cholesterol, and phospholipids). The conversion of
these precursor lipids into their final end products occurs
mainly by the following enzymes, which are also extruded
from lamellar bodies: `-glucocerebrosidase, acid sphingomyelinase, secretory phospholipase A2, and proteases. In
contrast to the extracellular space of the stratum corneum,
the extracellular space in the layers including and between
2
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the stratum basale and the stratum granulosum consists of
a hydrophilic environment predominated by proteinaceous
molecules such as desmosomes (Elias et al., 1977). Because
of the importance of the stratum corneum lipids in barrier
function, it is likely that there are many enhancers/excipi-

Discontinuous,
nonpermeable lacunar system:
basal conditions

Permeabilization

Continuous,
permeable lacunar system

Figure 2. “Pore” pathway within the stratum corneum. Aqueous pores
represent discontinuous lacunar domains formed by the degradation of
corneodesmosomes. Under certain conditions, such as extensive hydration,
occlusion, and sonophoresis, these pores enlarge, extend, and connect,
creating a continuous pathway through the stratum corneum. Adapted from
Bolognia et al. (2012) with permission from Elsevier.
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ents that affect these lipids in some way. Some substances
such as DMSO and azone are thought to distort the packing
geometry of these intercellular lipids. Oleic acid, azone,
and terpenes have been shown to induce discreet domains

in the stratum corneum lipids where the excipient is concentrated, resulting in barrier defects. Surfactants such as
sodium lauryl sulfate may work by solubilizing stratum corneum lipids (Williams and Barry, 2004).

Table 1. The effect of various vehicles on the permeability of the stratum corneum
Vehicle

Examples

Effect

Permeability

Occlusive dressings

Films, plaster, and transdermal patches

Prevents water loss

ÇÇÇ

Lipophilic vehicle

Parafﬁns, oils, fats, waxes, alcohols, esters,
silicones

Prevents water loss

ÇÇÇ

Absorption base

Anhydrous lipids ± emulsiﬁers

Prevents water loss

ÇÇÇ

Emulsifying base

Anhydrous lipids ± emulsiﬁers

Prevents water loss

ÇÇÇ

Water–oil emulsion

Oily creams (w/o systems)

Retards water loss

Ç

Oil–water emulsion

Aqueous creams (w/o systems)

May donate water

Ç (?)

Humectant

Water-soluble bases, glycerol, glycols

Dependent on the concentration
of the humectant

Dependent on the concentration
of the humectant

Powder

Clays, shake lotions

Aids evaporation

no effect/Ç

Adapted from Barry (2001) with permission from Elsevier.

Table 2. The advantages and disadvantages of excipients
Excipient

Disadvantages

Other

DMSO

• Effective in both hydrophilic and lipophilic permeants

Advantages

• High concentrations needed for effect;
high concentrations often cause erythema
and urticaria
• Produces a metabolite that can produce a
foul odor on the breath

• Changes keratin conﬁrmation and
may distort the packing arrangement
of intercellular lipids

Ethanol

• Permeates rapidly through skin

• Concerns about systemic toxicity, especially in the pediatric population

• Mechanism of action may involve
evaporative loss of ethanol, leaving
behind the drug in a supersaturated
state

Pyrrolidones

• Can create reservoirs of a drug and
potentially be used for sustained release of
a topical drug

• Works better with hydrophilic substances
• Can cause erythema and other adverse
reactions

• Has been used to enhance
transport of mannitol, 5-ﬂuorouracil,
`-methasone, hydrocortisone

Fatty acids (oleic acid)

• Effective for a wide range of drugs
• Can work with lipophilic and hydrophilic substances
• Effective at low concentrations

• Only fatty acids of a certain length and
chain ﬁguration have a signiﬁcant effect on
transport

• The cis-conﬁguration disturbs
lipid packing more and therefore
has more potential for transport
enhancement

Urea

• Has additional keratolytic properties that
can be useful in some disease states

• Has only modest transport enhancement
when used alone as an excipient

• Some studies show that synthetic
analogues of urea have a greater
effect on transport

Essential oils

• Some reports have shown essential oils
to have up to a 100-fold increase in permeability coefﬁcient of the target drug
• Synergistic effect when combined with
propylene glycol

• Effects are often drug speciﬁc and not
effective for lipophilic drugs

• Used in medicines, fragrance, and
ﬂavorings

Phospholipids (nonvesicular)

• Can increase tissue hydration

• Few studies on phospholipids in the
nonvesicular form

Azone

• Low irritation and low toxicity
• Low pharmacologic activity
• Active at low concentrations
• Enhances transport of a wide variety of
drugs

• Unknown mechanism of action
• Works better for hydrophilic substances
than for lipophilic substances

• Thought to disrupt packing arrangement of lipids in lipid bilayers

Adapted from Williams and Barry (2004) with permission from Elsevier.
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It has been reported that the conversion of lipids into their
final end products is facilitated by acidification of the extracellular space of the stratum granulosum and the stratum corneum. This “acid mantle” is created primarily via two mechanisms (Hachem et al., 2003). The first mechanism involves a
non–energy dependent sodium–proton exchanger on the surface of upper epidermal keratinocytes, which pumps protons
extracellularly. The second mechanism involves conversion
of phospholipids into free fatty acids via phospholipase A2,
which provides an acidic environment through the inherently
acidic moieties on the free fatty acids. Together, the sodium–
proton exchanger and free fatty acids create the necessary pH
for optimal activity of `-glucocerebrosidase and acid sphingomyelinase, which convert precursor sphingolipids into
ceramides, a very important constituent of the stratum corneum (Hachem et al., 2003).
Just as the “acid mantle” facilitates the formation of a
lipid-rich extracellular space to limit drug penetration, so
too does it indirectly limit desquamation, further fortifying
the barrier function of the stratum corneum (Hachem et al.,
2003). Particularly, the low pH of the extracellular space in
the upper epidermis limits the degradation of corneodesmosomes, mostly desmoglein 1, by proteases. In contrast, if the
pH were higher, protease activity in the extracellular space
would increase and desquamation would occur at a more
rapid rate. This further illustrates the importance of pH on the
barrier function of the skin.
REGIONAL VARIATION

Epidermal permeability changes depending on body site.
This knowledge is important when choosing the correct
potency and vehicle of a topical preparation, both for efficacy and for avoiding adverse effects. Although most clinicians
believe that skin penetration correlates with skin thickness,
differences in drug penetration can actually be explained
by variations in the number of lamellar membranes (lipid
weight %), membrane structure, and/or lipid composition
(i.e., sphingomyelin:ceramide ratio) (Bolognia et al., 2012).
PHYSIOLOGY OF PASSIVE TRANSPORT AND ENHANCERS

Transport across the stratum corneum is passive. Fick’s law
(Jain, 2008), a passive diffusion model, can therefore be used
to calculate skin permeation as follows

J=

KD (c -c )
0 1
h

where J is the flux/unit area, K is the partition coefficient
(hydrophilicity), D is diffusity, h is skin thickness, c0 is the
concentration of the substance applied, and c1 is the concentration of the substance in the skin. c1 is often set to
zero with the assumption that the skin initially contains no
amount of the substance being studied. Using this model,
inward flux is positively correlated with the hydrophobicity
of the topical preparation and the concentration gradient and
negatively correlated with the penetration pathway length. In
this respect, with additional factors aside, the highest penetration occurs with a hydrophobic drug applied to a thin
4
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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.
For each question, more than one answer may be correct.

1. The amount of substance crossing the skin per unit
area per unit time defines which of the following
terms?
A. Accumulation.
B. Penetration.
C. Absorption.
D. Supersaturation.
2. Which of the following effects is seen with increased
pH?
A. Increased desquamation.
B. Decreased desquamation.
C. Facilitation of sphingomyelinase.
D. Increased barrier function.
3. According to Fick’s equation, which of the following
will increase flux across the epidermis?
A. High concentration of the substance in the skin
before application.
B. High partition coefficient.
C. High skin thickness.
D. Low diffusivity.
4. Which excipient/enhancer of excipient is thought to
work by evaporation and subsequent formation of
the drug in a supersaturated state?
A. DMSO.
B. Ethanol.
C. Azone.
D. Urea.
5. The extracellular space of the stratum corneum is
described as which of the following?
A. Hydrophobic.
B. Hydrophilic.
C. Neutral in polarity.
D. Both hydrophobic and hydrophilic.

stratum corneum and no drug already present in the skin. The
relationship between flux and concentration gradient can be
manipulated via supersaturation by increasing c0, the concentration of substance applied, in Fick’s equation.
Although the inherent properties of the stratum corneum
and drug are important factors in penetration, the hydration
of the epidermis is an additional factor to consider. Although
it is not entirely clear by which mechanism water affects skin
permeability, it is understood that water typically enhances
© 2015 The Society for Investigative Dermatology
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drug penetration. One hypothesis is that water increases
topical drug delivery by exploiting a network of “aqueous
pores” (Figure 2). Normally, this network, which consists of
lacunae at sites of corneodesmosome degradation, is interrupted (Williams and Barry, 2004). However, under certain
conditions, such as extensive hydration, occlusion, and
sonophoresis, the lacunae form connections that create a
pathway through the stratum corneum (Williams and Barry,
2004; Bolognia et al., 2012). The existence of these pores
not only adds to the already numerous transepidermal pathways but also provides future opportunities for drug delivery
manipulation (Bolognia et al., 2012). Of particular interest,
vehicle characteristics (reviewed in Table 1) can be influential in increasing hydration (Barry, 2001).
Furthermore, the addition of excipients, nonactive additives, can promote penetration. Some of the most studied excipients are water, DMSO, azone, N-methyl-2pyrrolidone, 2-pyrrolidone, fatty acids, ethanol, propylene
glycol, urea, menthol, and essential oils. The advantages
and disadvantages of these excipients are outlined in Table 2
(Williams and Barry, 2004).
Finally, another mode of enhancement to consider is the
use of nanoparticles, especially given that their use is the
most active direction of research in transepidermal drug
delivery. In particular, ultrafine nanoparticles ranging from
1 to 100 nm can be utilized to encapsulate drug molecules
and enhance penetration. Some common nanoparticles
include carbon nanotubes, fullerenes, quantum dots, metals
(Ag, Au), metal oxides (TiO2, ZnO, Fe2O3, SiO2), and lipophilic nanoparticles (Delouise, 2012). The size, shape, rigidity, hydrophobicity, and charge of these nanoparticles can
be exploited to optimize drug delivery (i.e., to protect labile
drugs, control release of drugs, and target drug delivery).
However, adverse effects may exist with the use of nanoparticles because they tend to eventually accumulate in peripheral tissue, causing inflammation and damage, no matter
their inherent size or chemical properties (Minchin, 2008).
CONCLUSION

As high-volume prescribers of topical drugs, dermatologists should be aware of the factors that influence topical
drug efficacy and safety. Specifically, it is important to know
what effects varying individual parameters (i.e., excipients,
vehicles, etc.) can have on enhancing drug penetration
into the epidermis. When presented with a topical drug, a
dermatologist can then appropriately decide a drug’s true
capabilities versus the claims made about the drug. In Part
2 of this Research Techniques Made Simple, we will discuss
the techniques used to objectively assess topical bioavail-

ability, giving the reader an even better appreciation of transepidermal drug delivery.
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Humanized Mice in Dermatology Research
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INTRODUCTION

The term “humanized mice” refers to immunodeficient mice
containing human cells or tissues or to mice (immunodeficient or not) that have been genetically modified to express
human genes. Humanized mouse models are increasingly
utilized in many areas of research, such as infectious disease,
autoimmune disease, cancer biology, and drug development. Because humanized mice recapitulate human physiology and pathology better than traditional mouse models
do, they are employed both in disease modeling and in preclinical investigations of novel therapies. As these models are
increasingly utilized in dermatology research, it is important
for dermatology researchers and clinicians to have a rudimentary understanding of humanized mice. In this article,
we review the basic biology of humanized mice and provide
examples of their use in dermatology research.
GENERAL PRINCIPLES OF HUMANIZED MICE

The term “humanized mice” traditionally referred to mice
engrafted with human cells or tissues. However, advancements in genetic engineering have resulted in mice genetically programmed to express human genes, also considered
humanized mice. Therefore, humanized mice can now be
more broadly defined as any mouse containing functional
human proteins, cells, tissues, or organs. Overlapping vocabulary has been utilized in the literature to describe humanized
mouse models, including the terms “chimera,” “xenograft,” or
“xenotransplant.” A chimera is an organism containing two
or more genetically distinct cells, and the prefix “xeno” specifically refers to the combination of two species (human and
mouse, in this case).
Further complicating matters, a broad range of humanized
mouse models are utilized in research, and multiple approaches exist to generate such models. In our view, it is easiest to
categorically conceptualize humanized mice in three regards:
(i) the type of “host” mouse used, (ii) the type of human cells/
tissues engrafted into that host mouse, and (iii) genetic modifications used to improve points (i) and (ii).
CURRENTLY EMPLOYED “HOST” MICE

Immunodeficient mice must be utilized as hosts for human cells/
tissues because the immune system of a normal (wild-type)
mouse would reject the human cells/tissues. Multiple immunodeficient mouse strains have been established over time, and there is
currently no universal immunodeficient mouse strain used for all

ADVANTAGES
• Humanized mice better recapitulate human disease
than traditional mouse models.
• Genetic modifications can be employed to further
“humanize” mice.
• Humanized mice can serve as preclinical models
to test novel therapeutics; results may better reflect
human drug metabolism, side-effect profiles, and
efficacy.

LIMITATIONS
• Complete multilineage engraftment of the human
hematopoietic system and development of memory
T- and B-cell responses are difficult to obtain.
• Cross-reaction between coexpressed mouse and
human factors can confound experimental results.
• Absence of additional human factors, such as
cytokines, homing ligands, and receptors, may limit
accurate modeling of human physiology/pathology.

humanized mouse studies, so researchers must choose the most
appropriate immunodeficient strain for the purpose.
A few basic principles are common to currently employed
immunodeficient mouse strains. First, mice must lack functional T and B lymphocytes to prevent rejection of human
cells/tissues. Some mouse strains have a genetic defect in
recombination-activating genes (Rag) 1 or 2, which encode
the enzymes responsible for T- and B-cell receptor rearrangement. Alternatively, a genetic defect in protein kinase, DNAactivated, catalytic polypeptide (Prkdc) results in severe
combined immunodeficiency (SCID) mice. Rag and SCID
mice lack mature T and B cells, but still contain functional
natural killer cells that can destroy human cells (reviewed in
Shultz et al., 2007). Therefore, Rag and SCID mice have been
further modified by a targeted mutation leading to either nonfunctional or a complete absence of the IL-2 receptor-achain
(Il2rg). This completely inhibits natural killer–cell development and impedes development of lymph nodes and T and
B cells, while also potentially impairing signaling via other
cytokines that share the Il2rg, including IL-4, -7, -9, -15, and
-21 (reviewed in Shultz et al., 2007). Finally, immunodefi-
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a

b

Imiquimod

Control

Imiquimod

Figure 1. Humanized mouse model demonstrates that imiquimod mobilizes and activates plasmacytoid dendritic cells to inhibit melanoma tumor growth.
(a) Immunodeficient mice were sublethally irradiated and then injected intravenously with human CD34+ hematopoietic stem cells (HPCs), which include
plasmacytoid dendritic cells (pDCs). Melanoma cell lines were injected subcutaneously. Mice were then treated topically (or not, control) with imiquimod, a
TLR7/8 agonist. (b) Tumor growth was measured and compared between the mice that received imiquimod and the controls. NOD-SCID, nonobese diabetic–
severe combined immunodeficient. Reprinted from Aspord et al. (2014).

cient mouse strains may also contain defects in dendritic-cell
or macrophage function and/or in the complement system.
The various immune defects may render a specific mouse
strain more or less suited for a particular research study.
Currently, the NSG (NOD.Cg-PrkdcscidIl2rgtm1Wjl/SzJ) and
NOG (NODShi.Cg-PrkdcscidIL2rgtm1Sug/Jic) immunodeficient
mouse strains are commonly employed in humanized mouse
models owing to enhanced human cell engraftment (reviewed
in Shultz et al., 2012). Moreover, the NSG strain is relatively easy to acquire and breed. A more comprehensive list of
immunodeficient strains used in humanized mouse models
can be found in Shultz et al. (2007).
TYPES OF HUMAN CELLS/TISSUES ENGRAFTED
Humanized immune system

There are three basic models of humanized immune systems
in immunodeficient mice. First, human peripheral blood
mononuclear cells (PBMCs) or human lymphocytes from
lymph node or spleen can be injected intravenously (most
commonly), intraperitoneally, or intrahepatically into an
immunodeficient mouse (reviewed in Brehm et al., 2014;
Shultz et al., 2007, 2012). This is commonly referred to as the
hu-PBL model. Hu-PBL is the simplest, most rapid engraftment procedure of the three models. However, it results in
engraftment of effector and memory T lymphocytes, but not
other immune cells. Also, a xenogeneic (cross-species) graftversus-host disease (GVHD) ensues approximately 4 weeks
after human cell injection, which may limit the utility of this
model to short-term studies. Notably, GVHD researchers
have leveraged this phenomenon into a preclinical model of
disease (van Rijn et al., 2003).
The second model is the transfer of human hematopoietic stem cells (HSCs) into an immunodeficient mouse. This
is commonly referred to as the Hu-HSC or Hu-CD34 method, since HSCs express and may be selected for via CD34.
HSCs are typically isolated from fetal bone marrow, umbili2
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cal cord blood or liver, or granulocyte colony-stimulating
factor–mobilized peripheral blood (reviewed in Brehm et al.,
2014; Shultz et al., 2012). Hu-HSC results in multilineage
hematopoiesis, although naive T cells are restricted to mouse
rather than human major histocompatibility (MHC) groups
(reviewed in Shultz et al., 2012).
The third model, BLT, involves surgical implantation of
autologous human fetal liver and thymus fragments under the
immunodeficient mouse’s renal capsule along with transfer
of autologous human HSCs (reviewed in Brehm et al., 2014).
This model is the most complex, requiring technical/surgical
expertise and a source of fetal tissue (which can be limiting).
Because of the presence of human thymic tissue, appropriate T-cell education and HLA restriction occurs (reviewed in
Brehm et al., 2014).
Notably, different terms are used for these models in the
literature, which may be confusing to the reader. Originally,
model names included “SCID” because SCID mice were
used prior to the introduction of immunodeficient mice lacking Il2rg. Also, some review articles refer to four models
rather than three because coimplantation of human fetal liver
and thymus was separated from the transplantation of fetal
liver, thymus, and bone marrow (Shultz et al., 2012).
Caution is needed when reading the literature or designing experiments: lineage engraftment, the ability to generate primary and secondary cellular or humoral responses,
and T-cell restriction of each of the above models can vary
depending on the host mouse utilized. Most publications reference experimentation performed in SCID or Rag-deficient
mice, but outcomes may differ if NSG or NOG mice are used.
Transplantation of nonimmune cells/tissues

In addition to immune cells, other types of human cells
have been grafted into immunodeficient mice. For example,
mice engrafted with human hepatocytes are increasingly
employed in drug metabolism studies (reviewed in Strom et
© 2015 The Society for Investigative Dermatology
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hDsg3Tg

a

Figure 2. Novel humanized mouse model of pachyonychia congenita using
bioengineered skin equivalents generated from patients. Skin keratinocytes
and fibroblasts were taken from patients with pachyonychia congenita, due
to a keratin 6A mutation, to generate bioengineered skin equivalents that
were then grafted onto the backs of immunodeficient mice. (a) Gross image
and (b) histology image (stained with hematoxylin and eosin) demonstrating
clinical and pathologic characteristics of pachyonychia congenita after minor
trauma. Reprinted from Garcia et al. (2011).

al., 2010). Human cancer cells, either patient-derived or cell
line–derived, are transplanted into host mice to study cancer
biology, metastasis, and novel treatments (reviewed in Zhou
et al., 2014). The types of human cancers studied via this
mechanism are numerous and include both solid tumors and
hematologic malignancies (reviewed in Zhou et al., 2014).
Human lung, intestine, pancreatic islet, and tonsil cells have
also been engrafted into immunodeficient mice (reviewed in
Brehm et al., 2014).
Human tissues and organs can be transplanted into immunodeficient mice as well. In dermatology, researchers have
capitalized on the accessibility of healthy and diseased human
skin and straightforward surgical techniques to transplant
human skin onto immunodeficient mice. This overcomes
many physiologic discrepancies between mouse and human
skin that challenges traditional mouse models. However, an
inevitable issue with this approach is the mismatch between
homing molecule expression on human cells and binding
partners on murine endothelial cells that supply the transplanted human skin (reviewed in Petersen and Sorensen, 2008).
This is problematic, for example, in humanized mouse models
of GVHD where human skin is transplanted onto immunodeficient mice and then human PBMCs are transferred into that
mouse. Migration of human inflammatory cells into the skin
graft may not reflect the types and numbers of cells that actually migrate into patient skin in GVHD.

b

c

Figure 3. Genetically modified humanized mouse model to study the
role of human anti–desmoglein 3 immunoglobulin in pemphigus vulgaris
(PV). Human anti-desmoglein 3 (Dsg3) antibodies do not recognize mouse
Dsg3. Therefore, mice were genetically modified to transgenically express
human Dsg3 (hDsg3Tg) in place of mouse Dsg3 and then exposed to antiDsg3 immunoglobulin from human patients with PV. (a) Humanized mouse
mucosa demonstrates clinical erosions characteristic of PV. (b) Direct
immunofluorescence staining shows positive staining and (c) histology
depicts classic intraepidermal blistering characteristic of PV. Reprinted from
Culton et al. (2015).

in Scheer et al., 2013). Mice have been created to transgenically express urokinase plasminogen activator, which
inhibits mouse hepatocyte function so that drug metabolism
occurs only through engrafted human hepatocytes (reviewed
in Strom et al., 2010). Ever-advancing genetic technologies
have given researchers new freedom to push the limits of
humanized mice (reviewed in Scheer et al., 2013).
HUMANIZED MICE IN DERMATOLOGY RESEARCH

Genetically modified humanized mice

Genetically modified mice are revolutionizing humanized
mouse models because they overcome limitations inherent
to a particular model. For example, immunodeficient mice
transgenically expressing human MHC class I and/or II have
been generated to allow proper MHC:T-cell receptor interaction with engrafted human T cells. Mice transgenically
expressing human p53, a tumor-suppressor gene, in place
of mouse p53 were generated for cancer studies (reviewed
© 2015 The Society for Investigative Dermatology

Humanized mice are increasingly employed in dermatology
research. This is due in part to the ease of acquiring normal
and diseased human skin for experimentation, of surgically
transplanting human skin onto a mouse, and of visualizing/
assessing cutaneous disease. So far, humanized mice have
been employed to study autoimmune/inflammatory dermatoses such as psoriasis, alopecia areata, pemphigus vulgaris,
GVHD, delayed-type hypersensitivity, and atopic dermatitis,
genodermatoses such as lamellar ichthyosis, pachyonychia
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congenita, and epidermolysis bullosa, cutaneous malignancies, including melanoma and squamous cell carcinoma, and
wound healing (Aspord et al., 2014; Aufenvenne et al., 2012;
Culton et al., 2015; Garcia et al., 2011; Gilhar et al., 2013;
Krasagakis et al., 2001; Patel et al., 2012; reviewed in Petersen
and Sorensen, 2008; van den Broek et al., 2014; van Rijn et
al., 2003). The experimental approaches in these humanized
mouse studies varied, demonstrating that, even within dermatologic research, humanized mouse models are diverse.
The figures show three examples of humanized mouse
models utilized in dermatology research. Aspord et al. (2014)
investigated the effect of the drug imiquimod (Aldara) on melanoma, utilizing a humanized mouse model in which sublethally irradiated immunodeficient mice were engrafted with
CD34+ HSCs from umbilical cord blood and later injected
subcutaneously with melanoma cell lines (Figure 1). Garcia
et al. (2011) surgically grafted bioengineered skin equivalents
from keratinocytes and skin fibroblasts from patients with the
genodermatosis pachyonychia congenita onto the backs of
immunodeficient mice to develop a preclinical model of disease (Figure 2). Culton et al. (2015) generated transgenic mice
expressing human desmoglein 3 (Dsg3) in mice lacking Dsg3
to study the role of anti-Dsg3 immunoglobulin in serum from
patients with pemphigus vulgaris (Figure 3).
LIMITATIONS

Despite significant advancements made with humanized
mice, these models are not without limitations. From a practical standpoint, the technical expertise required for some
models can be quite advanced, and human cell/tissues, for
example, fetal tissue, may be difficult to obtain. Purchasing,
housing, and/or breeding host mice can be expensive. From
a scientific perspective, there continue to be impediments to
the development of memory T-cell responses and humoral
immunity. Similarly, although human neutrophil, red blood
cell, and platelet precursors engraft in mouse bone marrow,
they do not circulate in mouse blood in any substantial number. These are in part secondary to the inability of mice to
produce human cytokines and growth factors and, as mentioned above, the mismatch between homing ligands and
receptors on human immune cells and mouse vessels (for further discussion, see Shultz et al., 2012). Although scientists
are working to address these limitations, it is important to
remember that even though these mice are humanized, they
are still mice.
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To take the online quiz, follow the link below:
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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.
For each question, more than one answer may be correct.

1. Hu-PBL refers to which of the following type of
humanized mouse models:
A. Mice transplanted with fetal liver and thymus
fragments.
B. Immunodeficient mice in which PBMCs or lymphocytes are transplanted with engraftment of
mature lymphocytes.
C. Immunocompetent mice transplanted with
human cells lacking IL-2 expression.
D. Immunodeficient mice transplanted with PBMCs
or lymphocytes with resultant multilineage hematopoiesis.
2. Why are immunodeficient mice used as “hosts” for
humanized mouse models?
A. Immunocompetent mice have dendritic cells that
would reject human cells.
B. There is space in the host-mouse bone marrow
for engraftment of human cells.
C. They lack T, B, and natural killer cells that would
otherwise reject human cells.
D. Their inability to signal through IL-4, -7, -9, -15,
and -22 prevents rejection of human cells.
3. What immunodeficient strains are most commonly
employed for humanized mouse models?
A. SCID and nude mice.
B. Rag and nude mice.
C. NSG and NOG mice.
D. NSG and Rag mice.
4. Humanized mouse models have been used in which of
the following areas of dermatologic research?
A. Pemphigus vulgaris and other autoimmune diseases.
B. Wound healing.
C. Squamous cell carcinoma and other cutaneous
malignancies.
D. All of the above.
5. Which is true of humanized mouse models?
A. They are diverse and in constant development.
B. The term refers to mice containing functional
human proteins, cells, tissues, and organs.
C. They may also be called “human–mouse chimeras” or “xenotransplants” in the case of mice containing human cells or tissues.
D. All of the above.

© 2015 The Society for Investigative Dermatology
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SUPPLEMENTARY MATERIAL
A PowerPoint slide presentation appropriate for journal club or other teaching
exercises is available at http://dx.doi.org/10.1038/jid.2015.393.
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Research Techniques Made Simple:
Techniques to Assess Cell Proliferation
George A. Romar1, Thomas S. Kupper1 and Sherrie J. Divito1
Cell proliferation is commonly assayed in the laboratory for research purposes, but is increasingly used clinically
to gauge tumor aggressiveness and potentially guide care. Therefore, both researchers and clinicians should
have a basic understanding of techniques used to assess cell proliferation. Multiple cell proliferation assays exist,
and the choice of method depends on the laboratory resources available, the types of cells/tissues to be studied,
and the specific experimental goals. In this article, we identify four overarching categories of cell proliferation
assays that signify various stages of the cell cycle: nucleoside-analog incorporation, cell cycle-associated protein
detection, use of cytoplasmic proliferation dyes, and indirect measures of cell proliferation. Each method has
strengths and limitations that should guide the dermatology investigator’s choice of assay.
Journal of Investigative Dermatology (2016) 136, e1-e7; doi:10.1016/j.jid.2015.11.020

INTRODUCTION

Cell proliferation is deﬁned as an increase in cell number
secondary to cell growth and division (reviewed in Schafer,
1998). Assessing cell proliferation is a cornerstone of basic,
translational, and clinical research and of clinical medicine.
Given this pervasiveness, it is important for the clinical
dermatologist and dermatology researcher alike to have a
basic comprehension of cell proliferation and the assays most
commonly used to measure it.
A number of methods exist to measure cell proliferation,
and they vary in regard to which phase of cellular growth and
division they assay, the equipment and expertise required,
whether additional studies can be performed in parallel or in
series, and what types of cells/tissues can be studied by that
assay. To simplify this topic, this article outlines the principal
approaches used to assess cell proliferation based on three
aspects of cell division: nucleoside-analog incorporation
during DNA synthesis, cell cycle-associated proteins, and
cytoplasmic proliferation dyes. A fourth section brieﬂy reviews indirect methods of assessing cell proliferation via cell
counting and viability and metabolic activity assays.
THE CELL CYCLE

Cellular proliferation results from progression through the
cell cycle (Figure 1). The cell cycle has two major phases:
interphase and mitosis (reviewed in Schafer, 1998). A cell
spends most of its life in interphase, which is divided into
three stages: Gap 1 (G1), Synthesis (S), and Gap 2 (G2).
During interphase, the cell is growing and preparing for division. Cellular division occurs during mitosis, or (M) phase,
which actually consists of both mitosis and cytokinesis.
Mitosis refers to division of the nucleus resulting in equal
separation of chromosomes and is subdivided into phases:
prophase, prometaphase, metaphase, anaphase, and telophase. Cytokinesis is the equal division of the cell membrane, cytoplasm, and organelles. M phase results in two
1

BENEFITS
 Commonly utilized in laboratory research and
increasingly in clinical practice.
 Broad range of assays available to assess various
stages of the cell cycle.
 Some assays can be performed in conjunction
with other stains, and some techniques maintain
viable cells for follow-up experimentation.
 Many methods are technically straightforward
and utilize commonly available equipment.

LIMITATIONS
 Some assays require specialized equipment and/
or materials.
 Available sample(s) may be incompatible with
certain techniques (eg, cytoplasmic dyes and
thymidine incorporation cannot be used on
formalin-ﬁxed clinical skin specimens).
 Some assays are lethal to cells, so further experimentation cannot be performed.

daughter cells identical to their parent cell. A fourth stage,
Gap zero (G0), describes resting cells and cells that rarely or
never divide.
The stages of the cell cycle can be identiﬁed based on
speciﬁc characteristics. For example, nucleosides are incorporated into replicating DNA exclusively during S phase, and
histone protein H3 is only phosphorylated during M phase.
Many proliferation assays take advantage of these unique
characteristics of each cell cycle phase.
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Figure 1. Schematic of the cell cycle
depicting the phase detected by different
proliferation assays. G0 is a relatively
inactive state for the cell. G1 is a period
of cell growth and preparation for DNA
synthesis, or the S phase. Cell growth
continues during G2 as the cell prepares
for mitosis (M) phase. M phase consists
of equal division of chromosomes
and cytoplasmic components (termed
cytokinesis) between two daughter cells.
Cytoplasmic proliferation dyes are
internalized during all phases of the cell
cycle including G0, but proliferation is only
appreciated once cytokinesis has occurred
and the ﬂuorescence intensity of the dye is
halved in the daughter cells. Ki-67 is
expressed during active phases of the cell
cycle (G1-M). Nucleoside-analog
incorporation assays (ie, [3H]TdR and BrdU)
and proteins such as PCNA are speciﬁc to the
S phase. BrdU, 5-bromo-20 -deoxyuridine;
[3H]TdR, tritiated thymidine; PCNA,
proliferating cell nuclear antigen.

NUCLEOSIDE-ANALOG INCORPORATION ASSAYS

During the S phase of the cell cycle, genome replication,
DNA polymerases incorporate nucleosides (eg, deoxyadenosine, deoxyguanosine, deoxycytidine, and thymidine)
into new strands of DNA. Nucleoside-analog incorporation
assays introduce chemically or radioactively labeled nucleosides into the sample of interest, which are incorporated into
newly synthesized DNA during S phase.
A classic example of this strategy is the tritiated thymidine
([3H]TdR) incorporation assay whereby excess radiolabeled
thymidine is added to cell cultures and allowed to incubate
for multiple days. Excess [3H]TdR is then washed away and
incorporated. [3H]TdR is measured using a liquid scintillation counter. The assay can be performed in vitro or
ex vivo, but not in vivo. This method quantiﬁes overall division compared with a control and is commonly regarded
as reliable and accurate. Assays should be run in triplicate
and using varying numbers of cells to generate a proliferation curve (Figure 2a). Drawbacks are that radioactive reagents must be handled and disposed of with caution,
thymidine is measured by the scintillation counter per well
of cells rather than per individual cell so the assay reveals
nothing about an individual cell’s division history, and no
additional assays can be performed with or after [3H]TdR
incorporation (it is an endpoint assay) because the assay
extracts DNA from cells that are then washed away in the
process. A common use for [3H]TdR incorporation is to
assess T-cell proliferation, for example, in response to
therapeutic dendritic cells, as shown in Figure 2a (Divito
et al., 2010).
Another common nucleoside-analog incorporation assay
employs 5-bromo-20 -deoxyuridine (BrdU), also a thymidine
analog. Incorporated BrdU is detected by a BrdU-speciﬁc
monoclonal antibody that may be bound directly to a ﬂuorescent tag or measured indirectly via a secondary antibody.
Fluorescence can then be measured via a ﬂow cytometer or
ﬂuorescence microscopy (Figure 2b). Alternatively,
e2
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chromogenic tagging (colored, rather than ﬂuorescent) can
be performed that requires only a standard light microscope
for inspection. An added beneﬁt of the assay is that DNA can
be “captured” via the antibody (ie, bound by the antibody,
then puriﬁed by immunoprecipitation, and subsequently
sequenced). Further, BrdU can be used not only in vitro but
also in vivo; it can be injected into an animal or added to the
animal’s drinking water and ingested. BrdU is stably incorporated into DNA, so it persists for several months. Additional stains can be included in this assay, for example,
to identify the particular type of cell that is proliferating.
Lastly, there is no handling of radioactive material. Two
negatives of this method are that it is an endpoint
assay because staining requires cell membrane permeabilization and ﬁxation, and it cannot identify cells that
have undergone numerous rounds of division (reviewed in
Lyons et al., 2013).
CELL CYCLE-ASSOCIATED PROTEIN ASSAYS

As cells progress through the cell cycle, phase-speciﬁc proteins are generated and can be detected using antibodies.
Example phase-speciﬁc proteins include topoisomerase II
alpha, phosphorylated-histone H3, and proliferating cell
nuclear antigen, though there are many others. Topoisomerase II alpha expression begins in late S phase and peaks in the
G2 and M phases (Woessner et al., 1991). Histone H3 becomes phosphorylated only during the M phase of the cell
cycle (reviewed in Hans and Dimitrov, 2001). Proliferating
cell nuclear antigen expression increases during late G1 and
peaks during S phase (Kurki et al., 1987). The most commonly
assayed cell cycle-associated protein is Ki-67, although it
does not actually allow delineation of the different cell cycle
phases because it is expressed in G1, S, G2, and M, but absent
in the resting phase, G0.
The major advantage of assaying cell cycle-associated
proteins is that multiple techniques can be used: formalinﬁxed parafﬁn-embedded and frozen tissue samples by

RESEARCH TECHNIQUES MADE SIMPLE 
Figure 2. Example data from nucleosideanalog incorporation assays. (a) A tritiated
thymidine ([3H]TdR) incorporation assay was
performed to assess T-cell proliferation in
response to treatment with therapeutic
dendritic cells (DCs). Different ratios of
irradiated dendritic cells (stimulator)
(incapable of proliferating) to T cells
(responder) were incubated together for 3
days; then [3H]thymidine was added to
cultures and measured by liquid scintillation
counter to generate proliferation curves
shown. *** represents statistical signiﬁcance
between groups. Reprinted with permission
from Divito et al. (2010). (b) Fluorescent
microscope images demonstrating increased
cell proliferation (BrdUþ, red) 4 days into
wound healing in skin. Dapi images highlight
the location of cell nuclei (purple). Reprinted
with permission from Yokoyama et al. (2011).

microscopy, single cell suspensions by ﬂow cytometry, and
cell lysates by western blot (though the last will provide only
information on a collection of cells rather than an individual
cell). This means that these markers can be used to assay
proliferation in patient specimens, provided the tissue
was ﬁxed immediately after harvesting. Ki-67 is increasingly

used to detect proliferating cells in clinical melanoma
specimens (Gimotty et al., 2005). Figure 3a depicts immunohistochemical staining of Ki-67 together with melanocyte
differentiation antigen in a patient’s melanoma specimen (Aris
et al., 2011). Figure 3b shows immunoﬂuorescence staining
Ki-67 to assess melanocyte proliferation during hair follicle
www.jidonline.org
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Figure 3. Example staining and microscopy
of Ki-67. (a) Chromogenic staining detected
via light microscopy of Ki-67 (brown) and
melanocyte differentiation antigen, MD-Ag
(red) in melanoma. Arrows depict different
staining patterns (Ki-67þMD-Ag, Ki-67þMDAgþ, Ki-67-MD-Agþ, and Ki-67-MD-Ag).
Reprinted with permission from Aris et al.
(2011). (b) Fluorescent microscopy depicting
Ki-67 expression (red) and tyrosinase (green)
in a hair follicle during development. Nuclei
counterstained in blue (TO-PRO3 staining).
Reprinted with permission from Botchkareva
et al. (2003).

development (Botchkareva et al., 2003). A second advantage
is that researchers can easily stain multiple cell cycleassociated proteins at one time to ascertain a cell’s stage of
proliferation. A disadvantage is that no subsequent assays can
be performed with cell cycle-associated protein staining
because of ﬁxation and permeabilization of the cell’s
membranes.
e4
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CYTOPLASMIC PROLIFERATION DYES

A third approach for assessing cell proliferation utilizes
cytoplasmic proliferation dyes that are ﬂuorescent chemicals
that permeate the cell membrane and covalently bind to
cellular cytosolic components (reviewed in Quah and
Parish, 2012). After each cell division, the dye is evenly
distributed between the two daughter cells (as a result of
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Figure 4. Schematic and example data of
carboxyﬂuorescein diacetate succinimidyl
ester (CFSE) cytoplasmic proliferation dye
assay. (a) Schematic showing decreased CFSE
ﬂuorescence intensity exhibited by daughter
cells after each successive round of cell
division. Each black peak reﬂects one round
of division, and the taller the peak, the more
cells underwent division during that round. (b)
Flow cytometry histograms demonstrating Tcell proliferation in vivo when intravenously
injected into mice 1 or 3 days after that mouse
was treated with tolerogenic dendritic cells or
not (no DC). Reprinted with permission from
Divito et al. (2010).

cytokinesis), which then exhibit half the ﬂuorescence intensity of their parent cell (Figure 4a) (reviewed in Quah and
Parish, 2012). Cytoplasmic proliferation dyes can be used
both in vitro and in vivo. For in vivo use, single cell suspensions are stained with a cytoplasmic dye and then
injected into an animal. The cells can then later be harvested from the animal and assayed to determine whether

the cells proliferated in vivo. When cytoplasmic dyes are
used to assess proliferation, ﬂow cytometry is the assay of
choice as it allows visualization of each round of division
(Figure 4). Although cytoplasmic dyes can be viewed under
microscopy, microscopy does not easily allow quantiﬁcation
of dye and therefore is not typically a reliable means of
measuring division.

Table 1. Summary of commonly employed cell proliferation assays including associated cell-cycle phase,
equipment, and example recommended applications for each assay
Approach
Nucleoside-analog
incorporation
Nucleoside-analog
incorporation
Cell cycle-associated
protein
Cell cycle-associated
protein
Cell cycle-associated
protein
Cytoplasmic
proliferation dye
Cytoplasmic
proliferation dye

Assay

Cell-cycle phase

Major equipment

Example recommended application(s)

Tritiated thymidine

S

Liquid scintillation counter

Cell culture, mixed lymphocyte reactions

5-Bromo-20 -deoxyuridine

S

Ki-67

G1, S, G2, M

In vivo for the study of proliferation
over time in animals
Histology

Phosphorylated-histone H3

M

Proliferating cell nuclear
antigen
Carboxyﬂuorescein diacetate
succinimidyl ester

S

Flow cytometer, light microscope,
ﬂuorescence microscope
Flow cytometer, light microscope,
ﬂuorescence microscope
Flow cytometer, light microscope,
ﬂuorescence microscope
Flow cytometer, light microscope,
ﬂuorescence microscope
Flow cytometer

Cell trace violet

Cytokinesis

Cytokinesis

Flow cytometer with
a 405-nm laser

Histology
Histology
In vivo proliferation of adoptively
transferred stained cells, mixed
lymphocyte reactions
In vivo proliferation of adoptively
transferred stained cells, mixed
lymphocyte reactions

www.jidonline.org
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The classic cytoplasmic dye used in proliferation assays is
carboxyﬂuorescein diacetate succinimidyl ester (CFSE), which
is a green ﬂuorescent dye. Because neither CFSE staining nor
ﬂow cytometry is an endpoint assay, dyed cells can be sorted
and used in further experimentation. One word of caution with
CFSE: after enough rounds of division, CFSE ﬂuorescence will
no longer be detectable above nonlabeled cells. With optimization, however, the CFSE technique can detect beyond seven
rounds of proliferation (Quah and Parish, 2012). A frequent use
of CFSE is to analyze T-cell proliferation. For example,
Seneschal et al. (2014) used CFSE staining to demonstrate
in vivo that dermal dendritic cells stimulate transgenic T-cell
proliferation in response to vaccination, and Divito et al. (2010)
used CFSE to assess T-cell proliferation in response to therapeutic dendritic cells (Figure 4b).
A drawback of CFSE is that it utilizes the green ﬂuorescent
channel, thereby preventing inclusion of additional stains that
also require that channel (ie, ﬂuorescein, green ﬂuorescent
protein and ﬂuorescein isothiocyanate) (reviewed in Quah
and Parish, 2012). Newer commercially available stains
such as CellTrace Violet (ThermoFisher Scientiﬁc,
Cambridge, MA) are gaining popularity because they ﬂuoresce under a different wavelength of light, thus making
available the ﬂuorescein channel for other stains (Quah and
Parish, 2012). CellTrace Violet does, however, require a
blue/violet laser that may not be available on all detection
equipment.
INDIRECT MEASURES OF CELL PROLIFERATION: CELL
COUNTING, VIABILITY, AND METABOLIC ACTIVITY ASSAYS

Information regarding cell proliferation may be gleaned from
cell counting alone or via cell viability stains or assays. The
most commonly employed viability stain is trypan blue that is
excluded from living cells but absorbed by dead cells (dead
cells thus appear blue under light microscopy). Metabolic
activity assays use enzymatic activity as a marker for cell
viability. The enzyme(s) tested produce a colored or ﬂuorescent product that can be easily measured by a plate reader.
Example metabolic activity assays are the tetrazolium assay,
resazurin reduction assay, and protease activity assay
(reviewed in Riss et al., 2013). It is important for the reader to
understand that none of these methods directly assess cell
proliferation. For example, cell counting may suggest that cell
proliferation has occurred if there is an increase in the number of cells. However, an alternative explanation could be
that cell death decreased. Similarly, an increase in enzymatic
activity in a group of cells could indicate increased number of
cells due to proliferation, or could reﬂect increased metabolic
activity of nonproliferating cells. Therefore, when interpreting
studies using these techniques (like all studies), the reader
should ask him or herself, “could anything else account for
the observed data” and if so, “do either the presented
experimental controls or further experiments address these
alternative possibilities”?
CONCLUDING REMARKS

Table 1 summarizes the most commonly employed cell proliferation assays, including which cell cycle phase the technique assesses and the major equipment needed for that
technique. Table 1 also includes recommendations regarding
e6
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which assay may be most appropriate for a particular experimental application. However, as stated in the introduction,
choice of a particular assay is highly individualized based on
the experimental objectives, available equipment, and sample type. Clinically, we expect that staining for cell proliferation markers to assess tumor aggressiveness and guide
clinical care will likely become standard of care going forward, particularly in the setting of melanoma, where absence/
presence of mitotic ﬁgures is already part of melanoma clinical staging. This article provides a framework for the investigator and clinician to understand cell proliferation assays,
but the reader should know that modiﬁcations and

MULTIPLE CHOICE QUESTIONS
1. Which of the following is NOT used for
assessing cell proliferation?
A. Cytoplasmic proliferation dyes
B. Cell cycle-associated proteins
C. Nucleoside-analogs incorporated during
DNA synthesis
D. Bioassay-guided fractionation
2. Which of the following methods uses radioactive material?
A. Tritiated thymidine incorporation
B. Cell counting
C. 5-Bromo-20 -deoxyuridine incorporation
D. Carboxyﬂuorescein diacetate succinimidyl
ester dye
3. In which of the following phases of the cell cycle is Ki-67 expression absent?
A. G0
B. G1
C. S
D. G2
4. Which proliferation assay can be used on patient samples that are formalin-ﬁxed and
parafﬁn embedded?
A. CFSE labeling
B. Tritiated thymidine incorporation
C. Ki-67 staining
D. BrdU incorporation
5. Which assay can be used to measure proliferation in vivo in an animal over time? Which assay
provides a snapshot of proliferation at the time
of tissue harvest?
A. Tetrazolium salt assay, Ki-67 staining
B. Histone H3 staining, CFSE labeling
C. BrdU incorporation, Ki-67 staining
D. Ki-67, BrdU incorporation
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.
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optimization of the above assays are ongoing and new
techniques are constantly under development.
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Research Techniques Made Simple: Skin
Carcinogenesis Models: Xenotransplantation Techniques
Maria Rosaria Mollo1, Dario Antonini2, Luisa Cirillo1,3 and Caterina Missero1,4
Xenotransplantation is a widely used technique to test the tumorigenic potential of human cells in vivo using
immunodeficient mice. Here we describe basic technologies and recent advances in xenotransplantation
applied to study squamous cell carcinomas (SCCs) of the skin. SCC cells isolated from tumors can either be
cultured to generate a cell line or injected directly into mice. Several immunodeficient mouse models are
available for selection based on the experimental design and the type of tumorigenicity assay. Subcutaneous
injection is the most widely used technique for xenotransplantation because it involves a simple procedure
allowing the use of a large number of cells, although it may not mimic the original tumor environment. SCC cell
injections at the epidermal-to-dermal junction or grafting of organotypic cultures containing human stroma
have also been used to more closely resemble the tumor environment. Mixing of SCC cells with cancerassociated fibroblasts can allow the study of their interaction and reciprocal influence, which can be
followed in real time by intradermal ear injection using conventional fluorescent microscopy. In this article, we
will review recent advances in xenotransplantation technologies applied to study behavior of SCC cells and
their interaction with the tumor environment in vivo.
Journal of Investigative Dermatology (2016) 136, e13ee17; doi:10.1016/j.jid.2015.12.015

INTRODUCTION

Establishing human tissue cancer models is essential to
elucidate fundamental mechanisms underlying cancer
development and progression, and to develop novel therapies. Humanized mouse models, in which human tumor cells
or tissue are engrafted into immunodeﬁcient mice (xenotransplantation), are frequently used to understand tumor
biology in the presence of a tissue environment, and to study
tumor responses to gene modulation and pharmacological
treatments in vivo.
This article will focus primarily on xenotransplantation
models for skin squamous cell carcinomas (SCCs). In
most cases, this process involves growth in culture of
neoplastic keratinocytes or genetically modiﬁed keratinocytes, ﬁbroblasts, and other skin cell types that can be
admixed with keratinocytes and used for in vivo tissue
regeneration.
To establish SCC cell lines, primary tumor tissue is
physically dissociated into either small explant pieces or
single cell suspensions to be expanded in culture on a
feeder layer of 3T3 ﬁbroblasts, but SCC cells soon become
feeder independent (Purdie et al., 2011). Deﬁned genetic
lesions contributing to SCC formation, such as protooncogene or tumor suppressor mutations, can be studied
by manipulating human primary keratinocytes using retroviral- or lentiviral-mediated gene modulation (Khavari,
2006), allowing the introduction of putative oncogenes,
knockdown of tumor suppressor genes, or gene ablation or
mutation using genome editing tools such as the CRISPR/
Cas9 system.

BENEFITS
 Allows measurement of the tumorigenic
potential of human skin cancer cells in a
complex in vivo environment.
 Allows study of the consequences of speciﬁc
genetic alterations in vivo.
 Can be used for screening the therapeutic potential
of novel chemical compounds on human tissues.
 Interactions between epithelial tumor cells,
stroma, and other cell types can be studied in
combination.
 Recent techniques allow growth of primary SCC
tissue and SCC single-cell suspensions, and/or
monitoring growth in real time using in vivo
imaging.

LIMITATIONS
 Only partially recapitulates tumor organization
and function, and its interaction with the immune, vasculature, and lymphatic systems.
 As with other in vivo assays, it is subject to high
variability, and appropriate statistical analyses
must be used to obtain reliable results.
 Tumor development occurs slowly, and may take
up to or more than 4 months.
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IMMUNODEFICIENT MOUSE MODELS FOR
XENOTRANSPLANTATION

Immunodeﬁcient mouse strains are used for human cell
studies to avoid rejection of the human cells. Here we will
focus on immunodeﬁcient mouse models that have been used
in dermatological research for studying SCC (for a more
comprehensive description of recipient mouse strains, see
Russell et al., 2015). Athymic Foxn1nu (nude) mice lack
functional T cells, but have an intact humoral adaptive and
innate immune system (Price, 2014). In spite of only partial
impairment of the immune system, nude mice effectively
support tumor growth because of a paradoxical role of both
the adaptive and innate immune responses in inducing
inﬂammation, which can be protumorigenic (Patel et al.,
2012). In severe combined immune deﬁciency (SCID) mice,
the development of mature T- and B-lymphocytes is abolished, but innate immunity is conserved. Similarly, RAG1/2
null mice lack both functional T and B cells. Crossing SCID
mice with nonobese diabetic (NOD) mice confers partially
defective innate immunity. To further weaken the innate immune system, immunodeﬁcient mice carrying a targeted
mutation in the IL2 receptor common gamma chain gene
(IL2r g) have been crossed with NOD/SCID or NOD/RAG1/2
mice, generating the NOD/SCID/IL2r g null or NOD/RAG1/2/
IL2r g null mice. Adaptive immunity is completely lacking in
NOD/SCID/IL2r g null and NOD/RAG1/2/IL2r g null mice,
and they are severely deﬁcient in innate immunity, thus being
highly receptive to the engraftment of human cells, tissues,
and primary tumors.
INJECTIONS OF HUMAN CELLS IN
IMMUNODEFICIENT MICE

The most widely used tumorigenicity assay involves
ectopic injection of neoplastic cells into the subcutaneous
space on the back of immunodeﬁcient mice. Depending
on the experimental design, tumor cells and relative controls
are frequently injected into the two dorsal ﬂanks to
compare their tumorigenicity in the same biological
environment.
A range of 0.5  105 to 5  106 tumor cells are injected,
depending on their tumorigenic potential and the experimental plan. A smaller number of cells can be utilized when
testing the tumor-initiating capability of selected cell populations. In this case, it is crucial to use NOD/SCID/IL2r g null
mice where adaptive immunity is completely lacking,
because a small number of cells are more prone to be
destroyed by the immune system. In addition, tumorigenic
cells are mixed with Matrigel, a complex mixture of extracellular matrix proteins that enhances the engraftment of
primary epithelial cancer cells by promoting perfusion of
nutrients and holding cells in place in the subcutaneous tissue
(Quintana et al., 2008). Matrigel is used at a high concentration (20 mg/ml) with the cells mixed in a 1:1 ratio. After
injection, tumor size is monitored once a week, and two
diameters of the tumors are measured to estimate changes in
tumor volume over time. Immunohistological and immunohistochemical analysis is required to determine the tumor
grade by examining tissue morphology, degree of cell proliferation, differentiation, and number of cells undergoing
senescence or apoptosis.
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ADVANCES IN SCC XENOTRANSPLANTATION

Established SCC cell lines are mostly tumorigenic and retain
features of primary cutaneous SCC with variable degree of
differentiation, ranging from well-differentiated cysts to more
aggressive tumors, whereas grafting of freshly isolated SCC
cells is more challenging. Recently, Patel et al. (2012)
established a method to obtain reproducible and robust
growth of xenografted primary SCC tissue and SCC single-cell
suspensions in athymic nude mice by preimplantation of a
humanized stromal bed. In this assay, a glass disk or Gelfoam
dressing is implanted into the dorsal subcutaneous space,
together with 106 primary human dermal ﬁbroblasts (HDFs)
suspended in Matrigel. After 2 weeks, the glass disk is
removed and intact tumor tissue or primary human SCC cells
suspended in Matrigel are injected into the subcutaneous
space or into the in situ Gelfoam dressing (Patel et al., 2012).
The glass disk promotes a stromal reaction and vascularization sufﬁcient to induce reproducible tumor growth from SCC
cell lines. However, preimplantation of HDFs is essential to
achieve robust growth of primary SCC cells. With this
method, xenografts from all tumor grades maintain the histological and growth characteristics of the original tumors
even through serial transplantation (Figure 1). Interestingly,
xenografts of freshly isolated SCC cells are consistently larger
in athymic nude mice than in more immunocompromised
mice (SCID), possibly due to a higher inﬂammatory response
elicited in athymic nude mice, in which only T cells are
compromised, but the humoral and innate responses are still
active.
Subepidermal injections

Although subcutaneous injections are widely used, the subcutaneous microenvironment is different from the one in
which skin tumors originally develop. To promote the interaction of cancer cells with a more physiological environment,
SCC cells can be mixed with Matrigel and injected at the
dermal-epidermal junction. An advantage of this technique is
that SCC cells diffuse less, and proliferative centers originating
from single cells can be counted (Wu et al., 2010). Although
injecting in the subepidermal environment is insufﬁcient to
enhance SCC tumorigenic potential, it can be useful to test
cancer-inducing factors. Indeed, using this assay, Wu and
co-workers demonstrated that inhibition of the calcineurin/
nuclear factor of activated T-cell pathway induced a more
aggressive, moderately inﬁltrating tumor phenotype with high
cellularity, thus suggesting a reason for why treatment with
calcineurin inhibitors, used as immunosuppressive treatment
for organ transplantation recipients, leads to an increased risk
of SCC formation.
Ear injections

More recently, Procopio et al. (2015) described a novel
assay for studying SCC and stromal cell expansion by
intradermal ear injection in NOD/SCID/IL2r g null mice.
The ear thinness enables tumor formation to follow in real
time and quantiﬁcation of its growth rate by in vivo
imaging using conventional ﬂuorescence stereomicroscopy
(Figure 2). A very low volume can be injected, allowing a
low number of cells (105) to be used. This novel technique
has proven useful to test the function of the Notch effector
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Figure 1. Xenografts from cell suspensions can accurately recapitulate human squamous cell carcinoma (SCC). (a) Schematic of the technique. (b) SCC
xenografts from cell suspensions recreated the original tumor morphology and (c) growth based on the original tumor histological grade. Reprinted with
permission from Patel et al. (2012).

Grafting of human engineered skin

Figure 2. Tumor and stromal cell expansion in an ear injection assay.
(a) DsRed2-expressing SCC13 cells were admixed with green ﬂuorescence
protein-expressing human dermal ﬁbroblasts (HDFs), followed by injection
into mouse ears and imaging every 2e3 days under a ﬂuorescence dissection
microscope. Shown are representative images from a mouse ear at the
indicated times after injection. (b) Quantiﬁcation of digital images for relative
red (SCC cells) ﬂuorescence intensity values (intensity  surface area) at
different days after injections. SCC, squamous cell carcinoma. Photo courtesy
of G.P. Dotto and M.G. Procopio.

(suppressor of hairless or RBP-J in mammalian cells) CSL in
the stromal component of the tumor. The expansion of
SCC13 cells admixed with HDFs depleted for CSL, p53, or
both was monitored in time. Cancer cell expansion was
signiﬁcantly enhanced in the presence of HDFs with
concomitant silencing of CSL and p53, as compared with
CSL or p53 alone. Interestingly, stromal cells themselves
missing both CSL and p53 expanded to a much greater
extent than those with silencing of CSL alone. Thus, loss or
reduction of CSL in HDFs coupled with p53 inactivation
induces SCC expansion, demonstrating a crucial contribution of stromal CSL in tumor formation. Similar to the observations obtained by Patel et al. (2012), these ﬁndings
demonstrate a fundamental role of the stroma in SCC
expansion.

To study speciﬁc genetic contributors to SCC, genetic
manipulation of primary human keratinocytes using highefﬁciency gene transfer can be achieved using retroviral infections repeated at 8- to 12-hour intervals in rapidly dividing
cells (Lazarov et al., 2002), which can then be seeded
onto devitalized human dermis containing extracellular
matrix and stromal proteins (Khavari, 2006). In contrast to
subcutaneous or subepidermal injections where an underlying extracellular matrix and intact epithelial basement
membrane is lacking, this method allows reconstitution of a
human skin-like environment, although it does not fully
recapitulate the stochastic nature of mutations that occur in
spontaneous cancers and the genomic instability typical of
most human cancers.
Recently, Monteleon et al. (2015) used this model to
study the function of the protein domains of the IQ
motif-containing GTPase-activating protein (IQGAP1), a
modulator of mitogen-activated protein kinase signaling,
using exogenous expression of IQGAP1 decoy peptides. Ras/
CDK4 transformed keratinocytes were infected with lentiviruses designed to drive expression of a single IQGAP structural domain to interfere with speciﬁc IQGAP functions.
Using this model, a single decoy peptide designed to interfere
with binding to the Ras effector Raf (IQGAP-IQM) was found
to signiﬁcantly suppress tumor formation and mitogenactivated protein kinase phosphorylation (Figure 3), whereas
the other peptides were ineffective.
CONCLUDING REMARKS

In conclusion, xenotransplantation represents a unique tool to
study human SCC progression in an in vivo environment.
Recent advances in this technique focus on reproducing the
www.jidonline.org
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Figure 3. Expression of the IQGAP1-IQM decoy peptide inhibits invasive
squamous cell carcinoma (SCC). (a) IQGAP1-IQM expression inhibits
keratinocyte proliferation and invasion in an SCC skin xenograft, bar ¼
250 mm. (b) Relative tumor cross-sectional area of xenograft control versus
IQGAP1-IQM SCC tumors. (c) MAPK signaling as indicated by phospho-ERK
expression is markedly diminished in the IQM-expressing tissue, bar ¼
100 mm. ERK, extracellular signal-regulated kinase; IQGAP; IQ
motif-containing GTPase-activating protein; MAPK, mitogen-activated protein
kinase. Reprinted with permission from Monteleon et al. (2015).

tumor microenvironment and following tumor growth in real
time. In the future, engineered human skin and subepidermal
and ear injections may become increasingly useful for preclinical investigations of novel therapies, because these
models are amenable to topical treatments.

MULTIPLE CHOICE QUESTIONS
1. Which of the following murine models is more
receptive for the engraftment of human tumor
cells?
A. NOD/SCID
B. SCID
C. NOD/SCID/IL2rg null (NSG)
D. Athymic Foxn1nu (nude)
2. Are SCC cells highly tumorigenic when used in
xenotransplantation assays?
A. SCC cells are less tumorigenic when injected
with human dermal ﬁbroblasts
B. SCC cells form aggressive tumors when
injected at high concentration
C. SCC cells form aggressive tumors when
injected in the ear
D. Freshly isolated SCC cells are not highly
tumorigenic when injected subcutaneously
in nude mice without a stromal bed

3. Which of the following sentences is false?
A. Subepidermal injections enhance SCC
tumorigenic potential and can be used to test
cancer inhibiting small compounds
B. Ear injections can be used to monitor
expansion of tumorigenic cells in real time
using conventional ﬂuorescence
stereomicroscopy
C. In subcutaneous injections, the presence of
human dermal ﬁbroblasts enhances tumor
growth of human SCC primary cells
D. Grafting of human engineered skin onto mice
reconstitutes a human skin-like environment
4. What is the advantage of injecting SCC cells in
the subepidermal compartment?
A. Allows injection of a low number of cells
B. Allows interaction of cancer cells with a more
physiological environment
C. Induces a higher inﬂammatory response
D. Promotes rapid tumor growth
5. Why does preimplantation of a glass disk or
Gelfoam improve tumorigenicity of SCC cells in
subcutaneous injections in nude mice?
A. It generates a wound-like environment,
allowing easier access for implantation of
SCC cells
B. It induces secretion of T-lymphocyteesecreted
chemokines, thus favoring tumor growth
C. It allows the SCC cells to grow more
efﬁciently in clusters
D. It creates a favorable environment by
generating a stromal reaction
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Research Techniques Made Simple: Bacterial 16S
Ribosomal RNA Gene Sequencing in Cutaneous Research
Jay-Hyun Jo1, Elizabeth A. Kennedy1 and Heidi H. Kong1
Skin serves as a protective barrier and also harbors numerous microorganisms collectively comprising the skin
microbiome. As a result of recent advances in sequencing (next-generation sequencing), our understanding of
microbial communities on skin has advanced substantially. In particular, the 16S ribosomal RNA gene
sequencing technique has played an important role in efforts to identify the global communities of bacteria in
healthy individuals and patients with various disorders in multiple topographical regions over the skin surface.
Here, we describe basic principles, study design, and a workflow of 16S ribosomal RNA gene sequencing
methodology, primarily for investigators who are not familiar with this approach. This article will also discuss
some applications and challenges of 16S ribosomal RNA sequencing as well as directions for future
development.
Journal of Investigative Dermatology (2016) 136, e23ee27; doi:10.1016/j.jid.2016.01.005

INTRODUCTION

Human skin forms a protective barrier that limits external
invasion, but also provides a natural habitat for a myriad of
microbes (bacteria, fungi, and viruses), that comprise the
“skin microbiome” (Fredricks, 2001; Grice and Segre, 2011;
Kong, 2011; Leyden et al., 1987). Commensal microbes
and humans have a symbiotic relationship, which can be
mutually beneﬁcial with the human host supporting the microbes and microbes contributing to proper organ development and immune homeostasis (Belkaid and Segre, 2014). For
example, commensal microbes, such as Propionibacterium
species and Staphylococcus epidermidis, can drive the
expression of cytokines and antimicrobial peptides, potentially shaping immune responses and preventing colonization
by pathogenic bacteria (Cogen et al., 2010; Nagy et al.,
2005). Thus, the human host and skin microbes represent a
network featuring bidirectional communication. Dysbiosis of
skin ﬂora has been associated with skin disorders, such as
atopic dermatitis and acne (Kong and Segre, 2012).
Traditional methods to identify and characterize microbes
require growth of isolates on culture plates. Although these
methods have allowed many essential discoveries, there
are limitations. In particular, some microbial species do not
grow readily in routine laboratory culture conditions or as
monocultures, leading to underestimations of the diversity
of microbial communities. Next-generation sequencing
technologies have allowed direct and comprehensive
sequence-based interrogation of microbial communities,
complementing culture-based methods. The 16S ribosomal
RNA (rRNA) gene is conserved among prokaryotes with
speciﬁc variable regions that can be used for taxonomic
classiﬁcation, making the 16S rRNA gene a molecular
signature to identify members of bacterial communities. This
article provides an overview of 16S rRNA gene sequencing
techniques and their limitations.
1

BENEFITS
 16S rRNA gene sequencing provides extensive
and in-depth information about microbial
communities on skin.
 Allows interrogation of information about
microbial communities without culturing.

LIMITATIONS
 Results are relatively rather than absolutely
quantitative.
 16S rRNA sequencing can be biased, due to
varying PCR ampliﬁcation frequencies and
incomplete reference databases used for
sequence analysis.
 Does not determine cause-and-effect
relationships.

BASICS OF 16S rRNA GENE SEQUENCING

In conducting a microbiome study, multiple factors must be
considered in study design and sample collection. Ultimately,
the scientiﬁc questions will guide the selection of the study
population, which include host characteristics such as health
status, clinical phenotyping, disease severity, and chronological age/sexual maturity. Given the topographical and
temporal heterogeneity of microbial communities over the
skin surface, the selection of sampling sites and sampling
frequency will vary depending on the possible sites of skin
disease predilection and on the importance of longitudinal
sampling over a period of time versus a single time point,
respectively (Grice et al., 2009). Consistent sampling of the
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same skin sites across a study population is important in
downstream analyses and in potentially drawing clinically
relevant conclusions. In addition, examples of considerations
when enrolling study participants may include recent use of
systemic and/or topical antimicrobials, which potentially
disrupt the skin microbial communities, use of other medications, and history of dermatological or systemic diseases. At
the time of sampling, relevant clinical metadata and medical
history should be collected for all subjects. Subjects may also
be instructed to participate in speciﬁc hygiene routines, for
example, showering/bathing a minimum of 12e24 hours
before sampling, or to avoid use of topical products, for
example, antimicrobial products, for a time period before
sample collection to minimize possible confounding factors
(Grice et al., 2008). Similarly, when using animal models,
housing conditions, handling, and other factors that may inﬂuence microbial colonization must be considered in the
study design. A more detailed review on microbiome study
design has been published (Goodrich et al., 2014). Given the
high potential for contamination of the relatively low-biomass
skin samples, a consistent protocol is needed along with
proper negative controls to conﬁrm the integrity of sample
collection and processing.
Figure 1. Schematic illustration of
basic workﬂow for skin 16S rRNA
gene-based sequencing. Adapted and
modiﬁed with permission from Kong
(2011).
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The process of conducting 16S rRNA gene sequencing analyses is depicted in Figure 1. With regard to sample collection, skin microbes can be collected by methods including
noninvasive swabs and invasive punch biopsies. Each
collection method has a different depth of penetration and
results in slightly different microbial proﬁles (Grice et al.,
2008); thus, consistency in the sampling method and collection of concurrent negative controls are important. DNA is
isolated from the collected skin samples using isolation protocols that minimize the loss of DNA and avoid the introduction of potential contaminants (Salter et al., 2014; Weiss et al.,
2014). As part of the DNA isolation process, the cell lysis step
should take into account that bacteria differ in their susceptibility to lysing. Generally, gram-positive bacteria are more
difﬁcult to lyse than gram-negative bacteria, and incomplete
lysis may misrepresent the taxonomic proﬁle of the community
(McOrist et al., 2002). Cell lysis is commonly performed with
chemical methods such as detergents or enzymes in combination with physical methods such as bead beating.
After DNA isolation, the DNA is selectively PCR-ampliﬁed
using primers targeting the 16S rRNA gene and processed
based on protocols speciﬁc to the sequencing platform of
choice. Common next-generation sequencing platforms

RESEARCH TECHNIQUES MADE SIMPLE 
cover 100e600 base pairs per single read with varying
degrees of accuracy, but the full-length 16S rRNA gene
consists of approximately 1,500 base pairs. Therefore, primers
are chosen to cover only a portion of the 16S rRNA gene. The
16S rRNA gene contains conserved regions interspersed by
nine variable regions (V), which can be used for taxonomic
assignments (Figure 2). In principle, primers should correspond to conserved regions to amplify all 16S rRNA genes,
and the amplicons should encompass variable regions for
bacterial taxonomic classiﬁcation. Frequently used primer
sets are F27-R534, F9-R534 (encompass V1eV3), F357-R926
(V3eV5), and F515-R926 (V4eV5). Because the V1eV3 region has been identiﬁed as the most useful for distinguishing
among species of the ubiquitous and clinically important skin
bacterial genus Staphylococcus, this region is generally used
for skin microbiome studies (Conlan et al., 2012).
The next step is sequencing the ampliﬁed PCR products.
Widely used next-generation sequencing platforms for 16S
rRNA gene analyses (e.g. Illumina MiSeq; Roche 454, which
is phasing out; and Thermo Fisher Ion Torrent) have distinct
features from the traditional Sanger sequencing method,
including “sequencing during synthesis” and “massive parallel
sequencing.” Each sequencing platform utilizes proprietary
chemistry/processes to determine the DNA sequence in a high
throughput manner. Illumina uses ﬂuorescently labeled
nucleotides, which are incorporated during DNA synthesis,
detected by a camera, and cleaved to proceed to the next cycle
of DNA synthesis and imaging. The 454 technology detects
chemiluminescent signals of pyrophosphate released during
nucleotide incorporation (pyrosequencing). Ion Torrent is
somewhat similar to pyrosequencing, but detects pH changes
when hydrogen ions are released during DNA synthesis. To
increase speed and to sequence multiple DNA strands simultaneously in a parallel fashion, 454 and Ion Torrent platforms
use micron-sized beads and Illumina platforms use ﬂow cell
technology to capture, amplify, and sequence millions of
template DNA at the same time. Each platform can generate
more than 400 base pairs length/read on the order of 1e10
million reads with high-performance reagent kits, which is
sufﬁcient for high-throughput amplicon-based 16S rRNA gene
analysis. However, because each sequencing platform has
distinct characteristics, the selection of a speciﬁc platform will
depend on the size of the amplicon, sample numbers, desired
read numbers, expected sequence accuracy, and budget. For
example, if one is interested in sequencing the V1eV3 region
(approximately 500 base pairs) to identify skin microbial
communities, then selecting a platform that sufﬁciently covers
that length will be important. Because new sequencers
continue to be developed, consultation with an experienced
sequencing facility or lab is an important consideration of
experimental design.
After DNA sequences are obtained, bioinformatic tools
such as mothur (Schloss et al., 2009) and QIIME (Caporaso
et al., 2010) are commonly used for basic sequence processing, taxonomic assignment, diversity analyses, and community comparisons. A frequently used term in 16S rRNA
gene analysis is the operational taxonomic unit (OTU), which
is a set of sequences with high similarity/identity (generally
greater than 97%) and therefore binned (or categorized) into a
single group. Raw next-generation sequencing data are

Figure 2. 16S rRNA gene structure illustrating variable (blue, V1eV9) and
conserved (dark gray) regions. Common regions (amplicons) for nextgeneration sequencing-based microbial community proﬁling are depicted
below.

processed to minimize errors and are subjected to two
different, but complementary, analysis strategies. One is a
reference-based approach, where sequences, or OTUs, are
compared and grouped according to their similarity to existing reference sequences, such as those in the SILVA (Pruesse
et al., 2007) or greengenes databases (DeSantis et al., 2006).
This provides a taxonomic assignment for each sequence and
is useful for understanding the composition of certain taxa in
a community. Because reference databases do not include all
bacterial taxa, reference-based approaches may not accurately model the structures of bacterial communities. A second approach is a diversity-based approach. Sequences are
compared and grouped according to their similarity to each
other (de novo OTU clustering), and community structure is
analyzed by comparing the sequence similarity of OTUs.
Although clustered OTUs can also be used for taxonomic
assignments, this approach is exclusively focused on examining the diversity and structure of the community.
APPLICATIONS OF 16S rRNA SEQUENCING IN SKIN
RESEARCH

The advantage of 16S rRNA gene sequencing is its direct and
culture-independent analysis of the bacterial community at a
homeostatic state or in response to various internal or external
perturbations. Reports using 16S rRNA gene sequencing have
suggested that host factors are closely associated with microbial
composition (Oh et al., 2012, 2013). For example,
Scharschmidt et al. (2009) have shown decreased Pseudomonas and increased Corynebacterium and Streptococcus on
the skin of matriptase-deﬁcient mice, suggesting that the genetic
characteristics of the host inﬂuence microbial community
structure (Figure 3a). Researchers have also utilized 16S rRNA
gene sequencing to study the linkage between the skin microbiome and clinical human diseases such as atopic dermatitis,
psoriasis, and acne. These reports suggest that alterations in skin
microbial diversity and community structure are closely
correlated with disease states (Figure 3b) (Kong et al., 2012).
LIMITATIONS AND FUTURE DIRECTIONS

Although 16S rRNA gene sequencing is a powerful tool for
understanding the linkage between the microbial community
and skin homeostasis or disease, there are limitations.
Chimera generation and the intrinsic error rate of sequencing
are major considerations. A chimera, which is an artifact
created during the PCR process, is a single sequence that
comprises pieces from two or more different origins. Chimeras are believed to arise when prematurely terminated
amplicons are used as primers in later PCR cycles. Both
chimera and sequencing errors result in nonsense sequences
that may be incorrectly classiﬁed or incorrectly identiﬁed
as new species. In an effort to overcome these technical
www.jidonline.org
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Figure 3. Skin microbial structure is
closely correlated with host status.
(a) Relative abundance (phylum and
order level) for wild-type (WT) and
hypomorphic matriptase (St14hypo/ )
mice. Adapted from Scharschmidt
et al. (2009). (b) Relative genus (upper)
and Staphylococcus species (lower)
abundance in the antecubital and
popliteal creases for atopic dermatitis
status: baseline, ﬂare (with or without
intermittent treatment), and postﬂare.
Each bar represents individual
patients. Adapted with permission
from Kong et al. (2012).

limitations, algorithms that identify and remove chimera sequences (e.g., UCHIME) and sequencing errors (e.g.,
denoising) have been developed.
16S rRNA gene sequencing results are relative rather than
absolute, such that the actual quantity of a particular bacterium is uncertain. Although more direct and comprehensive
than culture-based methods, 16S rRNA gene sequencing also
has biases: each 16S rRNA gene may not amplify with equal
efﬁciency during PCR reactions because of differential primer
afﬁnity and GC content. In addition, taxonomy assignment is
reliant on the completeness of reference databases. The
quality and quantity of references determine the accuracy and
resolution of the taxonomic classiﬁcation, and results may
differ depending on the choice of reference database. Yet
another signiﬁcant challenge is discriminating cause-andeffect relationships. 16S rRNA gene sequencing captures
microbial proﬁles at a particular moment in time. Thus, it is
difﬁcult to conclude if the altered microbial community
caused, or resulted from, the disease. Therefore, additional
hypothesis-testing mechanistic investigations are required.
16S rRNA gene sequencing methodology is likely to improve
rapidly in terms of accuracy and reliability in accordance with
advances in sequencing technology. As longer and more
e26

Journal of Investigative Dermatology (2016), Volume 136

accurate sequence reads are made, more sophisticated classiﬁcation and clustering will be possible. 16S rRNA gene
sequencing is a highly versatile assay, providing higher
dimensional information when combined with other highthroughput analyses, such as proteomics, lipidomics, transcriptomics, and metagenomics. Robust bioinformatic pipelines are under active development to analyze
multidimensional high-throughput data.
Our knowledge of the skin microbiome continues to increase, but many questions remain, such as: how are microbial
communities maintained or altered, and how do microbiota
communicate with the host? 16S rRNA gene sequencing can
expand our insights into host-microbe and microbe-microbe
interactions, which may have substantial implications for
many issues in dermatology, including skin inﬂammation, skin
cancer, skin aging, and antibiotic development.
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MULTIPLE CHOICE QUESTIONS
1. The selection of speciﬁc variable regions of 16S
rRNA gene sequencing is important for:
A. Identifying bacteria at a species level
B. Reducing sequencing errors
C. Finding novel fungal species
D. Distinguishing between viruses
2. All of the following are observed in skin 16S
rRNA gene sequencing except:
A. Microbial DNA on skin has low biomass
B. Skin microbiome sampling and processing is
highly resistant to contamination
C. Skin bacterial communities can be
inﬂuenced by host factors
D. Additional investigations are important in
understanding cause-and-effect relationships
between skin bacterial communities and
disease
3. de novo OTU clustering refers to:
A. Sequences are compared and grouped
according to their similarity to existing
reference sequences
B. Sequences are compared and grouped
according to their similarity to each other
C. Sequences are grouped according to GC
contents
4. All of the following are limitations of 16S rRNA
gene sequencing except:
A. 16S rRNA gene sequencing quantiﬁcation is
relative, not absolute
B. Taxonomy assignment is reliant on the
completeness of reference databases
C. It is difﬁcult to discriminate cause-and-effect
relationships using this technique
D. 16S rRNA gene sequencing is culture
dependent
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Research Techniques Made Simple: Noninvasive
Imaging Technologies for the Delineation of
Basal Cell Carcinomas
Syril Keena T. Que1
In this article we discuss the development of noninvasive imaging modalities to help delineate tumor margins
of basal cell carcinomas in the setting of Mohs micrographic surgery. A review of the available literature reveals
that dermoscopy can help delineate basal cell carcinomas before surgical removal but that it has no benefit
over clinical inspection in reducing the number of Mohs stages. In contrast, fluorescence confocal microscopy
has a sensitivity of 88e96% and specificity of 89e99% for the detection of basal cell carcinomas and can
potentially serve as a rapid means for tumor evaluation on ex vivo specimens. Optical coherence tomography
has shown some success in the presurgical evaluation of tumor margins in vivo, before surgical excision. With
ongoing developments in device portability, speed of image retrieval, and image resolution, these technologies
are likely to gain traction in cutaneous oncology research and practice. It is therefore important for dermatology clinicians and researchers to understand the mechanisms, principal uses, advantages, and limitations of
each device.
Journal of Investigative Dermatology (2016) 136, e33ee38; doi:10.1016/j.jid.2016.02.012

INTRODUCTION

Basal cell carcinoma (BCC) is the most common type of skin
cancer. The incidence of BCC is currently estimated to be 2.8
million and continues to increase. There are multiple treatment annually in the United States modalities currently
available for BCC: shave excision, standard surgical excision,
Mohs micrographic surgery, curettage alone, curettage followed by electrodessication, radiation therapy, cryotherapy,
topical medications, and photodynamic therapy. The highest
cure rates for BCC are associated with surgical approaches.
Mohs micrographic surgery (MMS), developed in the 1930s
by Frederic Mohs, involves the precise removal of skin cancers with complete margin assessment. Although MMS offers
a high cure rate for skin cancers, it can be a time-consuming
and labor-intensive process consisting of tumor debulking,
preparation of frozen histologic sections, staining with
hematoxylin and eosin (H&E), and removal of residual tumor
after histologic examination.
This article examines the development of noninvasive imaging devices as an adjunct to the surgical management of
BCC, particularly for tumors with subclinical spread. We
discuss the use of dermoscopy, confocal microscopy (CM),
and optical coherence tomography (OCT) for the perioperative evaluation of BCCs. This paper focuses on how these
technologies work, the current uses and limitations of each
device, and future directions for improvement.
DERMOSCOPY
Basic principles

Dermoscopy, otherwise known as epiluminescence microscopy, provides a magniﬁed view of subsurface components
1

SUMMARY
Non-invasive imaging technologies for tumor margin
delineation of BCC

 Dermoscopy can help identify a BCC or scar from
a previous biopsy. It can help detect tumor
outside the visually apparent margin.
 Fluorescence CM has a sensitivity of 88e96% and
a speciﬁcity of 89e99% for the ex vivo detection
of BCCs and can serve as a rapid means of tumor
evaluation, potentially in place of standard
histopathology.
 OCT has shown some success for the presurgical
evaluation of tumor margins in vivo. OCT is
capable of detecting subclinical tumor that
crosses the visually apparent tumor margins.

LIMITATIONS
 The use of dermoscopy has not been shown to
decrease the number of stages obtained during
MMS.
 High costs limit the widespread availability of
OCT and CM. Additional training is also needed
to adequately interpret the resulting images.

of the epidermis and papillary dermis (Figure 1). The original
dermatoscopes were bulky instruments consisting of a
magnifying eyepiece and light source. Immersion oil was
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Figure 1. Schematic representation of dermoscopy. Reﬂected light from
the dermatoscope transilluminates the lesion, and the output image is
magniﬁed by a 10 lens. The magniﬁed image allows visualization of
subclinical tumors and examination of a tumor’s vasculature, speciﬁcally
the arborizing vessels or telangiectasias commonly associated with basal
cell carcinoma. Dermoscopy also magniﬁes the blue-gray ovoid nests,
maple-leaf structures, and other characteristic features of a pigmented basal
cell carcinoma. BCC, basal cell carcinoma.

applied to the lens, and direct contact with the skin was
necessary. Newer dermatoscopes are hand-held devices with
both polarized and nonpolarized lenses, do not require an
immersion oil, and do not necessarily require direct contact
with the skin.
Characterization of BCCs on dermoscopy

The classic BCC patterns observable with dermoscopy
include arborizing vessels, large blue-gray ovoid nests,
ulceration, maple-leaf and spoke-wheel areas, and multiple
blue-gray globules. Other less obvious clues include short,
ﬁne, superﬁcial telangiectasias, multiple small erosions,
concentric structures, and multiple in-focus blue-gray dots
(Altamura et al., 2010).
Dermoscopy for the delineation of BCCs

diagnosing melanomas and nonmelanoma skin cancers. CM
has also been used for the evaluation of inﬂammatory
diseases and nail conditions.
CM uses near-infrared light at 830 nm to provide imaging
of high enough resolution to distinguish subcellular structures. The microscope allows only light back-reﬂected from a
desired focal point within the skin to pass back through a
gating pinhole and enter the detector. By blocking light
outside the desired focal plane, the microscope is able to
attain a lateral resolution of 1 mm (Figure 2) (Nwaneshiudu
et al., 2012). One limitation of CM is its limited depth of
penetration (200 mm), which enables visualization of only the
epidermis and superﬁcial papillary dermis.

The borders of micronodular and inﬁltrative BCCs can be
difﬁcult to deﬁne. For these tumors, dermoscopy may provide
some utility in detecting tumor outside the visually apparent
margins. However, the use of dermoscopy has not been
shown to decrease the number of stages obtained during
MMS (Asilian and Momeni, 2013; Gurgen and Gatti, 2012;
Suzuki et al., 2014).

Characterization of BCCs using CM

CONFOCAL MICROSCOPY
Basic principles

Role of CM for rapid histopathologic diagnosis

CM, also known as confocal laser scanning microscopy, is
routinely used in ophthalmology for the evaluation of retinal
disease and has been more recently adapted for use in other
medical specialties, including dermatology. The utility of CM
for dermatology applications is currently being investigated.
Current studies focus on the implementation of CM for tumor
margin delineation and additionally as an adjunct tool for
e34

Figure 2. Schematic representation of confocal microscopy. A low-power
laser emits near-infrared light at 830 nm. The pinhole aperture of the confocal
microscope blocks light outside the desired focal plane to improve resolution
of the image. This enables the clinician to visualize subcellular structures
similar to what would be observed using conventional hematoxylin and eosin
staining histopathology. Reprinted from Nwaneshiudu et al., 2012.
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Using CM, features suggestive of BCC include polarized,
elongated aggregates in the superﬁcial layer, linear
telangiectasia-like horizontal vessels, basaloid cords and
nodules, and an epidermal shadow corresponding to horizontal clefting. Papillae are often not visible because the tumor
alters the normal architecture (Guitera et al., 2012) (Figure 3).
A recent study investigated the role of reﬂectance CM for
presurgical margin assessment of ill-deﬁned BCCs in vivo
(Venturini et al., 2016). Reﬂectance CM evaluation showed
foci of BCCs outside the dermoscopic margins in 3 out of 10
lesions. The accuracy of reﬂectance CM for the in vivo
assessment of BCC was conﬁrmed by histopathology.
Most other published studies have focused on the role of
CM as a rapid means of evaluating excised tumor tissue
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Figure 3. Side-by-side comparison of basal cell carcinoma images. (a) Imaging with reﬂectance confocal microscopy. On reﬂectance confocal microscopy, the
basal cell carcinoma appears as dark gray circular or oval structures (tumor islands) surrounded by black shadows (clefting). Collagen appears bright white. (b)
Imaging with hematoxylin and eosin staining histopathology. Oval structures on reﬂectance confocal microscopy closely resemble the basaloid islands seen on
histopathology. Images courtesy of Dr. Harold S. Rabinovitz. A high-resolution image of the reﬂectance confocal microscopy image for use with the Virtual
Microscope is available as an eSlide: VM02456.

ex vivo, between MMS stages (Bennàssar et al., 2014; Chung
et al., 2004; Gareau et al., 2009; Kaeb et al., 2009; Longo
et al., 2014). Early studies used acetic or citric acid as
contrast agents for ex vivo reﬂectance mode CM, with poor
results. These served as weak contrast agents for nuclei,
making it difﬁcult to detect micronodular and inﬁltrative
BCCs against the bright background reﬂectance of collagen.
Recent studies have investigated the use of ﬂuorescence CM,
which is more effective (Bennàssar et al., 2014; Gareau et al.,
2009). Fluorescence CM uses dyes, such as acridine orange,
that speciﬁcally target subcellular structures. Acridine orange

stains nuclear DNA in epidermal keratinocytes and enhances
the tumor contrast against the background dermis. Acridine
orange staining and CM use do not affect subsequent tissue
processing and H&E staining.
The overall sensitivity and speciﬁcity of ﬂuorescence-mode
CM for detecting BCC with narrow or incomplete margins
are 88e96% and 89e99%, respectively (Bennàssar et al.,
2014; Gareau et al., 2009). The total time required for CM
use is 5e7 minutes with the newer devices, with only 10e20
seconds required for immersion in the acridine orange dye.
Increased adoption of this method in clinical settings would
Figure 4. Schematic representation of
optical coherence tomography. Light
is split into two directions by a beam
splitter, with one part directed toward
a reference mirror and the other
directed toward biological tissue,
reaching up to 1.5 mm beneath the
tissue’s surface. The reﬂected light
from each path is recombined, and if
coherence is maintained, reﬂected
light interferes at the detector. Basal
cell carcinomas present as dark
silhouettes that interrupt the normal
architecture of the skin, enabling the
clinician to scan the skin and delineate
the tumor. BCC, basal cell carcinoma.
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Figure 5. Basal cell carcinoma as it appears on conventional optical coherence tomography. Basal cell carcinoma appears as a dark gray silhouette (tumor) with
a darker border (clefting). Inset shows clinical image of basal cell carcinoma being delineated using optical coherence tomography. Image courtesy of Dr. Harold
S. Rabinovitz.

save time and increase surgical efﬁciency, considering the
20e45 minutes currently required to process fresh frozen
sections for MMS without the use of CM. Current limitations
of CM include the high cost of the devices and the need for
signiﬁcant training in image interpretation.
OPTICAL COHERENCE TOMOGRAPHY
Basic principles

OCT works in a manner analogous to ultrasonography, but it
uses a 1310-nm light instead of sound waves, resulting in a
higher resolution than ultrasonography. Similar to an ultrasound
device, an OCT device can be used in vivo on intact tissue, with
no adverse risks or tissue damage. A light source is split in two
directions by a beam splitter, with one half directed toward a
reference mirror and the other directed at the lesion of interest,
reaching up to 1.5 mm beneath the tissue’s surface. The reﬂected light from each path is recombined, and if coherence is
maintained, reﬂected light interferes at the detector (Figure 4).
The image quality of conventional OCT (lateral resolution of
3e15 mm) is of lower resolution than that of CM, making it
difﬁcult to visualize cellular details and to distinguish between
various types of neoplasms. The advantage of using this device
is its higher depth of penetration, which reaches up to 1.5 mm
and enables the clinician to view deeper tumor aggregates.
Imaging of a lesion also takes less time than with reﬂectance
CM, with conventional OCT devices taking 1 minute or less to
obtain an image. Conventional OCT can rapidly deﬁne borders of a tumor already diagnosed by traditional histology.
Research is underway investigating the beneﬁts of highdeﬁnition OCT in cutaneous oncology. High-deﬁnition OCT
permits a higher resolution (3 mm in the lateral and vertical
directions) than conventional OCT, enabling greater visualization of cellular detail. It achieves this resolution without
wholly sacriﬁcing the depth of detection. High-resolution OCT
can recognize tumors that are 570 mm deep, in contrast to CM,
which has an imaging depth of 200 mm (Boone et al., 2013).
Characterization of BCCs on OCT

With conventional OCT, islands of BCC appear as dark oval
silhouettes surrounded by a darker border, with occasional
thinning of the epidermis (Figure 5) (Hussain et al., 2015).
e36
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OCT for the delineation of BCCs

Given the speed at which images are obtained using OCT, it is
possible to manually scan the entire periphery of a tumor or to
measure speciﬁc points around the boundary. Alawi et al. (2013)
studied tumor margin delineation in 19 lesions including 12
BCCs, three squamous cell carcinomas, and four other types of
skin tumors. In 84% of cases, lateral margins deﬁned using OCT
correctly indicated complete removal of the tumor (Alawi et al.,
2013). OCT can also deﬁne tumor boundaries with more accuracy than a Mohs surgeon. In one study, lesions that required
one MMS stage were predicted by OCT to be 1.4  1.3 mm
smaller than the Mohs excision. For lesions that required more
than one MMS stage, OCT always predicted that tumor tissue lay
outside the planned MMS margin (Wang et al., 2013).
Although the in vivo use of OCT can potentially reduce the
number of stages in MMS, ex vivo use is not recommended
because excised specimens show reduced contrast and
increased optical scatter on OCT. Reported sensitivity and
speciﬁcity for ex vivo OCT use is only 19% and 56%,
respectively (Cunha et al., 2011).
Future developments might include reﬁning the balance
between image resolution and maximum imaging depth.
High-resolution OCT offers image resolution greater than
conventional OCT while maintaining an imaging depth that
exceeds that of reﬂectance CM. Ongoing improvements in
image resolution, depth, and processing speed will allow
development of imaging techniques like OCT so that they
become practical for clinical use.
CONCLUSION

This article highlights the utility, advantages, and limitations
of several imaging techniques for delineating BCC margins.
Dermoscopy can help delineate BCCs before excision but has
no beneﬁt compared with clinical inspection in reducing the
number of MMS stages. Noninvasive imaging devices such as
CM and OCT hold some promise for improving the evaluation of BCC excision perioperatively during MMS. To date, no
studies have directly compared the sensitivity and speciﬁcity
of CM versus high-deﬁnition OCT for delineating tumor
margins and reducing the number of MMS stages. Future
projects might include a prospective study comparing the two
imaging modalities in the surgical setting. Additionally,
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research on optical imaging for the diagnosis of skin cancer,
identiﬁcation of biopsy sites, and monitoring of nonsurgical
treatment outcomes will help establish the overall utility of
CM and OCT in daily clinical practice.
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MULTIPLE CHOICE QUESTIONS
1. Which of these technologies is otherwise known
as epiluminescence microscopy?
A. Dermoscopy
B. Confocal microscopy (CM)
C. Optical coherence tomography (OCT)
D. All of the above
2. When used to enhance tumor contrast in
confocal microscopy, what subcellular structure does acridine orange highlight?
A. Keratin
B. Cytoplasm
C. Nuclei
D. Cell membrane
3. Which device has an excellent lateral resolution
of 0.5-1 mm (micrometer) but a limited depth of
penetration of 200 mm (micrometer)?
A. Dermoscopy
B. Confocal microscopy (CM)
C. Optical coherence tomography (OCT)
D. All of the above
4. Which of these technologies works in a manner
analogous to ultrasound but uses light instead of
sound waves?
A. Dermoscopy
B. Confocal microscopy (CM)
C. Optical coherence tomography (OCT)
D. All of the above
5. Features of confocal microscopy include which
of the following?
A. Provides 10x magniﬁcation and sometimes
uses a polarized light source
B. Utilizes 830 nm light focused through a
narrow pinhole
C. Relies upon low-coherence interferometry
D. Emits ultraviolet light, which reﬂects off the
object being viewed
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To take the quiz, with or without CME credit, follow the link under
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Research Techniques Made Simple: Drug
Delivery Techniques, Part 2: Commonly Used
Techniques to Assess Topical Drug Bioavailability
Parth Patel1, Shawn Schmieder2 and Karthik Krishnamurthy1,3
Assessing the extent of absorption of topical drugs into the various skin layers has been one of the biggest
challenges of recent dermatological research. Although skin biopsy samples can be used to directly measure
topical drug absorption, biopsies are invasive and not practical for obtaining kinetic data. Common alternative
techniques used to assess the bioavailability of topical drugs include in vitro (Franz cell chamber), ex vivo
(isolated perfused skin models), and in vivo (vasoconstrictor assay, tape stripping/dermatopharmacokinetics,
and microdialysis) techniques. Despite the popularity of these techniques, each technique has its own advantages and disadvantages that limit its use. Consideration of each technique requires that there is a rational
linkage to the drug’s clinical endpoint and/or site of action. In this article, we review these in vitro, ex vivo, and
in vivo techniques, focusing on the basic concepts and the advantages and disadvantages of each technique.
Journal of Investigative Dermatology (2016) 136, e43ee49; doi:10.1016/j.jid.2016.03.010

INTRODUCTION

Topical drugs are cutaneously applied medications designed
to be delivered into the various skin layers. The methodology
for assessing the bioavailability of topical drugs requires a
multifaceted approach tailored to the drug, disease, and
product interface (Shah et al., 2014). Skin biopsy samples can
be used to directly measure topical drug absorption. However, biopsies are invasive and are not practical for obtaining
kinetic data. Common alternative techniques used to assess
the bioavailability of topical drugs include in vitro (Franz cell
chamber), ex vivo (isolated perfused skin models), and in vivo
(vasoconstrictor assay, tape stripping/dermatopharmacokinetics [DPK], and microdialysis) techniques. Generally,
in vitro and ex vivo techniques are used in the early stages of
drug development to optimize drug delivery, whereas in vivo
techniques are used in the later stages to consider additional
local and systemic effects, as well as ﬁnalize development.
IN VITRO TECHNIQUES
Franz cell chamber

The most widely used in vitro technique to assess topical drug
bioavailability is the Franz cell chamber: a two-compartment
system, with a donor compartment and receptor compartment separated by human skin (preferred for most studies),
animal skin (typically porcine skin), or an artiﬁcial membrane
(Figure 1). When skin is used, it can be isolated into epidermis
and dermis by enzymatic digestion, heat, chemicals, or
dermatome to determine drug absorption parameters for each
tissue subsection (Shah et al., 2014). The drug exposure time
reﬂects practical use conditions; in the case of skin membranes,
it should not exceed 24 hours to maintain membrane viability.
In the Franz cell, the skin/membrane is mounted in
a horizontal position and maintained at 32  1 C. The

SUMMARY AND DEFINITIONS
 There is not one standard technique by which the
bioavailability of all topical drugs can be assessed.
 The most commonly used techniques are in vitro
(Franz cell chamber), ex vivo (isolated perfused
skin models), and in vivo (vasoconstrictor assay,
tape stripping/dermatopharmacokinetics, and
microdialysis).
 Franz cell chamber: A two-compartment system,
separated by excised skin or membrane, that allows
calculation of the amount of topical drug that is
absorbed through the skin or membrane from the
donor compartment to the receptor compartment.
 Isolated perfused skin models: A section of animal skin or an organ, commonly a porcine skin
ﬂap, bovine udder, or porcine forelimb, is surgically isolated, then cannulized and perfused with
tissue-culture medium and continuously
sampled for topically applied drugs.
 Vasoconstrictor assay: A technique that uses the
blanching effects of topical corticosteroids as a
surrogate marker for their bioavailability.
 Tape stripping/DPK: A technique that measures
the amount of topical drug in the stratum corneum using tape strips at sequentially increasing
time intervals from the time of application.
 Microdialysis: A technique that involves implantation of a probe with a semipermeable membrane
into the dermis or hypodermis, allowing continuous
monitoring of topical drugs in the interstitial ﬂuid.
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glycol monoethyl ether had the greatest skin absorption
among various ﬂuconazole formulations.
EX VIVO TECHNIQUES
Isolated perfused skin models

Figure 1. Schematic of the Franz cell chamber technique. The two
compartments of the Franz cell are the donor chamber and the receptor
chamber, the former of which can be open, semi-open, or closed to the
atmosphere. The two chambers are separated by skin or an artiﬁcial
membrane that is oriented horizontally, with drug applied to the donor
chamber side. The receptor compartment contains a ﬂuid that is regularly
sampled for drug/metabolite and replaced.

skin/membrane contains the test drug formulation (e.g., liquid
solutions, suspensions, creams, gels, ointments, lotions,
pastes, powders, or adhesive patches) (Shah et al., 2014). The
donor compartment is on the drug-applied side of the membrane, which can be either open, semi-open, or closed to the
atmosphere, depending on which scenario best mimics the
real-world application of the drug. The receptor compartment
is on the other side of the membrane, which collects the
diffused drug/metabolite over time. It contains a ﬂuid that is (i)
compatible with the integrity of the membrane, (ii) able to
solubilize the drug/metabolite of interest, and (iii) representative of physiological conditions (e.g., saline, Ringer’s
lactate, and albumin-based media) (Shah et al., 2014).
Because the Franz cell is a static system, the receptor ﬂuid
needs to be regularly sampled, stirred, and replaced with new
ﬂuid. A variant of the Franz cell is the Bronaugh cell, which is
a ﬂow-through system with regular perfusion/collection of
receptor ﬂuid.
To assess topical bioavailability using the Franz cell, the
quantity of the drug/metabolite should be determined in
the applicator (spreader, glass rod, loop), donor chamber,
surface washings, stratum corneum (SC) (if sampled via
tape stripping, a technique explained later in this article),
skin sample, receptor ﬂuid, and receptor chamber. The
drug/metabolite in the receptor ﬂuid, receptor chamber,
and skin sample are considered to be the absorbed quantity. If the SC is assumed to contain drug/metabolite available for absorption, the quantity of substance in the SC
must be included in the calculation of the total absorbed
quantity.
The most convenient method to quantify the drug/
metabolite is to radiolabel it. If radiolabeling is not
possible, alternative analytical techniques such as liquid
chromatography-mass spectrometry (LC-MS), HPLC-mass
spectrometry (HPLC-MS), ELISA, or ﬂuorescence can be
used (Shah et al., 2014).
In 2010, Salerno et al. used the Franz cell with mixed
cellulose ester membranes and full-thickness pig ear skin to
show that ﬂuconazole microemulsions containing diethylene
e44
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Ex vivo techniques involving perfused skin models allow
assessment of topical drug absorption with consideration for
the effects of microcirculation and metabolism but without
the subsequent consequences of systemic absorption
(Ehrhardt and Kim, 2008). Commonly used models include
the isolated perfused bovine udder, porcine forelimb, or
porcine skin ﬂap. The basic foundation of each of these
models is the surgical isolation of a section of animal skin or
organ with a vascular circulation that can be cannulized,
perfused with tissue-culture medium, and continuously
sampled for topical drug/metabolite (Figure 2) (Ehrhardt and
Kim, 2008; Hobson, 1991).
The topical bioavailability of drugs in the isolated perfused
skin models is assessed in a similar manner as it is assessed in
the Franz cell. The simplest approach is to quantify the
amount of drug/metabolite in the perfusate, surface washings,
skin sample, SC (if sampled via tape strips), and core biopsy
sample (if performed to determine distribution of drug/
metabolite in the skin). The drug/metabolite in the perfusate,
skin sample, and core biopsy (if performed) sample is
considered to be the absorbed quantity. As with the Franz
cell, if the SC is assumed to contain drug/metabolite available
for absorption, the quantity of substance in the SC must be
included in calculating the total absorbed quantity. This
approach to quantifying the absorption of drug is accurate if
the venous ﬂuxes at the end of the experiment approach
background (Zhai and Maibach, 2004).
Again, the most convenient method to quantify the drug/
metabolite is to radiolabel it. If that is not possible, then
alternative techniques as mentioned with the Franz cell can
be used.

Figure 2. Schematic of the isolated perfused skin model technique. Perfused
skin models involve the surgical isolation of a section of animal skin or organ
(most commonly bovine udder, porcine skin ﬂap, or porcine forelimb) with an
intact vascular circulation. After the vasculature is cannulized, drug is applied
to the surface of the skin/organ, and tissue-culture medium is perfused
throughout the model. The perfusate is collected as it exits the skin/organ
and analyzed for drug/metabolite.
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In 2012, Stahl et al. used both the isolated bovine udder
and Franz cell to assess the absorption of topical ibuprofen in
various formulations. Although their results indicate general
comparability between the isolated bovine udder and Franz
cell, they recommend the use of the Franz cell when costs,
throughput, and intensity of labor are of concern, and they
recommend the use of isolated skin/organs when cell-cell
interactions and/or metabolism of the drug in the skin are of
concern.

clobetasol propionate. Their results indicate that the visual
and chromameter assessment methods are comparable to
each other and equally applicable for evaluating the vasoconstrictor assay.
Tape stripping/DPK

The vasoconstrictor assay is a technique that uses the
blanching effects of topical corticosteroids as a pharmacodynamic endpoint to determine their bioavailability
(Figure 3). Skin blanching with topical corticosteroid application is due to local vasoconstriction and can be measured
by chromametry, digital image analysis, or visual inspection.
Chromametry involves quantifying the reﬂection of white
light with the following three parameters: red-green, yellowblue, and light-dark (Bronaugh and Maibach, 2002). Similarly, digital image analysis involves the capture of a 0.5-cm2
skin site image at 300 dots per inch that is subsequently
analyzed using the same three parameters (Bronaugh and
Maibach, 2002). Unlike the other two methods, visual inspection involves no technical equipment; it requires only a
naked eye examination and the 0e4 score scale introduced
by Barry and Woodford (absent ¼ 0, faint ¼ 1, faintmoderate ¼ 2, moderate-strong ¼ 3, and strong-intense
blanching ¼ 4) (Barry and Woodford, 1975). Currently,
chromametry is preferred by regulatory agencies, because of
its reliability and reproducibility. Nevertheless, visual inspection is still considered by some to be a valid method of
assessment with sufﬁcient training and experience. As for
digital image analysis, although it provides a very attractive
alternative to chromametry and visual inspection, further
research is needed to determine its practical applicability
(Kanfer, 2010; Shah et al., 2014).
In 2008 Au et al. used both visual inspection and chromametry to assess the skin blanching effects of topical

Tape stripping, or DPK, is a technique that allows measurement of the amount of topical drug in the SC of human skin.
The DPK method assumes that (i) the SC is the rate-limiting
barrier to topical absorption and (ii) drug levels in the SC
are directly related to drug levels in the underlying epidermis
(Herkenne et al., 2008; Herkenne et al., 2007).
To assess the absorption of topical drugs using tape stripping, the drug is applied at multiple sites, and the SC is
collected via tape strip from each site just after removing the
applied drug at sequentially increasing time intervals from the
time of application. (Figure 4) (Herkenne et al., 2007). Approaches used to quantify the amount of SC and drug/
metabolite removed include weighing the tape strips before
and after stripping, various assays of proteins in corneocytes,
radiolabeling, HPLC, and/or optical spectroscopy (Herkenne
et al., 2008; Shah et al., 2014). Regardless of whether the
weighing method is used for quantiﬁcation, it is still required
for standardization of various tape strip and SC variables
(Herkenne et al., 2007).
After the drug/metabolite is quantiﬁed on each tape strip
and total epidermal water loss measurements are made using
Fick’s ﬁrst law, it is possible to graph the concentration of the
drug/metabolite as a function of its relative depth into the
SC, yielding the following parameters after curve ﬁtting to an
appropriate solution of Fick’s second law: K (the SC-vehicle
partition coefﬁcient of the drug/metabolite) and D/L2 (a ﬁrstorder rate constant for drug/metabolite transport through the
SC). Once K and D/L2 are determined, they can be used to
yield the Cmax (the maximum concentration of drug/metabolite in the skin), Tmax (the time at which the maximum concentration is achieved), and area under the curve (AUC, in a
plot of drug/metabolite concentration as a function of time,
i.e., the total amount of drug/metabolite in the SC at the end
of the application period) (Figure 5). Additionally, with

Figure 3. Vasoconstrictor assay on the volar forearm. After a topical
corticosteroid is applied to the skin, it causes skin blanching due to local
vasoconstriction. This effect is quantiﬁed using chromametry, digital image
analysis, or visual inspection, and it is used as a pharmacodynamic endpoint
to assess bioavailability. Adapted from Marshall et al. (2010) with permission
from the American Chemical Society.

Figure 4. Schematic of the tape stripping/dermatopharmacokinetics
technique. Tape stripping measures the amount of topical drug/metabolite in
the stratum corneum of human skin. Drug is ﬁrst applied to multiple sites and
allowed to absorb into the skin for a certain amount of time. Then, the SC is
collected via tape strip from each site after removing the applied drug, at
sequentially increasing time intervals from the time of application.

IN VIVO TECHNIQUES
Vasoconstrictor assay
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Figure 5. Pharmacokinetic curve, a plot of drug concentration as a function
of time. Tape stripping and microdialysis can both be plotted with their own
pharmacokinetic proﬁles. The tape stripping technique of Herkenne et al.
(2007) requires knowledge of K (the stratum corneum-vehicle partition
coefﬁcient of the drug/metabolite) and D/L2 (the ﬁrst-order rate constant for
drug/metabolite transport through the stratum corneum). In the case of
microdialysis, the free drug/metabolite concentration in the dermis or
hypodermis can be measured at each time interval by directly analyzing the
perfusate. Cmax is the maximum concentration of drug/metabolite achieved in
the skin; Tmax is the time at which the maximum concentration is achieved;
area under the curve is the total amount of drug/metabolite at the end of the
application period.

knowledge of D/L2, the classic lag time for diffusion across
the SC can be determined, as can the time necessary to reach
steady state transport. If these parameters do not change over
time, which is not always the case, the complete absorption
proﬁle of the drug can be derived from a short-duration
experiment.
In 2007, Herkenne et al. used the tape stripping technique
to derive K and D/L2 for topical ibuprofen, yielding its
absorption proﬁle up to steady state. Their technique builds
upon and addresses many of the concerns of the original
1998 United States Food and Drug Administration draft
guidance for tape stripping, which was withdrawn in 2002
because of unreliability. Further support for the use of tape
stripping was provided by Benfeldt et al. in 2007, when they
found low variability and a similar rank-order correlation with
tape stripping as with microdialysis.
Microdialysis

Microdialysis is a technique that allows real-time, continuous
monitoring of the extracellular concentration of drug/
metabolite in the dermis and hypodermis. Most commonly, a
linear probe with a semipermeable membrane is implanted
into the dermis or hypodermis with the help of a guide needle. The probe functions as an artiﬁcial vessel with an inlet
and outlet tube that is perfused with a physiological solution,
which equilibrates with the interstitial ﬂuid, allowing passive
diffusion of substances smaller than the cut-off value of the
membrane (Figure 6) (Ehrhardt and Kim, 2008).
Insertion of the probe and guide needle is a minimally
invasive procedure that requires small skin punctures and
provokes minor tissue trauma that generally resolves to
baseline after 60e90 minutes. The perfusate is typically
e46
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Figure 6. Schematic of the microdialysis technique and linear microdialysis
probes in situ in the dermis of the volar forearm. (a) Microdialysis is a
minimally invasive technique that uses a probe with a semipermeable
membrane to continuously monitor the extracellular concentration of a
drug/metabolite in the dermis or hypodermis. (b) The technique ﬁrst
involves inserting a probe into the dermis or hypodermis using a guide needle.
After the apparatus is set up, drug is applied to the surface of the skin,
the probe is perfused with a physiological solution (typically isotonic
saline or Ringer’s lactate solution), and then the perfusate is collected and
analyzed for drug/metabolite concentration. Adapted from Benfeldt et al.
(2007).

isotonic saline or Ringer’s lactate solution and is pumped at a
very slow ﬂow rate (1e5 ml/min). If the drug is lipophilic,
solvents may have to be added to the solution to allow
better solubility. The perfusate is typically analyzed using
HPLC-MS, but it can be analyzed using alternate techniques,
such as ultra-performance LC-MS or other speciﬁc biosensors.
As was the case with tape stripping, the absorption proﬁle of
the drug (the Cmax, Tmax, absorption constant, AUC, and lag
time) can be determined from the plot of free drug/metabolite
concentration in the dermis or hypodermis as a function of
time (Figure 5) (Ehrhardt and Kim, 2008; Herkenne et al.,
2008).
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Table 1. The advantages and disadvantages of commonly used techniques to assess topical drug bioavailability
Technique
In vitro
Franz/Bronaugh Cell Chamber

Advantages

Disadvantages

 Useful in devising delivery vehicles

 Limited when studying lipophilic compounds

 Takes advantage of similarities between

 Inherent animal and human skin variability

animal (typically porcine) and human skin
 Inexpensive

 Difﬁculty of obtaining human skin
 Does not allow consideration of in vivo

 Quick results

skin processes
 Although attempts have been made to create a
membrane modeling diseased human skin, there is
currently no accepted way to accurately do so

Ex vivo
Perfused skin models

 Isolated bovine udder
 Isolated porcine skin ﬂap
 Isolated porcine forelimb

 Allows consideration of the effects of
microcirculation and metabolism

 Requires labor-intensive preparation
(porcine skin ﬂap)

without systemic involvement

 Inherent animal and human skin variability

 Does not require labor-intensive

 Although bovine skin has successfully been

preparation (bovine udder)

altered in attempts to model diseased human

 Takes advantage of similarities between
animal and human skin

skin, there is currently no accepted way to
accurately perform the technique

 Live skin processes somewhat considered
In vivo
Vasoconstrictor assay

 Can indicate drug efﬁcacy

 High subject-to-subject variability

 Live skin processes somewhat considered

 Limited to drugs that induce

 Applicable for diseased skin
Tape stripping/dermatopharmacokinetics

local vasoconstriction (corticosteroids)

 Inexpensive

 Less useful when the target of the drug

 Useful in measuring efﬁcacy of sunscreens,
antifungal agents, and antiseptics

is the dermis
 Time consuming

 Live skin processes somewhat considered
 Applicable for diseased skin
Microdialysis

 Provides continuous, real-time monitoring

 Slightly invasive

 No ﬂuid extraction from tissue

 Difﬁcult to reproduce consistent depth of probe

 Fairly reproducible

 Limited when studying lipophilic compounds

 Live skin processes somewhat considered

 Very low concentrations are difﬁcult to measure

 Has been shown to be applicable for
diseased skin and may be superior to

 Limited use with slowly penetrating substances

tape stripping for diseased skin
Open ﬂow microperfusion

 Provides continuous, real-time monitoring

 Slightly invasive

 No ﬂuid extraction from tissue

 Difﬁcult to reproduce consistent depth of probe

 Fairly reproducible

 Limited use with slowly penetrating substances

 Live skin processes somewhat considered

 Samples require pretreatment before analysis

 Fewer limitations than microdialysis with

 Measures only total drug (including protein bound)

respect to molecular size, drug
protein-binding, and drug lipophilicity
 Has been shown to be applicable for
diseased skin and may be superior to
tape stripping for diseased skin

A variant of microdialysis is open-ﬂow microperfusion, which
uses probes with macroscopic openings rather than porous
membranes. Compared with microdialysis, open-ﬂow microperfusion allows open exchange with the interstitial ﬂuid, with
fewer limitations due to molecular size, drug protein-binding,
and drug lipophilicity (Ehrhardt and Kim, 2008).

In 2009, Tettey-Amlalo et al. used the dermal microdialysis
technique to derive the AUC for topical ketoprofen, yielding
its absorption proﬁle from 0 to 5 hours. Interestingly, they also
applied the same ketoprofen gel at reference and test sites on
human subjects to validate the use of microdialysis as a tool
to compare different drug formulations.
www.jidonline.org
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MULTIPLE CHOICE QUESTIONS
1. Which of the following types of skin and/or
membrane is typically preferred in the Franz/
Bronaugh cell chamber?
A. Human skin
B. Animal skin
C. Artiﬁcial membrane
D. All of the above are equally preferred
2. What is a unique advantage of isolated perfused
skin models?
A. Allows assessment of the bioavailability of
any topical drug
B. Takes into consideration the effects of
microcirculation and metabolism, without
systemic involvement
C. Allows the blanching effects of topical drugs
to be used as a surrogate marker for
bioavailability
D. Uses human skin without requiring live
human subjects
3. What causes the unique blanching effects of
topical corticosteroids?
A. Neurotoxins
B. Lipophilicity
C. Local vasoconstriction
D. Tachyphylaxis
4. Why are tape strips always weighed before and
after application when they are used to determine the bioavailability of topical drugs?
A. To increase the absorption of the topical
drug
B. To use the data in other experiments
C. To standardize various tape strip and stratum
corneum variables
D. No particular reason
5. If the test drug is lipophilic, what adjustment can
be made to the microdialysis technique to
improve outcomes?
A. Add solvents to the solution to allow better
solubility
B. Increase the ﬂow rate to 100e200 ml/min
C. Repeat the study multiple times
D. No adjustments can be made
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.

CONCLUSION

There is not one standard technique by which the bioavailability of all topical drugs can be assessed. Each of the
techniques mentioned in this article has its own advantages
e48
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and disadvantages (Table 1). Consideration of using each
technique requires that there is a rational linkage to the drug’s
clinical endpoint and/or site of action. Based on research
between pharmaceutical scientists and dermatologists, it has
been suggested that multiple techniques be used in complement to take advantage of each technique’s assets (Yacobi
et al., 2014). In the future, there is a need for greater attention to quality, creativity, and variety to identify new techniques that are based on the underlying science and adapted
to the drug and disease process being studied.
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Research Techniques Made Simple: Monitoring
of T-Cell Subsets using the ELISPOT Assay
Christian Möbs1 and Thomas Schmidt1
The enzyme-linked immunospot (ELISPOT) assay allows characterization of single-cell immune responses
through detection of secreted analytes. Although ELISPOT analysis shares similarities with ELISA, it has some
essential differences. In general, the ELISPOT assay uses antibodies to capture and detect analytes of interest
released by activated immune cells. Released analytes form specific antibody-antigen complexes and are
visualized as spots of enzyme-substrate precipitates. These spots indicate both how many cells secrete the
respective analyte and how much analyte is produced per individual cell. Initially developed for the detection
of antibody-secreting cells, ELISPOT assays are now frequently performed both in the context of clinical
diagnostics and in research on T-cell responses, in particular antigen-specific T-cell subpopulations, as related
to allergy, cancer, infections, or autoimmune diseases. The one spot-one cell principle allows sensitive
detection of specific and rare immune cell subsets. Here we present general principles, applications, and recent
modifications of the ELISPOT technique.
Journal of Investigative Dermatology (2016) 136, e55ee59; doi:10.1016/j.jid.2016.04.009

INTRODUCTION

T lymphocytes are a central component of the adaptive
immune system that react against pathogens like microbes and
viruses. Somatic hypermutation and recombination create a
repertoire of T-cell receptors (TCR) to allow selective recognition of pathogenic factors, called antigen speciﬁcity. T-cell
memory is based on speciﬁc TCR pools increasing during the
entire individual life span. Antigen-speciﬁc T cells discriminate
between self and nonself antigens in the adaptive immune
response and become activated to in turn stimulate B-cell
clones harboring identical antigen speciﬁcities. Therefore, the
development, activation, and clonal expansion of antigenspeciﬁc T cells are critical steps for the adaptive immune
response. Antigen-speciﬁc T cells are key players in allergy,
host defense, and autoimmunity. Therefore, this cell subset is of
interest in immunological and clinical research. Antigenspeciﬁc T cells and, in particular, their memory subsets occur
with very low frequencies. Thus, only very sensitive techniques
like the enzyme-linked immunospot (ELISPOT) assay are
capable of detecting and analyzing T-cell subsets.
The ﬁrst ELISPOT assay was described in 1983 for the
enumeration of speciﬁc antibody-secreting lymphocytes
(Czerkinsky et al., 1983; Sedgwick and Holt, 1983) and was
further developed in recent decades. Currently, ELISPOT
assays are performed for applications ranging from basic
research to clinical diagnostics as a highly sensitive and
effective method for detection of low-frequency cell subsets
on a single-cell level, including T and B lymphocytes,
monocytes, dendritic cells, and natural killer cells.
GENERAL PRINCIPLES

Although the ELISPOT assay is based on a detection principle
comparable to ELISA, described by Gan and Patel (2013),
1
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WHAT THE ENZYME-LINKED
IMMUNOSPOT (ELISPOT) ASSAY DOES
 The ELISPOT assay enables detection of cytokine
or effector molecule secretion on a single-cell
level.
 ELISPOT analysis allows for ex vivo characterization of cell function, including antigen-speciﬁc
T-cell monitoring.
 The ELISPOT assay has a higher sensitivity than
the enzyme-linked immunosorbent assay (ELISA)
or intracellular staining, facilitating measurement
of very low numbers of analyte-producing cells
(i.e., as low as 1 cell in 300,000).
 The ELISPOT assay facilitates high-throughput cell
screening with low intra- and interassay variability.
 Because cells are not ﬁxed or killed during the
ELISPOT procedure, they can be further characterized in subsequent experiments.

LIMITATIONS
 The ELISPOT assay is not applicable for analysis
of whole blood but requires isolation of peripheral blood mononuclear cells (PBMCs), tumorinﬁltrating lymphocytes, or other cell subsets.
 Detection of rare antigen-speciﬁc T cells is highly
dependent on an appropriate stimulus.
 Currently, the ELISPOT/FluoroSpot assay only
allows simultaneous detection of four analytes.
 The ELISPOT assay measures only the release of
soluble analytes and does not allow for further
cell phenotyping.
 Spot counts are strictly limited to membrane area
per well.

ª 2016 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.
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Figure 1. ELISPOT principle. (a)
Coating of ELISPOT membranes
(microwells) with primary (capture)
antibody. (b) Blocking of unspeciﬁc
binding sites by saturation of the
membrane with protein solution (e.g.,
phosphate buffered saline þ 10% fetal
calf serum). (c) Addition of a singlecell suspension and activation of cells
to secrete analytes (red circles) using
an appropriate stimulus. (d) Analyte
binding to the speciﬁc capture
antibody followed by removal of cells.
(e) Addition of a secondary
biotinylated (detection) antibody,
which binds to the respective analyteantibody complex. (f) Binding of
avidin- or streptavidin-conjugated
enzyme (e.g., horseradish peroxidase)
to the biotinylated detection antibody.
(g) Addition of chromogenic substrate
solution and visualization of spots by
enzymatic substrate transformation. (h)
Representative image of an ELISPOT
membrane that can be automatically
analyzed by an ELISPOT reader.

it has some essential differences. ELISA measures total analyte
concentrations in supernatants removed from cultured cells,
whereas ELISPOT analysis deﬁnes the frequency (i.e., the
number of analyte-secreting cells within a total cell population) and the secretion intensity (i.e., the productivity of an
individual cell to secrete the analyte of interest) of cell populations by capturing speciﬁc molecules (e.g., cytokines,
chemokines, and immunoglobulins) released by activated
cells. In general, ELISPOT assays are performed in 96-well
plates with nitrocellulose or polyvinylidene diﬂuoride membranes. As a ﬁrst step, a speciﬁc primary antibody against the
analyte of choice is coated onto the membrane (Figure 1).
After blocking to avoid nonspeciﬁc binding of other proteins
or biomolecules, single-cell suspensions like peripheral
blood mononuclear cells (PBMCs) or tumor-inﬁltrating
lymphocytes in combination with an appropriate stimulus
are added to the wells of the ELISPOT plate for a deﬁned
incubation time, usually between 2 and 24 hours. Primary
antibodies in the immediate vicinity of an activated cell
continuously capture the secreted analyte over the entire
incubation period. After cell removal, the antibody-antigen
complexes are visualized by the stepwise addition of biotinylated secondary detection antibody, enzyme-labeled
conjugate, and substrate solution. To detect more than one
analyte, enzyme-conjugated and tag-labeled secondary antibodies are used. This will be discussed in more detail in the
following sections.
Of note, in contrast to the intracellular detection of analytes
by ﬂow cytometry, cells that are carefully removed from the
e56
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ELISPOT membrane are still viable and can be used for
subsequent characterization using other experimental
approaches (Meiklejohn et al., 2004). Enzyme-substrate interactions lead to formation of chromogenic precipitates at
sites of analyte accumulation, appearing as spots. Visible
spots are detected and can be enumerated automatically
by special ELISPOT readers, and each individual spot represents a single cell that has released the analyte of interest
(Figure 1). Attention should be paid to cell densities and
incubation times used in the assay, because high cell
numbers and excessive analyte secretion might lead to
overlay of individual spots. As mentioned, in addition to cell
frequencies, information on the analyte-secreting capacity of
a particular cell is given by ELISPOT analysis. The size of
a spot directly correlates with the amount of analyte
produced by a single cell, providing further information on
cell functionality. Thus, the ELISPOT technique is a sensitive
method for characterization of analyte release on a single-cell
level.
APPLICATIONS

ELISPOT analysis is used in multiple research areas including
allergy, infectious diseases, cancer, vaccination studies, and
autoimmunity. Because the reproducibility is high and standardization across various laboratories applying validated
protocols is quite feasible, the ELISPOT assay represents one
of the central methods in clinical diagnostic settings for the
investigation and characterization of antigen-speciﬁc T cells
as, for example, in the context of tracking immune responses
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Figure 2. IFN-g ELISPOT assay from IL-2eexpanded TILs after peptide
stimulation. Shown are background counts of unstimulated TILs (e) and TILs
incubated with “irrelevant peptides,” (1) Bcl-X(L) 165e173 (RIAAWMATY),
(2) Rho1 (RAGLQVRKNK), and (3) Rho1L2 (RLGLQVRKNK), which did not
induce IFN-g secretion compared with the speciﬁc IFN-g response after
stimulation with the survivin-derived epitope SUR53-62 (DLAQCFFCFK).
The bars of spot-forming cells represent the number of unstimulated (e)
and peptide-stimulated TILs. Respective raw data are depicted by images
of ELISPOT membranes in duplicate (reprinted from Junker et al., 2012, with
permission from Elsevier). SFC, spot-forming cell; TIL, tumor-inﬁltrating
lymphocyte.

to vaccines (Junker et al., 2012; Slota et al., 2011) (Figure 2),
cytomegalovirus (Godard et al., 2004), and tuberculosis
(Achkar et al., 2011). Other advantages of the ELISPOT assay
lie in the fact that application of both fresh and frozen cell
samples show comparable outcomes (McCutcheon et al.,
1997) and that high-throughput cell screening is, in contrast
to other analyte-detecting approaches (i.e., ELISA, ﬂow
cytometry, and real-time PCR), rather simple to perform. For
instance, even without automatization, using the standard
96-well ELISPOT assay enables testing of hundreds of samples
in parallel under the same conditions. This makes the
ELISPOT assay attractive for use in multicenter trials and
longitudinal studies, where samples are collected over time,
and in ﬁeld studies where further processing after isolation of
single-cell suspensions is impractical. In addition, frozen cell
samples can be included as an internal standard to unveil
putative interassay variability. Concerning the measurement
of released analytes in cell samples, application of the
ELISPOT assay is limited only by optimal matching of primary
and secondary antibody pairs. A wealth of ELISPOT assays
are commercially available for the investigation of common
immune cell-associated extracellular proteins like cytokines
(e.g., IL-2, IL-10, IFN-g, tumor necrosis factor-a), chemokines
(e.g., CXCL8), proteases (e.g., granzyme B), and growth
factors (e.g., granulocyte-macrophage colony-stimulating
factor, transforming growth factor-b).
MODIFICATIONS IN THE ELISPOT TECHNIQUE
Stimulus-dependent spot numbers

In general, isolated cell populations can be easily monitored
using the ELISPOT assay after in vivo or ex vivo activation.
However, the selected stimulus is of particular importance

Figure 3. Stimulus-dependent cytokine secretion of PBMCs from patients with AD and healthy control subjects. (a, b) IFN-g and (c, d) IL-4 ELISPOT assay of
ex vivo PBMCs activated with either (a, c) PHA or (b, d) SEB in patients with AD (black lines) and in control subjects (gray lines). (e) Ex vivo PBMC IL-4 ELISPOT
stimulated with house dust mite extract. AD, n ¼ 18; control, n ¼ 10. *P < 0.05. (reprinted from Newell et al., 2013, with permission from Elsevier). AD, atopic
dermatitis; PBMC, peripheral blood mononuclear cell; PHA, phytohemagglutinin; SEB, staphylococcal enterotoxin B; SFU, spot-forming units.
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because the nature of antigen (e.g., peptide, whole protein, or
mitogen) determines the activation of distinct cell subsets. For
example, in vitro T-cell activation by the non-TCR mitogen
phytohemagglutinin or by a staphylococcal enterotoxin
B-induced direct TCR signal showed no signiﬁcant differences in T helper (Th) 1 and Th2 cell responses between
PBMCs from atopic dermatitis patients and healthy control
subjects (Newell et al., 2013). After stimulation of PBMCs with
the speciﬁc antigen (house dust mite extract), a subset of
IL-4esecreting Th2 cells could be detected in patients with
atopic dermatitis, which was absent in the control cohort
(Figure 3). However, in some instances, that is, for the detection of very infrequent antigen-speciﬁc cells, in vitro expansion
of the particular cell population might be necessary. By using
ELISPOT protocols including both the addition of IL-2 (IL-7
and/or IL-15) followed by restimulation with the respective
antigen, an adequate and selective in vitro expansion of
antigen-speciﬁc T cells can be achieved (McCutcheon et al.,
1997; Meiklejohn et al., 2004; Möbs et al., 2010).
Dual color ELISPOT

Important progress in development of the ELISPOT technique
was made by introducing the capacity to analyze secretion of
more than one analyte from the same cell. In this modiﬁed
approach, termed dual color ELISPOT, two different chromogenic substrates are applied to distinguish between cells
expressing two different analytes. For example, after using
BCIP/NBT (i.e., 5-bromo-4-chloro-3-indolyl-phosphate/nitro
blue tetrazolium) as the ﬁrst substrate solution, blue-colored
precipitates appear as spots, indicating high local concentrations of one analyte. In a second incubation step, adding
AEC (i.e., 3-amino-9-ethylcarbazole) substrate leads to red
spot development where cells secreted the other analyte.
Purple-colored spots would then represent single cells
secreting both analytes. By application of the dual color
ELISPOT technique, up to three distinct cell populations can
be distinguished simultaneously in one well. Apart from more
information on the individual cell level, this advance in the
ELISPOT technique circumvents common difﬁculties with
limited cell numbers, as occurs in clinical trials.
FluoroSpot

A further modiﬁcation of the ELISPOT method was the
implementation of use of ﬂuorescent dyes in the so-called
FluoroSpot assay. Simultaneous detection of more than two
analytes was limited by the inability of chromogenic detection systems to dissect multicolored spots. In addition to
biotinylated detection antibodies, FluoroSpot assays use taglabeled detection antibodies to enable analysis of two or
more analytes in the same well. To amplify analyte detection,
different anti-tag- and anti-biotin-ﬂuorophores are added, and
after incubation with ﬂuorescence enhancer solution, spots
are visualized using an automated ﬂuorescence reader with
separate emission ﬁlters for each ﬂuorophore. Spot analysis of
individual cells secreting more than one analyte is performed
by the digital overlay of single ﬂuorescent images. Currently
the FluoroSpot method enables parallel detection of up to
four analytes using ﬂuorophore-labeled detection reagents.
Because of the high number of ﬂuorochromes available,
further developments in the FluoroSpot technique, including
e58
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MULTIPLE CHOICE QUESTIONS
1. What does the ELISPOT assay detect?
A. Total analyte concentrations in culture
supernatants
B. Surface marker expression
C. Analytes released from cells
D. Tissue-bound antibodies
2. What source material is needed for ELISPOT
analysis?
A. Whole blood
B. Tissue
C. Serum
D. Single-cell suspensions
3. ELISPOT assays are based on which principle?
A. One spot-one cell
B. One spot-one analyte
C. One spot-one enzyme
D. One spot-one antibody
4. What might be one reason for the overlay of
spots in the ELISPOT assay?
A. The concentration of stimulus was too low
B. The detection antibody was absent
C. The applied cell density was too high
D. The blocking period was too long
5. Which is not a characteristic feature of the
ELISPOT assay?
A. High sensitivity
B. High interassay reproducibility
C. High intra-assay variability
D. High throughput
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.

the detection of even more analytes, can be expected in the
near future.
SUMMARY

The ELISPOT assay is a highly sensitive, relatively easy-toperform, and reproducible method for identiﬁcation and
quantiﬁcation of even very rare antigen-speciﬁc T cells.
ELISPOT analysis allows for both high-throughput analysis of T
cell-mediated immune responses involved in allergies, cancer,
autoimmunity, and inﬂammatory diseases and long-term
monitoring of antigen-speciﬁc T cells in clinical trials,
emphasizing the substantial role of this assay applied from
basic and biomedical research to clinical trials and diagnostics.
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Research Techniques Made Simple:
Immunoﬂuorescence Antigen Mapping
in Epidermolysis Bullosa
Cristina Has1 and Yinghong He1
Inherited epidermolysis bullosa is a group of genetic blistering diseases with a broad spectrum of clinical severity
and molecular defects. Epidermolysis bullosa results from mutations in genes encoding proteins involved in cell-cell
and cell-matrix adhesion in the epidermis. Immunofluorescence antigen mapping makes use of monoclonal antibodies against proteins of the dermal-epidermal junction zone to determine the layer of skin where cleavage occurs
and the relative protein abundance. It allows the diagnosis of the type and subtype of inherited epidermolysis
bullosa and sheds light on molecular mechanisms underlying the disease. Immunofluorescence mapping steps
include obtaining a skin biopsy sample, processing the biopsy material, antigen-antibody interaction on tissue,
washing, incubation with fluorescently conjugated secondary antibodies, mounting, observation under a fluorescence microscope, and interpretation. A minimal antibody panel allows discrimination of the main epidermolysis
bullosa subtypes. Extended panels can be used depending on the diagnostic or scientific question to be addressed.
Immunofluorescence mapping contributed to significant progress in understanding epidermolysis bullosa,
including identification of new underlying genetic mutations, mutation mechanisms, and the presence of revertant
mosaicism. It is also an important tool in the assessment of the efficacy of experimental therapeutic approaches.
Journal of Investigative Dermatology (2016) 136, e65ee71; doi:10.1016/j.jid.2016.05.093

BENEFITS OF IFM
INTRODUCTION

Inherited epidermolysis bullosa (EB) is a group of genetic
diseases that is deﬁned by fragility of the skin and mucous
membranes. EB is characterized by a broad spectrum of
molecular defects and clinical severity, with more than 30
subtypes described so far (Fine et al., 2014). EB is the
consequence of mutations in genes coding for proteins
involved in adhesion of epidermal keratinocytes to each other
or to the underlying dermis (Figure 1). Development of
monoclonal antibodies enabled identiﬁcation of dysfunctional proteins by immunoﬂuorescence antigen mapping
(IFM). Sequencing of gene panels or whole-exome
sequencing may allow direct discovery of the underlying
genetic defect. Importantly, IFM provides complementary
information to mutation analysis, allowing clinicians and researchers to understand the consequences of the genetic
defect on a protein and tissue level.
HISTORY

IFM was ﬁrst described as a method to determine changes in
antigens within the dermal-epidermal junction in mechanobullous diseases in 1981 (Hintner et al., 1981). The method
further developed with the generation of improved, domainspeciﬁc antibodies to detect adhesion proteins and with
advances in understanding the pathogenetic mechanisms of
EB (Pohla-Gubo et al., 2010). Currently, IFM is available in
1
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 Indicates the layer of skin where split formation
occurs and identiﬁes the nonfunctioning protein
in severe types of EB.
 Is a valuable, rapid tool for uncovering effects of
known gene mutations on protein expression and
for establishing diagnosis of skin fragility disorders.
 Allows characterization of changes in expression
of key skin structural proteins if patients have
unclassiﬁed genetic variants of unknown
pathogenic relevance.
 Is a rapid and powerful tool for the diagnosis of
EB in neonates.
 Has prognostic value. The ﬂuorescence intensity
of an antigen shows protein abundance and
correlates with the type of mutation and severity
of the phenotype.

LIMITATIONS
 Artiﬁcial skin splits may occur during sampling,
shipment, or storage.
 In cases of mild skin fragility, no skin cleavage may
be present in the sample and no changes in the
immunoreactivity of the markers may be observed.
 Changes in multiple markers may occur.
 Interpretation requires basic knowledge of the
molecular architecture of cell-cell and cell-matrix
adhesions in the epidermis and depends on the
experience of the investigator.
 The antibody costs for an extended IFM panel are
high.

ª 2016 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.
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Figure 1. Morphologic and ultrastructural features of human skin and level of skin cleavage in EB. Transmission electron microscopy pictures depicting
desmosomes (upper panel) and the basement membrane zone (lower panel) are shown. The disease-relevant molecular components of desmosomes (upper
panel) and the basement membrane zone (lower panel) are depicted schematically. (Transmission electron microscopy courtesy of Dr. Ingrid Hausser,
Heidelberg, Germany). Classically, EB was divided into three main types according to where skin cleavage occurs: in the basal epidermal layer, in the lamina
lucida, or below the lamina densa of the basement membrane. Subsequently, new genes were discovered, and currently the EB spectrum includes Kindler
syndrome and disorders exhibiting epidermal fragility (modiﬁed from Has et al., 2013, with permission from Elsevier and Dr. Ingrid Hausser). BPAG1e, bullous
pemphigoid antigen-1e; DEB, dystrophic epidermolysis bullosa; EBS, epidermolysis simplex bullosa; JEB, junctional epidermolysis bullosa.

many countries worldwide, even in those where sophisticated
genetic techniques are not affordable.
MOLECULAR BASIS OF EPIDERMAL AND
DERMAL-EPIDERMAL ADHESION

The main adhesive structures in the skin examined with IFM are
supramolecular protein complexes including desmosomes,
hemidesmosomes, the basement membrane, and anchoring
ﬁbrils (Figure 1). Desmosomes are major intercellular junctions
that provide a high degree of resistance to mechanical forces
through stable molecular interactions between desmosomal
plaques composed of desmoplakin, plakoglobin, plakophilins,
and keratin intermediate ﬁlaments. The desmosomal cadherins, desmogleins (1e3), and desmocollins (1e3) insert with
one end into the desmosomal plaque and accomplish intercellular connections through interactions between their
extracellular domains. In basal keratinocytes facing the basement membrane, keratin intermediate ﬁlaments consisting of
keratin-5 and -14 heterodimers insert into the inner plaques of
e66
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the hemidesmosomes containing bullous pemphigoid antigen
1 (BPAG1e, BP230) and plectin, which then interact with the
transmembrane proteins, integrin-b4 and collagen XVII
(BPAG2, BP180). On the extracellular side, integrin-a6b4 and
collagen XVII bind to laminin-332, which is inserted into the
lamina densa, a tight molecular network of collagen IV and
proteoglycans. Here, collagen VII is attached from the dermal
side, in the form of anchoring ﬁbrils, which ensure stable
adhesion between the basement membrane and the underlying dermis.
HOW IS IFM PERFORMED?
Biopsy technique and tissue processing

The choice of the biopsy site is critical for maximizing the
quality of IFM results. The skin sample should be taken from
skin around a recent blister (less than 12 hours). In older
blisters, inﬂammation and tissue regeneration may induce
artifacts. If no fresh blister is present, the skin should be
rubbed with an eraser to induce new blister formation, and
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the biopsy sample should be taken several minutes later. A
3e4-mm punch biopsy should be performed at the rubbed
area; if more detailed RNA studies and extended IFM panels
are desired, at least a 4-mm punch is recommended. To
preserve the proteins and epitopes, the biopsy sample should
either be immersed in Michel’s transport medium or normal
saline or be directly snap frozen. Recently, ex vivo blister
induction was proposed as more sensitive than in vivo
blister induction (Mozafari et al., 2014). To avoid artiﬁcial
cleavage of the skin and degradation of proteins, shipment of
samples to the laboratory to perform IFM should not exceed
1e3 days.
Antigen-antibody interaction and visualisation

Figure 2. Schematic diagram of the immunoﬂuorescence antigen mapping
technique. The indicated antigen-speciﬁc primary antibodies are incubated
on the tissue substrate. The ﬂuorescence-conjugated secondary antibodies
bind to the unlabelled primary antibodies and ﬂuorescence is visualized by
microscopy.

Monospeciﬁc antibodies at experimentally determined
dilutions are directly applied to a 5-mm tissue section on a
glass slide and incubated for 2 hours or overnight (Figure 2).
Usually no blocking or permeabilization step is necessary.
The choice of the primary antibodies depends on the available clinical data and on the complexity of the question. A
minimal panel of antibodies against collagen types IV, VII,
XVII and laminin-b3 chain can be used. For detailed analyses,
extended panels can be applied, including antibodies against
any protein involved in rare EB subtypes (see Supplementary
Materials online). Four washing steps of 5 minutes each are
carried out to remove excess primary antibody. For dilution of
antibodies and washing, Tris- or phosphate-buffered saline
can be used. A secondary antibody against the IgG of the host
species of the primary antibody, conjugated with a ﬂuorescent compound, is then applied to the skin section for 1 hour.

Table 1. Interpretation of the results of IFM
EB Type
Target Genes/Proteins
Superﬁcial EB simplex
TGM5/transglutaminase-5

DSP/desmoplakin
JUP/plakoglobin
PKP1/plakophilin-1
Basal EB simplex
KRT5, KRT14/keratin-5, -14

PLEC/plectin
DST/BPAG1
EXPH5/exophilin-5
Junctional EB
COL17A1/collagen XVII
LAMA3, LAMB3,
LAMC2/laminin-332
ITGA6, ITGB4/integrin-a6/-b4

Characteristic Immunoﬂuorescence Features

Limits/Challenges

Subcorneal cleavage
Reduced transglutaminase-5 abundance or activity

May be interpreted as an artifact
The transglutaminase activity assay is challenging
and requires a fresh frozen skin sample
Domain-speciﬁc antibodies

Acantholysis throughout the basal and spinous layers
Desmoplakin or desmoplakin tail absent
Acantholysis throughout the basal and spinous layers
Plakoglobin staining negative
Acantholysis throughout the basal and spinous layers
Plakophilin-1 staining negative

Several desmosomal markers may be attenuated
—

Cleavage in the basal epidermal layer
No marker changed
Keratin-14 negative in autosomal recessive forms
Cleavage low in the basal epidermal keratinocytes
Plectin negative or attenuated
Cleavage low in the basal epidermal keratinocytes
BPAG1 negative
Cytolysis in the basal epidermal layer
Exophilin-5 negative

In dominant EB simplex no split may occur, and immunoreactivity
of antigens may be not changed; in severe generalized
EB simplex, acantholysis in the spinous layer may occur
Results are dependent on the epitope recognized
by the primary antibody
—

Collagen XVII negative or attenuated
Laminin-332 negative or attenuated

May be attenuated in other types of junctional EB
May be attenuated in other types of junctional EB

Integrin-a6/-b4 negative or attenuated

Integrin-b4 is often attenuated in other subtypes of junctional EB

Available antibodies of low quality

(continued )
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Table 1. Continued
EB Type
Target Genes/Proteins
ITGA3/integrin-a3 subunit
Dystrophic EB
COL7A1/collagen VII

Kindler syndrome
FERMT1/kindlin-1

Characteristic Immunoﬂuorescence Features

Limits/Challenges

Integrin-a3 negative

—

Collagen type IV at the roof of the blister
Collagen type VII: attenuated, negative, or
intraepidermal accumulation
GDA-J/F3 attenuated or negative

In dominant dystrophic EB no split may occur, and
immunoreactivity for collagen type VII may be unchanged;
in such cases GDA-J/F3 (Jassim et al., 1991) may be
reduced and indicative

Mixed layers where skin cleavage occurs:
intraepidermal, junctional, or dermal
Kindlin-1: attenuated, negative
Integrin-a6/-b4 and collagen type XVII: discontinuous
Laminin-332, collagen types IV and VII:
irregular, broadened at the DEJ

Kindlin-1 staining in normal skin is faint, probably because
of the discrete distribution of b1 integrin adhesions in the skin

Abbreviations: BPAG1, bullous pemphigoid antigen-1; DEJ, dermal-epidermal junction; EB, epidermolysis bullosa.

The most commonly used ﬂuorescent compounds are ﬂuorescein isothiocyanate (excitation and emission at 495 and
519 nm, respectively) and Alexa Fluor (e.g., 488 cyan-green,
excitation and emission at 495 and 519 nm, respectively;
Invitrogen, Karlsruhe, Germany), the latter having greater
photostability and higher ﬂuorescence intensity. After
washing, the stained specimen is mounted with a coverslip
using a ﬂuorescence mounting medium (e.g., Dako,
Hamburg, Germany). Because ﬂuorochromes are prone to
photobleaching, rapid but careful observation with ﬂuorescence microscopy is required.
Controls

As a positive control against which to compare a patient’s
samples, a normal skin sample should be stained in parallel

using the same reagents. As a negative control, secondary
antibodies without primary antibodies should be applied.
INTERPRETATION OF THE RESULTS

The interpretation of the results is described in detail in
Table 1. In brief, the position of the cleavage plane relative to
collagen IV, a marker of the basement membrane that is not
affected in EB, indicates a junctional (collagen IV at blister
ﬂoor) or a dermal (collagen IV at blister roof) blister. In EB
simplex, the cleavage mainly occurs within the basal
epidermal layer; the ﬂuorescent signals for keratin, plectin,
bullous pemphigoid antigen-1 (BPAG1), collagen XVII, or
integrin-a6b4 appear at the ﬂoor of the blister. In Kindler
syndrome, the layer of skin cleavage is variable: intraepidermal, junctional, or dermal. In addition, the intensity of

Figure 3. Immunoﬂuorescence antigen mapping performed on skin sections from a healthy control (Co) and a patient with interstitial lung disease, nephrotic
syndrome, and EB with an intronic unclassiﬁed variant. Confocal microscopy was used for visualization. Integrin-a3, integrin-a6, laminin-a3, and collagen VII
appear in green. The positions of the blisters are depicted by a cross, and nuclei appear in blue. Scale bars ¼ 100mm (reprinted from He et al., 2016, with
permission from Elsevier).
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Figure 4. Immunoﬂuorescence antigen mapping performed on skin sections from a healthy control (Co) and three patients with junctional epidermolysis
bullosa and COL17A1 mutations (confocal microscopy). Immunoﬂuorescence staining was performed with the following domain-speciﬁc antibodies against
collagen XVII: Endo2, NC16A, and Hk139. Patients 1 (P1) and 2 (P2) had the mutation p.R1303Q, and patient 3 (P3) had loss-of-function mutations leading to
absence of collagen XVII. Note apicolateral staining in the basal keratinocytes with the antibody Endo2 in P1 and P2, similar to the control skin. Immunostaining
with HK139 and NC16A, which recognize the ectodomain of collagen XVII, showed a broad, irregular distribution below the level of the basement membrane in
intact skin of P1 and P2 and presence of the signal at both roof and base of a blister in P3. Immunoﬂuorescence staining with an antibody against the laminin-g2
chain (clone GB3) shows broad, irregular distribution below the level of the basement membrane in the intact skin of P1. Laminin- g 2 immunostaining is present
at both roof and ﬂoor of the blister in P2, and only at the blister ﬂoor in P3. Crosses indicate blisters, and nuclei are stained with DAPI. Scale bars ¼ 50 mm
(modiﬁed from Has et al., 2014, with permission from Elsevier).

the immunoreactivity as compared with normal skin reﬂects
the relative protein expression in the skin of the patient and
has prognostic value. Assessment of the immunoﬂuorescence
staining intensity can be done by the observer using a subjective scoring method or by using appropriate software (e.g.,
ImageJ, available from the National Institutes of Health at
http://imagej.nih.gov/ij/).

COMPARISON BETWEEN IFM AND OTHER METHODS
A comparative study between transmission electron microscopy and
IFM indicated the superiority of IFM in the diagnosis of EB
(Yiasemides et al., 2006). Nevertheless, in particular situations
transmission electron microscopy may deliver important morphologic details (e.g., the discovery of a particular subtype of EB simplex
because of exophilin-5 gene mutations) (McGrath et al., 2012). IFM
www.jidonline.org
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MULTIPLE CHOICE QUESTIONS
For each question, more than one answer may be correct.

1. Which protein used as a marker in IFM can be
altered in dystrophic EB?
A. Collagen type IV
B. Collagen type XVII
C. Collagen type VII
D. Laminin-332
E. None of the above
2. Which of the following is not true regarding IFM?
A. It may indicate the skin layer where cleavage
occurs.
B. It may indicate the mutated gene and
dysfunctional protein in EB.
C. It may indicate the presence of revertant
mosaicism in the skin of an EB patient.
D. The specimen may contain areas with
artiﬁcial cleavage.
E. It always yields speciﬁc and clear results.
3. Which is the best biopsy site if EB is suspected
and use of IFM is requested?
A. Near a recent blister (less than 12 hours)
B. An erosive area
C. The skin should be rubbed with an eraser
to induce new blister formation, and a biopsy
of that site should be taken several minutes
later.
D. Palms or soles
E. Any blister will indicate the layer where skin
cleavage occurs.
4. Which of the following statements is true in
junctional EB?
A. In a junctional blister, collagen IV stains at
the blister ﬂoor.
B. Immunoreactivity for collagen VII is altered.
C. Immunoreactivity for collagen XVII may be
altered.
D. Collagen VII stains at the blister roof.
E. The level of cleavage can be assessed by
hematoxylin and eosin staining

and genetic mutation detection are complementary approaches. An
example for this is shown in Figure 3: the pathogenic role of the
unclassiﬁed intronic sequence variant, c.1383-11T>A, found in a
patient with severe interstitial lung disease and nephrotic syndrome,
was uncertain. IFM showed lack of integrin-a3 in the skin of the
patient, demonstrating the disease-causing role of the intronic
variant. Detailed analysis of RNA extracted from the skin sample
further showed the molecular mechanisms underlying this unusual
mutation (He et al., 2016).
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5. Which of the following is wrong regarding the
primary antibodies used in IFM?
A. A minimal panel of antibodies can be
employed
B. For an extended IFM, antibody costs are
signiﬁcantly high.
C. Primary antibodies are always conjugated
with a ﬂuorescent compound.
D. A negative control (secondary antibodies
without primary antibodies) should always
be run.
E. An extended panel of primary antibodies can
be used depending on the complexity of the
question.
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.

IDENTIFICATION OF NEW EB SUBTYPES AND OF
MOLECULAR DISEASE MECHANISMS BY IFM

Over the past three decades, IFM signiﬁcantly contributed to
scientiﬁc progress in understanding EB, including the identiﬁcation of new genetic mutations, the illumination of mechanisms underlying a variety of mutations, and the discovery of
revertant mosaicism. In the last example, IFM provided initial
proof of collagen XVII expression in normal-appearing
revertant areas (Jonkman et al., 1997). Integrin-a3 deﬁciency in interstitial lung disease, nephrotic syndrome, and
EB was elucidated based on IFM ﬁndings. In addition, in
severely ill patients without clinical evidence for cutaneous
fragility and unclassiﬁed integrin-a3 variants, IFM analysis of
the skin allowed clariﬁcation of the molecular basis of the
disease (Figure 3) (He et al., 2016). In a late-onset subtype of
junctional EB associated with a distinct collagen XVII
missense mutation, IFM studies shed light on the disease
mechanisms (Figure 4) (Has et al., 2014). Finally, assessment
of the relative protein amount by IFM is an important technique to evaluate the efﬁcacy of therapeutic interventions
(e.g., cell, protein, or gene therapy).
CONFLICT OF INTEREST
The authors state no conﬂict of interest.

CME ACCREDITATION
This activity has been planned and implemented by the Duke University
Health System Department of Clinical Education and Professional
Development and Society for Investigative Dermatology for the advancement
of patient care. The Duke University Health System Department of Clinical
Education & Professional Development is accredited by the American Nurses
Credentialing Center (ANCC), the Accreditation Council for Pharmacy
Education (ACPE), and the Accreditation Council for Continuing Medical
Education (ACCME) to provide continuing education for the health care team.
Duke University Health System Department of Clinical Education and
Professional Development designates this enduring activity for a maximum of
1.0 AMA PRA Category 1 Credits. Physicians should claim only credit
commensurate with the extent of their participation in the activity.
To participate in the CE activity, follow the link provided.

RESEARCH TECHNIQUES MADE SIMPLE 
ACKNOWLEDGMENTS
We thank Käthe Thoma and Juna Leppert for excellent technical assistance.
YH was supported by the Else-Kröner Fresenius Foundation and CH by the
Deutsche Forschungsgemeinschaft (DFG) CRC/SFB 1140 and Debra
International.

SUPPLEMENTARY MATERIAL
Supplementary material is linked to this paper. Teaching slides are available
as supplementary material.

REFERENCES
Fine JD, Bruckner-Tuderman L, Eady RA, Bauer EA, Bauer JW, Has C, et al.
Inherited epidermolysis bullosa: updated recommendations on diagnosis
and classiﬁcation. J Am Acad Dermatol 2014;70:1103e26.
Has C, Bruckner-Tuderman L, Uitto J. Epidermolysis bullosa. In: Rimoin DL,
Pyeritz RE, Korf B, editors. Emery and Rimion’s Principles and Practice of
Medical Genetics. 6th ed. Amsterdam: Elsevier; 2013. p. 1e24.
Has C, Kiritsi D, Mellerio JE, Franzke CW, Wedgeworth E, Tantcheva-Poor I,
et al. The missense mutation p.R1303Q in type XVII collagen underlies
junctional epidermolysis bullosa resembling Kindler syndrome. J Invest
Dermatol 2014;134:845e9.
He Y, Balasubramanian M, Humphreys N, Waruiru C, Brauner M, Kohlhase J,
et al. Intronic ITGA3 mutation impacts splicing regulation and causes
interstitial lung disease, nephrotic syndrome, and epidermolysis bullosa.
J Invest Dermatol 2016;136:1056e9.

Hintner H, Stingl G, Schuler G, Fritsch P, Stanley J, Katz S, Wolff K. Immunoﬂuorescence mapping of antigenic determinants within the dermalepidermal junction in the mechanobullous diseases. J Invest Dermatol
1981;76:113e8.
Jassim A, Schoﬁeld O, Whitehead P, Purkis P, Heagerty AH, Sachs JA, et al.
Detection of a novel basement membrane antigen by GDA-J/F3 antihuman sperm ﬁbrous sheath monoclonal antibody. Br J Dermatol
1991;125:101e7.
Jonkman MF, Scheffer H, Stulp R, Pas HH, Nijenhuis M, Heeres K, et al.
Revertant mosaicism in epidermolysis bullosa caused by mitotic gene
conversion. Cell 1997;88:543e51.
McGrath JA, Stone KL, Begum R, Simpson MA, Dopping-Hepenstal PJ, Liu L,
et al. Germline mutation in EXPH5 implicates the Rab27B effector protein Slac2-b in inherited skin fragility. Am J Hum Genet 2012;91:
1115e21.
Mozafari N, Barzegar M, Asadi-Kani Z. Ex vivo blister induction: a more
sensitive technique for immunoﬂuorescence mapping studies in inherited epidermolysis bullosa. Am J Dermatopathol 2014;36:1005e7.
Pohla-Gubo G, Cepeda-Valdes R, Hintner H. Immunoﬂuorescence mapping
for the diagnosis of epidermolysis bullosa. Dermatol Clin 2010;28:
201e10, vii.
Yiasemides E, Walton J, Marr P, Villanueva EV, Murrell DF. A comparative
study between transmission electron microscopy and immunoﬂuorescence mapping in the diagnosis of epidermolysis bullosa. Am J Dermatopathol 2006;28:387e94.

This is a reprint of an article that originally appeared in the July 2016 issue of the Journal of Investigative Dermatology. It retains its original pagination here.
For citation purposes, please use these original publication details: Has C, He Y. Research Techniques Made Simple: Immunoﬂuorescence Antigen Mapping
in Epidermolysis Bullosa. J Invest Dermatol 2016;136(7):e65ee71. doi:10.1016/j.jid.2016.05.093

www.jidonline.org

e71

 RESEARCH TECHNIQUES MADE SIMPLE

Research Techniques Made Simple:
Methodology and Clinical Applications
of RNA Sequencing
Sarah K. Whitley1, William T. Horne2 and Jay K. Kolls2,3
RNA sequencing is a method of transcriptome profiling that utilizes next-generation sequencing technology. It offers
several distinct advantages over hybridization-based approaches, most notably superior sensitivity and the capacity
for de novo transcript discovery. This article describes RNA sequencing methodology, summarizes important
technological advances and challenges, and discusses applications for this technique in the field of dermatology.
Journal of Investigative Dermatology (2016) 136, e77ee82; doi:10.1016/j.jid.2016.06.003

INTRODUCTION

RNA sequencing (RNA-seq) is a mode of deep sequencing
that enables evaluation of a complete set of an organism’s
transcribed genes, or transcriptome, and noncoding RNAs
such as micro-RNAs. Examination of the transcriptome offers
many advantages over whole-genome analysis: whereas
whole-genome sequencing provides a static view of an
organism’s genetic and regulatory information, transcriptome
analysis allows assessment of dynamic changes in gene
expression in response to various stimuli (Wang et al., 2009).
In addition to quantitative measurement of gene expression,
RNA-seq permits identiﬁcation of unique transcripts such as
alternative splice variants, single-nucleotide polymorphisms,
and fusion genes (Grada and Weinbrecht, 2013; Ray et al.,
2015; Wang et al., 2009; Zeng and Mortazavi, 2012) to
enhance understanding of the mechanisms governing the
changes in gene expression that underlie health and disease.
Transcriptomics has emerged as a subset of functional genomics that couples the power of whole-genome sequencing with
gene expression analysis to facilitate disease diagnosis, treatment, prognosis, and prevention. RNA-seq is now the preferred
method of transcriptome proﬁling, favored over microarray
analysis because of its higher sensitivity, broader dynamic range,
capacity for transcript discovery, and lack of requirement for
pre-existing sequence knowledge (Li et al., 2014; Ray et al.,
2015; Regazzetti et al., 2015; Zeng and Mortazavi, 2012). As
we enter the era of personalized medicine, RNA-seq is being
increasingly used for biomarker discovery and identiﬁcation of
molecular signatures that deﬁne various disease subtypes and
responses to pharmacologic therapy.
OVERVIEW OF METHODOLOGY
Template and sample preparation
After cellular isolation, RNA can either be directly processed into
complementary DNA (cDNA) to obtain a full catalog of RNAs (total
RNA-seq) or selective enrichment of RNAs of interest can be
1
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performed prior to cDNA synthesis (Figure 1). Although total RNA-seq
yields the broadest survey of transcripts, polyadenylated (poly(A)) RNA
enrichment is commonly used in library preparation, because it excludes the abundant ribosomal RNAs (rRNAs) that confound detection

ADVANTAGES OF RNA-SEQ
 Rapid, precise, quantitative measurement of gene
expression
 High sensitivity allows detection of low-abundance
transcripts
 Wide dynamic range
 Enables identiﬁcation of transcripts, facilitating
discovery of single-nucleotide polymorphisms and
rare mutations, previously unrecognized gene isoforms, microbial RNAs, and regulatory micro-RNAs
 Not subject to the same biases and limitations
imposed on microarrays: DNA sequences can be
unambiguously mapped to unique regions of the
genome instead of relying on existing genome
sequence data
 Can be performed on single cells and FFPE tissue

LIMITATIONS OF RNA-SEQ
 Accurate sequence annotation and data
interpretation can be computationally challenging, particularly in the absence of preexisting reference genome(s).
 Transcript quantitation can be affected by biases
introduced during cDNA library construction and
sequence alignment.
 Lack of standardization between sequencing
platforms and read depth, equivalent to the
percentage of total transcripts sequenced, can
compromise reproducibility.
 Although RNA-seq has become increasingly
affordable, its cost remains prohibitive for many
laboratories. Start-up costs are signiﬁcant, and
price per individual sequencing reaction, largely
dependent on read depth, can exceed $1,000.

ª 2016 The Authors. Published by Elsevier, Inc. on behalf of the Society for Investigative Dermatology.
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Figure 1. RNA-seq work ﬂow. (a) Schematic diagram of RNA-seq library construction. Total RNA is extracted from cells, and a small aliquot is used to measure
the integrity of the RNA. rRNA is then depleted through one of several methods to enrich subpopulations of RNA molecules, such as mRNA or small RNA. mRNA
is fragmented into a uniform size distribution, and the fragment size can be monitored by RNA gel electrophoresis or a microﬂuidics-based bioanalyzer such as
the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA). The cDNA is then made into a library. (b) Mapping programs align reads to the reference
genome and map splice junctions. Gene expression can be quantiﬁed as absolute read counts or normalized values such as RPKM. (c) If RNA-seq data sets are
deep enough and the reads are long enough to map enough splice junctions, the mapped reads can be assembled into transcripts. (d) The sequences of the reads
can be mined by comparing the transcriptome reads with the reference genome to identify nucleotide variants that are either genomic variants (e.g., SNPs)
or candidates for RNA editing. A, adenine; C, cytosine; cDNA, complementary DNA; G, guanine; mRNA, messenger RNA; poly(A), polyadenylated; QPCR,
quantitative reverse transcriptase PCR; RIN, RNA integrity number; RNA-seq, RNA sequencing; RPKM, reads per kilobase of transcript per million mapped reads;
rRNA, ribosomal RNA; SNP, single-nucleotide polymorphism; T, thymine. Adapted with permission from Macmillan Publishers Ltd: Nature Immunology (Zeng
and Mortazavi, 2012), copyright 2012.

of the most desirable transcripts. Referred to as messenger RNA
(mRNA) sequencing (mRNA-seq), this method reliably detects coding
transcripts. However, drawbacks include elimination of regulatory
noncoding RNAs and poor capture of partially degraded mRNAs,
precluding its use on formalin-ﬁxed parafﬁneembedded (FFPE) tissue
or in other settings where there is extensive RNA degradation
e78
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(Ray et al., 2015; Zeng and Mortazavi, 2012; Zhao et al., 2014). Thus,
rRNA (ribo-) depletion, achieved by hybridizing total RNA to beadbound rRNAs, is being increasingly used in RNA-seq template preparation, particularly when working with formalin-ﬁxed clinical
samples. Zhao et al. (2014) reported comparable efﬁciency of rRNA
removal and high concordance in transcript quantiﬁcation between
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Figure 2. Transcriptome analysis reveals gene regulatory circuits operational in psoriasis. (a) mRNA-seq analysis of cDNAs derived from lesional and
nonlesional skin biopsy specimens obtained from 92 psoriasis patients and 82 normal individuals identiﬁed 3,577 differentially expressed genes between lesional
psoriatic and normal skin. Transcripts were grouped into gene coexpression modules using weighted gene coexpression network analysis and differentially
expressed genes determined for each module. RPKM (top panel), proportion of up-regulated (Up) and down-regulated differentially expressed genes (middle panel),
and average Spearman’s correlation (bottom panel) are shown for each coexpressed gene module constructed for normal skin and lesional psoriatic skin. IL37
was the most down-regulated gene in psoriatic gene module P23, which was enriched for TINCR and STAU1-regulated genes involved in terminal epidermal
differentiation. (b) Immunohistochemistry analysis showing expression of IL-37 protein (3,3’ diaminobenzidine, brown) in the epidermis of representative
specimens of nonlesional psoriatic and control skin; IL-37 was not detectable in lesional psoriatic skin. (c) Down-regulation of IL37 and loricrin mRNA in lesional
compared with nonlesional psoriatic skin as determined by quantitative real-time reverse-transcriptaseePCR. **P < 0.01, ***P < 0.001. (d) Immunostaining
demonstrating co-localization of IL-37 (green) and loricrin (red) proteins in the granular layer of nonlesional skin; IL-37 was not detected in lesional skin. 4,6diamidino-2-phenylindole (DAPI) counterstaining of nuclei is shown in blue. cDNA, complementary DNA; Down, down-regulated; mRNA-seq, messenger RNA
sequencing; NN, normal skin; PP, lesional psoriatic skin; RPKM, Averaged reads per kilobase per million mapped reads; Up, up-regulated. Figure and legend
adapted with permission from Li et al (2014).

polyA-enriched and ribo-depleted RNA sequences obtained from
fresh frozen human tumor samples, with similar numbers of reads
required to achieve an adequate gene detection level.
Following total RNA isolation and selective enrichment, RNA or
cDNA must be fragmented to create short sequences (200e500 base
pairs) that are amenable to sequencing; in the case of RNA this can be
accomplished via hydrolysis or nebulization, and for DNA options
include sonication or DNase I treatment. After cDNA synthesis, 30
adenylation, ligation of adaptor molecules to nascent cDNAs, and PCR
ampliﬁcation are the ﬁnal steps in the creation of a template for
sequencing (Ray et al., 2015; Zeng and Mortazavi, 2012; Zhao et al.,
2014).

Sequencing and analysis
Sequencing of fragmented cDNAs typically produces short reads
ranging from 250400 nucleotides in length. These reads are then
aligned with a reference genome, and the expression level of a gene
is determined by quantitating the number of reads that map to gene

exons. If no existing reference genome is available, RNA-seq data
sets themselves can be used to create sequence assemblies for
mapping of reads. Freely available software can assist with assembly
of a digital genome-scale quantitative transcriptional map, with a
common output being fragments per kilobase of transcript per
million mapped reads (FPKM) and the expression level of a gene
representing the sum of the FPKM values of its isoforms (Grada and
Weinbrecht, 2013; Ray et al., 2015; Zeng and Mortazavi, 2012).

Recent innovations
One important advance in next-generation sequencing methodology is
the ability to perform single-cell transcriptome proﬁling. Cell separation
via ﬂow cytometry, microﬂuidics, micropipetting, or laser capture
microdissection allows isolation of individual cells that can then be
subject to RNA-seq. While ﬂuorescence-activated cell sorting produces
puriﬁed cell populations as substrate for single cell RNA-seq (sc-RNAseq), microﬂuidics and microdroplet techniques allow single cell capture from bulk cell suspensions obtained from tissue. Sc-RNA-seq has
www.jidonline.org
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Figure 2. Continued

been exploited to study biologic phenomena for which averaged
measurement of gene expression is insufﬁcient to ascribe functional
signiﬁcance and/or minute numbers of cells represent discrete populations. Single-cell RNA-seq has already been applied in a variety of
settings to produce a wide range of profound new discoveries, most
notably in the realms of neuroscience and developmental biology. The
ability to integrate electrophysiology recordings and computational
structural analysis with transcriptome proﬁling of individual cells has
critically advanced understanding of neuronal taxonomy and neurophysiology (Fuzik et al., 2015). Gaublomme et al. (2015) recently used
single-cell RNA-seq to examine discrete cells within a heterogeneous
population of in vitro- and in vivo-derived T helper 17 cells to characterize molecular signatures that correlate with pathogenicity in an animal model of multiple sclerosis.
Another innovation that is of particular relevance to the ﬁeld of
dermatology is the capacity to perform RNA-seq on FFPE tissue. The
routine storage of skin biopsy specimens in this manner offers vast
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availability of substrate for RNA-seq. Reﬁnement of techniques such
as exome capture and ribo-depletion to assemble cDNA sequencing
libraries from degraded RNA inputs as well as use of more stringent
sequence alignment criteria and increased read depth to minimize
ﬁxation-induced sequence errors have improved the quality of data
derived from FFPE specimens (Cieslik et al., 2015).

USE OF RNA-SEQ IN DERMATOLOGY

Next-generation sequencingebased analyses such as RNA-seq
have signiﬁcantly advanced understanding of a variety of
dermatologic disorders. RNA-seq captured many genes differentially expressed between psoriatic lesional, nonlesional, and
normal skin that were not uncovered with previous microarray
analyses (Li et al., 2014), highlighting the capacity of RNA-seq to
extend the range of detection beyond the most abundant transcripts to include low-level transcripts and alternative splice
variants. Among the psoriasis-associated transcripts that Li et al.
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(2014) identiﬁed was IL37, an anti-inﬂammatory IL-1 family
cytokine, which they observed to be expressed at reduced levels
in lesional psoriatic skin and coexpressed with the keratinocyte
differentiation protein loricrin in nonlesional skin (Figure 2).
RNA-seq has been instrumental in deﬁning mutations and
biomarkers associated with cutaneous malignancies. Liu et al.
(2014) performed RNA-seq analysis of cell lines derived from
nonmetastatic and metastatic human melanoma tumors to
deﬁne differentially expressed genes and single nucleotide
variations that represent potential biomarkers for metastatic
melanoma. RNA-seq was used to identify missense mutations
in the spliceosome gene SF3B1 and characterize resultant
RNA-splicing defects that contribute to development of uveal
melanoma (Alsafadi et al., 2016; DeBoever et al., 2015).
Comparison of vismodegib-resistant basal cell carcinomas
(BCCs) with drug-sensitive BCCs and normal skin biopsy
specimens by RNA-seq revealed that most smoothened
inhibitor-resistant BCCs have acquired SMO mutations,
leading to maintenance of sonic hedgehog signaling (Atwood
et al., 2015). This discovery has led to identiﬁcation of drugs
targeting other components of the sonic hedgehog pathway,
including aPKC-i/l inhibitors and GLI2 antagonists, as
promising chemotherapeutics for treatment of advanced
BCCs (Ally et al., 2016; Atwood et al., 2015).
Transcriptome analysis of Sézary cells compared with
autologous normal CD4þ T lymphocytes uncovered 21 long
noncoding RNAs and 13 coding transcripts differentially
expressed in Sézary syndrome, many of which were also
conﬁrmed to be present in mycosis fungoides tumors. There
was notable absence of viral RNA in Sézary cells, arguing
against viral transformation as a contributing factor to
neoplasia. Approximately 15% of the detected transcripts were
previously uncharacterized, highlighting the ability of RNAseq to provide new information about pathways involved in
the development of carcinogenesis and unveil new therapeutic
targets for cutaneous T-cell lymphoma (Lee et al., 2012).
SUMMARY AND FUTURE DIRECTIONS

There are a myriad of applications for next-generation
sequencingebased transcriptome proﬁling in biomedical
science. Although DNA microarray analysis remains a common method for identifying global changes in gene expression, its inferior sensitivity and inability to identify new
transcripts will soon lead to its replacement by RNA-seq. As
sequencing costs continue to fall and further strategies and
software are developed to facilitate data analysis and interpretation, access to this technique will likely expand to allow
for its routine use for purposes ranging from study of fundamental cellular processes to biomarker discovery and
tailoring of therapies for cancer and autoimmune disease.
In the future, combining high throughput microﬂuidic and
microwell-based cell puriﬁcation and isolation techniques
with RNA-seq will enable transcriptome proﬁling of thousands of individual cells in parallel to further understanding of
population and tissue heterogeneity (Stegle et al., 2015).
Growing interest in characterizing host immune interactions
with colonizing microbiota will be aided by simultaneous
transcriptional proﬁling of microbial and host cells by RNAseq (Humphrys et al., 2013). These analyses are currently
possible, but further innovations are needed to overcome

MULTIPLE CHOICE QUESTIONS
1. RNA sequencing (RNA-seq) is capable of which
of the following?
A. Identifying mutations
B. Detecting fusion gene products
C. Quantifying expressed transcripts
D. Characterizing regulatory noncoding RNAs
E. All of the above
2. Substrates for RNA-seq include all of the below
EXCEPT which of the following?
A. RNA obtained from formalin-ﬁxed tissue
B. DNA derived from cells obtained by needle
aspiration
C. Complementary DNA derived from individual
cells obtained via ﬂow cytometric sorting
D. Fungal and viral transcripts
3. The basic methodological steps of RNA-seq
include which of the following?
A. DNA fragmentation, template ampliﬁcation,
sequencing, and analysis
B. Template preparation, RNA fragmentation,
sequencing, and analysis
C. RNA isolation, whole-exome capture,
sequencing, and analysis
D. Template preparation, hybridization,
sequencing, and analysis
E. RNA fragmentation, emulsion PCR,
sequencing, and analysis
4. Which of the following describe(s) advantages
of RNA-seq over hybridization-based techniques
such as microarrays?
a) Lower cost
b) Higher sensitivity and ability to detect
low-frequency transcripts
c) Rapid quantitative measurement of a
limited set of genes
d) De novo transcript discovery
e) B and D
f) All of the above
5. Applications of RNA-seq in medicine include(s)
which of the following?
a) Detection of mutations underlying cancer
and inherited diseases
b) Biomarker discovery
c) Comparative gene expression analysis
d) Sequencing of colonizing microbial genomes
e) All of the above
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.
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technical hurdles and improve the quality of the sequencing
data obtained from these specialized cell preparations.
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Research Techniques Made Simple:
The Application of CRISPR-Cas9 and
Genome Editing in Investigative Dermatology
Joan Ramon Guitart, Jr1, Jodi L. Johnson2 and Wade W. Chien1,3
Designer nucleases have gained widespread attention for their ability to precisely modify genomic DNA in a
programmable manner. These genome-editing nucleases make double-stranded breaks at specified loci, and
desired changes can be made to modify, ablate, or excise target genes. This technology has been used widely to
develop human disease models in laboratory animals and to study gene functions by silencing, activating, or
modifying them. Furthermore, the recent discovery of a bacterially derived programmable nuclease termed
clustered regularly interspaced palindromic repeats (CRISPR)-associated protein 9 (Cas9) has revolutionized the
field because of its versatility and wide applicability. In this article, we discuss various modalities used to achieve
genome editing with an emphasis on CRISPR-Cas9. We discuss genome-editing strategies to either repair or ablate
target genes, with emphasis on their applications for investigating dermatological diseases. Additionally, we
highlight preclinical studies showing the potential of genome editing as a therapy for congenital blistering
diseases and as an antimicrobial agent, and we discuss limitations and future directions of this technology.
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Genome-editing technologies have been used widely over
the last decade to develop human disease models in laboratory organisms and to study gene functions by silencing,
activating, or modifying them. Furthermore, genome editing
holds therapeutic potential to cure disease. A seminal
example of its translational potential was its application to
create HIV-resistant immune cells that were successfully
transplanted into patients to control AIDS (Tebas, 2014).
Although this remains the single example of its arrival to the
clinic, the discovery of a prokaryotic adaptive immune
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ADVANTAGES
 CRISPR-Cas9 genome editing allows for precise
gene repair or permanent gene knockout.
 The CRISPR sgRNA honing mechanism makes
genome-editing technology much easier to
develop and produce compared with traditional
designer nucleases.
 CRISPR sgRNAs allow for multiple genes to be
targeted simultaneously.
 CRISPR-Cas9 genome editing can be used for
genome-wide screens to identify genes and mutations responsible for complex biological processes.
 Genome editing allows for the development of
transgenic animal disease models.
 Genome-editing technologies show promise
as a therapeutic tool—for example, for treating
genetic blistering diseases and for use as a
selective antimicrobial agent.

LIMITATIONS
 Genome-editing modules may cut at nontargeted
sites, resulting in off-target mutations with
potentially adverse consequences to the host.
 sgRNA design is restricted to gene targets containing
a protospacer adjacent motif (PAM) sequence.
 sgRNA efﬁciencies can be variable.
 Homology-directed repair efﬁciency can be low.
 Current genome-editing studies for treatment of
recessive dystrophic epidermolysis bullosa (RDEB)
rely on induced pluripotent stem cells (iPSCs),
which can acquire mutations during reprogramming and form tumors if transplanted into patients.

system, termed clustered regularly interspaced palindromic
repeats (CRISPR), and the CRISPR-associated protein 9 (Cas9),
a bacterially derived programmable nuclease, has transformed the ﬁeld to a point that its continued translation to the
clinic appears imminent. Uses of CRISPR-Cas9 are various
and include creating animal models of human disease, performing genome-wide screens to identify genes involved in
complex biological processes, and genetically modifying
food crops. Its ease-of-use and versatility have allowed more
laboratories than ever before to work on genome editing in
innovate ways. For these reasons, Science magazine named
CRISPR-Cas9 the “Breakthrough of the Year” in 2015 (Travis,
2015).
PROGRAMMABLE DESIGNER NUCLEASES FOR
GENOME EDITING

Designer nucleases have two components: a DNA-binding
domain that guides the nuclease to the targeted genomic
site and a nuclease domain that cuts the targeted locus to
result in a double-stranded break (DSB). Before the advent of
CRISPR, genome editing was achieved largely through the
use of programmable DNA-binding proteins. These include
e88
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Figure 1. CRISPR-Cas9esgRNA genome targeting. sgRNA complexes with
Cas9 nuclease to hone in on the targeted genomic site containing an adjacent
PAM sequence. Nucleotide hybridization of sgRNA-Cas9 complex to targeted
loci creates a conformational change that activates Cas9 nuclease activity,
resulting in DNA double-strand breaks. Adapted with permission from
Addgene (2016). Cas9, CRISPR-associated protein 9; CRISPR, clustered
regularly interspaced palindromic repeats; PAM, protospacer adjacent motif;
sgRNA, single guide RNA.

zinc ﬁnger nucleases, transcription activator-like effector
nucleases (TALENs), and meganucleases. However, these
designer nucleases are of limited use because they are difﬁcult to produce. The recent discovery of CRISPR transformed
the ﬁeld by allowing for the widespread use of genomeediting technology.
CRISPR genome editing relies on Cas9 and a single guide
RNA (sgRNA). sgRNA is a custom, synthetic, single-stranded
RNA that contains an 18e25-nucleotide sequence speciﬁc
to the target DNA, followed by a scaffold sequence that
complexes with Cas9. Hybridization of sgRNA-Cas9 complex
to the targeted locus creates a conformational change that
activates Cas9 nuclease activity, resulting in a DNA DSB
(Figure 1). CRISPR-Cas9 is a powerful tool for genome editing
because the sgRNA can be quickly designed and synthesized
to target speciﬁc genomic sites. Another advantage of the
sgRNA targeting mechanism is that multiple genes can be
targeted simultaneously. This strategy has been used to
perform genome-wide knockout screens and identify mutations involved in complex biological processes (Shalem,
2013).
STRATEGIES OF GENOME EDITING

Once a DSB is made, investigators rely on two DNA DSBrepair mechanisms innate within a cell to achieve different
editing outcomes—nonhomologous end joining (NHEJ) and
homology-directed repair (HDR) (Figure 2). NHEJ is an
inherently mutagenic process used to permanently knock out

RESEARCH TECHNIQUES MADE SIMPLE 
Figure 2. CRISPR-induced NHEJ and
HDR. Upon Cas9-induced DNA DSB,
the cell repairs the DSB by either NHEJ
or HDR. In NHEJ, random nucleotide
insertions and deletions occur as the
cell ligates the DNA DSB, resulting in
gene disruption. In HDR, the DSB is
repaired using an externally supplied
homologous DNA as a template
for copying. The nucleotide sequence
of the donor template is copied
into the targeted site, resulting in a
directed precise repair. Adapted with
permission from Elsevier (Savi
c and
Schwank, 2016). Cas9, CRISPRassociated protein 9; CRISPR,
clustered regularly interspaced
palindromic repeats; DSB, doublestranded break; HDR, homologydirected repair; NHEJ,
nonhomologous end-joining; PAM,
protospacer adjacent motif; sgRNA,
single guide RNA.

expression of a gene. During NHEJ DSB repair, the cell ligates
DNA blunt ends at the DSB site. In this process, random
nucleotide insertions and deletions occur, resulting in mutations and gene disruption. From a therapeutic perspective,
NHEJ may be applied to monogenic diseases for which gene
knockout is beneﬁcial, such as a dominant-negative mutation, in which the mutant gene product interferes with normal
cellular function.
Alternatively, HDR is a genome-editing strategy used to
precisely correct a mutation through the use of an externally
supplied homologous donor template. In a process akin to
homologous recombination, the DSB is repaired using synthetic homologous DNA as the template for copying.
Generally, the donor template is delivered by traditional
nuclear transfection techniques or viral delivery (Osborn,
2013; Sebastiano, 2014). The nucleotide sequence of the
donor template is copied at the site of the DSB. HDR allows
investigators to direct the repair of a mutated gene by precisely editing the targeted nucleotide sequence. From a
therapeutic perspective, HDR may be applied to monogenic
diseases caused by point mutations. However, HDR is limited

by its lower efﬁciency compared with NHEJ. In general, the
genome-editing efﬁciency of HDR is 0.5e20.0%, whereas
NHEJ can reach efﬁciencies of 20e60% (Maruyama, 2015).
The lower efﬁciency is due in part to the fact that HDR relies
on innate cellular proteins involved in homologous recombination expressed in the S and G2 phases of the cell cycle
(Maruyama, 2015).
APPLICATION OF GENOME EDITING IN
DERMATOLOGICAL RESEARCH

Genome editing holds great promise as a tool for understanding dermatological diseases. For example, Shalem et al.
(2013) performed a genome-wide screen on a human melanoma cell line to identify mutations that confer resistance to
vemurafenib, a therapeutic RAF inhibitor (Shalem, 2013). The
CRISPR-mediated genome-wide screen uses a library of
thousands of unique sgRNAs that target over 18,000 different
genes. The sgRNA library, when delivered with a Cas9
nuclease to a melanoma cell line via lentiviruses, allowed
investigators to knock out the targeted genes simultaneously
via NHEJ genome editing. This experiment resulted in a
www.jidonline.org
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Figure 3. CRISPR-mediated genome-wide melanoma knockout screen.
The CRISPR-mediated genome-wide screen uses a library of thousands of
unique sgRNAs that target over 18,000 different genes. The sgRNA library,
when delivered with a Cas9 nuclease to a melanoma cell line via lentiviruses,
results in a heterogeneous mutant melanoma cell population via NHEJ
genome editing. When exposed to the chemotherapy agent PLX-4032, broad
cell death occurred with the exception of a small cluster of cells that had
acquired mutations rendering them resistant to PLX-4032. Comparing
deep-sequencing results of the initial melanoma cell line to the PLX4032eresistant population validated two known mutations and identiﬁed
four novel loss-of-function mutations responsible for the acquired resistance.
Cas9, CRISPR-associated protein 9; CRISPR, clustered regularly interspaced
palindromic repeats; NHEJ, nonhomologous end-joining; sgRNA, single
guide RNA.

heterogeneous mutant melanoma cell population that, when
exposed to the RAF inhibitor PLX-4032, caused broad cell
death with the exception of a few cells that had acquired
mutations rendering them resistant to PLX-4032. Comparison
of deep-sequencing results of the initial melanoma cell line to
the PLX-4032eresistant population validated two known
e90

Journal of Investigative Dermatology (2016), Volume 136

Figure 4. CRISPR-mediated antimicrobial. (a) CRISPR treatment of a mixed
Staphylococcus aureus population of a nonresistant colony (blue) and an
antibiotic-resistant colony (yellow) results in killing of the targeted strain and
delivery of an immunizing phagemid to the rest of the population. (b) CRISPRmediated immunization against tetracycline resistance. In pUSA02 condition,
bacteria was treated with a CRISPR antimicrobial targeting the tetracycline
resistant plasmid, pUSA02. After tetracycline-resistant plasmid transfer,
bacteria subjected to CRISPR (pUSA02) were vulnerable to tetracycline and
did not grow colonies, indicating NHEJ knockout of tetracycline-resistant
plasmid. Adapted with permission from Macmillan Publishers Ltd: Nature
Biotechnology (Bikard et al. 2014). Ø, nontreated; CFU, colony forming units;
CRISPR, clustered regularly interspaced palindromic repeats; NHEJ,
nonhomologous end-joining; pUSA02, plasmid conferring tetracycline
resistance; Tet, tetracycline.

mutations and identiﬁed four novel mutations responsible for
the acquired resistance (Figure 3).
Another exciting development has been the creation of
CRISPR-Cas9 derivatives for transcriptional and epigenetic
modulation. By attaching transcriptional modulators onto a
nuclease-defective Cas9, investigators can repress or activate
transcription on a site-speciﬁc level (Thakore, 2016).
Konermann et al. (2015) developed a transcription-activating
Cas9 and applied it in a genome-wide screen to identify
up-regulated genes involved in the acquired resistance to
PLX-4032. These results helped investigators understand the
mechanism of PLX-4032 action and provided leads to further
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understand why patients acquire resistance to melanoma
therapies.
Genome editing can also be used for disease modeling.
CRISPR technology allows investigators to develop transgenic
mice that accurately model human diseases faster than ever
before. In this regard, the technology will assist in the efforts
of the International Mouse Phenotyping Consortium to create
a functional catalog of the mammalian genome, which will
likely elucidate genes responsible for skin abnormalities.
Additionally, functions of epidermal genes may be studied by
knocking out functional alleles through NHEJ or repair of
gene mutations through HDR in three-dimensional skin
culture models (Sebastiano, 2014).
CRISPR has also been used as a selective antimicrobial
agent. Acquisition of antibiotic-resistant plasmids within
Staphylococcus aureus has led to an increased incidence of
methicillin-resistant S. aureus infections, which are difﬁcult to
treat because of their virulence and resistance to common
antibiotics. Bikard et al. (2014) developed a nonreplicative
bacteriophage containing Cas9 and sgRNAs targeting
antibiotic-resistant genes in staphylococci. The investigators
showed that their CRISPR-Cas9 antimicrobial virus infected
antibiotic-resistant staphylococci and disrupted the antibioticresistant genes via NHEJ genome editing, while simultaneously immunizing nonresistant staphylococci to prevent
further transfer of antibiotic-resistant plasmids (Figure 4).
Additionally, they showed that the CRISPR-Cas9 antimicrobial module functioned in vivo to kill antibiotic resistant
S. aureus in a mouse skin colonization model. This innovative
method may have clinical application as a selective antimicrobial agent to prevent methicillin-resistant S. aureus infections and the further spread of antibiotic-resistant genes.
Another therapeutic application of genome editing is to
produce genetically corrected epidermal cells for patients
suffering from inherited skin disorders. One disease that has
shown promise to be amenable to HDR genome editing is
recessive dystrophic epidermolysis bullosa (RDEB). RDEB is a
blistering skin disorder caused by a mutation in the COL7A1
gene, which results in a loss of wild-type VII collagen
(COL7A) in the epidermal-dermal junction. RDEB is often
fatal because it results in severe blistering, subsequent limb
deformities, and squamous cell carcinoma (Figure 5a).
Restoration of functional COL7A at the epidermal-dermal
junction is probably the only therapeutic hope for a disease
that is invariably lethal.
Osborn et al. (2013) developed a TALEN-based method to
produce genetically corrected keratinocyte-like cells from a
patient suffering from RDEB. The method involved ﬁrst correcting patient-derived RDEB ﬁbroblasts via nuclear delivery
of plasmids encoding TALENs targeting the COL7A1 mutation
and the HDR-inducing homologous donor template.
Gene-corrected ﬁbroblasts were then reprogrammed into
induced pluripotent stem cells (iPSC) and subcutaneously
Figure 5. TALEN-mediated genome editing for correction of RDEB. (a) RDEB
patient suffering from chronic blistering. Panel a reprinted with permission
from Elsevier (Petrof et al., 2015). (b) Confocal image of the epidermal-dermal
junction in noncorrected RDEB cells, in which collagen VIIA is not detected.
(c) Confocal image of the epidermal-dermal junction in gene-corrected RDEB

=
cells, in which collagen VIIA is detected in the red channel. Panels b and c
reprinted with permission from Macmillan Publishers Ltd: Molecular Therapy
(Osborn et al., 2013). RDEB, recessive dystrophic epidermolysis bullosa;
TALEN, transcription activator-like effector nuclease.
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injected into murine recipients to form teratomas. The
genetically corrected teratomas generated a skin component
with a functional epidermal-dermal junction that contained
COL7A (Figure 5b and c), suggesting that genome editing
could be used to treat genetic skin disorders with genecorrected patient-derived tissue.
CHALLENGES AND FUTURE DIRECTIONS

Taken together, preclinical studies show the potential applications of genome editing for treating genetic blistering diseases and for use as an antimicrobial agent. However, the
challenge remains in translating these laboratory achievements into the clinic. Ideally, a genome-editing skin therapy

MULTIPLE CHOICE QUESTIONS
1. A major advantage of CRISPR over traditional
programmable designer nucleases is
A. CRISPR’s reliance on sgRNA as the targeting
mechanism.
B. CRISPR’s higher gene-targeting efﬁciency.
C. CRISPR’s lower off-targeting efﬁciency.
2. HDR is less efﬁcient than NHEJ because
A. HDR is inherently mutagenic and bad for the
host.
B. HDR relies on endogenous cellular proteins
involved in homologous recombination.
C. HDR relies on particular sequence-speciﬁc
motifs that reduce its frequency, whereas
NHEJ does not.
3. Off-target mutations are a result of
A. mutant nuclease variants that randomly cut
and mutate the genome.
B. ﬂawed sgRNA design, which hyperactivates
Cas9 nuclease activity to randomly cut and
mutate nontargeted sites.
C. nontargeted sites sharing sequence
homology with the targeted locus.
4. CRISPR-mediated genome-wide screens rely on
________ to target _______.
A. sgRNA libraries; multiple genes
simultaneously
B. lentiviruses; gene mutations involved in
the acquired resistance to melanoma
chemotherapy agents
C. Cas9; and kill melanoma cells
5. Cas9 is guided to the targeted locus by
A. endogenous genomic palindromic adjacent
motifs.
B. sgRNA.
C. TALENs.
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should not require reprogramming the primary cell target,
because iPSCs can acquire mutations during reprogramming,
and undifferentiated iPSCs could form tumors if transplanted
into patients (Dinella, 2014). These concerns led Sebastiano
et al. (2014) to develop a protocol involving whole-genome
sequencing of COL7A1-corrected RDEB iPSC cells to select
for clones that had a minimal mutational burden. Their
strategy allowed them to generate COL7A1-corrected iPSCderived epidermal grafts that could, in theory, be transplanted back onto an RDEB patient as an autologous skin
graft (Sebastiano et al., 2014).
Limitations of CRISPR genome editing and its application
in investigative dermatology include genomic target
restrictions, variable sgRNA efﬁciencies, delivering genomeediting modules to primary keratinocytes, and off-target
effects. The design of sgRNA for gene targeting is dependent on the presence of a particular protospacer adjacent
motif (PAM). The PAM sequence is a Cas9-speciﬁc nucleotide motif that must be adjacent to the target site. The most
frequently used Cas9 PAM site, NGG, is present in the
genome every eight nucleotides (Gasiunas, 2013). However,
investigators are discovering Cas9 variants that use alternate
PAM sequences, which is broadening the targeting scope of
CRISPR (Kleinstiver et al., 2015). Another concern is the
growing number of sequence-speciﬁc features that have
been shown to alter sgRNA efﬁciency (Peng, 2015). Delivery
of genome-editing modules can be problematic, because
primary keratinocytes can be difﬁcult to transfect and have a
ﬁnite lifespan. An alternative approach involves reprogramming primary epidermal cells into iPSCs, which can be
genetically modiﬁed and cultured indeﬁnitely and can be
subsequently differentiated into genome-edited keratinocytes (Osborn et al., 2013; Sebastiano et al., 2014). Additionally, as is the case with all genome-editing nucleases,
there are off-target effects. The genome-editing modules may
cut a nontargeted site that shares sufﬁcient sequence similarity with the targeted locus, potentially resulting in a
mutation.
Because limiting off-target effects is an essential prerequisite for the application of genome editing in the clinic, strategies to overcome this challenge are being rapidly
developed. For example, one method involves the use of
recombinogenic adeno-associated viral vectors to mediate
HDR. In this approach, the adeno-associated viral vectors
contain a corrected copy of the mutated gene. Upon infection, the corrected copy replaces the mutated gene via homologous recombination. The advantage of this approach is
that it does not rely on genome-editing nucleases, which can
enact mutagenic DSBs at off-target sites (Mavilio, 2014; Melo,
2014; Sebastiano, 2014). Another strategy to reduce off-target
effects involves a pair of Cas9-nickases that create singlestranded cuts on opposite strands, resulting in a DNA DSB.
Because off-target hits result in single-stranded breaks, as
opposed to a DSB, and single-stranded breaks are corrected
by a fairly nonmutagenic repair pathway, off-target mutations
are greatly reduced using these Cas9-nickases (Davis, 2011).
Furthermore, an innovative development has been the creation of a high-ﬁdelity Cas9 variant designed to reduce offtarget effects (Kleinstiver, 2016). The high-ﬁdelity variant
retained on-target efﬁciencies comparable to wild-type Cas9.

RESEARCH TECHNIQUES MADE SIMPLE 
More importantly, most off-target mutations associated with
wild-type Cas9 were not detected. These examples highlight
the amazingly rapid innovation surrounding the development
of CRISPR and genome editing.
In conclusion, although challenges of CRISPR remain,
innovative developments will further improve this technology.
This is an exciting time for the ﬁeld of genome editing.
We believe the technology has a bright future as a therapeutic
and scientiﬁc tool to treat and study dermatologic pathologies.
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 RTMS ANSWERS

RTMS Article 37, October 2015 Microarray Techniques
to Analyze Copy-Number Alterations in Genomic DNA:
Array Comparative Genomic Hybridization and
Single-Nucleotide Polymorphism Array
QUESTIONS

1. Comparative genomic hybridization is a tool that is
suited to
A. Detect copy-number alterations.
B. Detect translocations.
C. Give information about gene expression.
2. A genomic array-CGH proﬁle without any detectable
alteration indicates
A. The lack of tumor cells.
B. Copy numbereneutral LOH.
C. Balanced rearrangements.
D. Probe density that is too low.

ANSWERS

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

3. Array CGH is preferably performed using DNA obtained
from
A. Frozen tissue with low tumor content.
B. Parafﬁn-embedded tissue with low tumor content.
C. Frozen tissue with high tumor content.
D. Parafﬁn-embedded tissue with high tumor content.
4. Major advances in array approaches do not include the
following:
A. Multiple genetic loci are investigated in one
experiment.
B. A wide dynamic range in copy-number estimation
allows for detection of gains and losses.
C. Array CGH can be performed on heterogeneous cell
populations.
D. Information on spatial organization of the involved
chromosomes.
5. The resolution for the detection of copy-number
alterations depends largely on
A. The probe density on a chip.
B. The software that is used.
C. The DNA quality of the samples.
D. The amount of available sample DNA.
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RTMS ANSWERS 

RTMS Article 38, November 2015 Research Techniques
Made Simple: Drug Delivery Techniques, Part 1: Concepts
in Transepidermal Penetration and Absorption
QUESTIONS

1. The amount of substance crossing the skin per unit area
per unit time deﬁnes which of the following terms?
A. Accumulation.
B. Penetration.
C. Absorption.
D. Supersaturation.

ANSWERS

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

2. Which of the following effects is seen with increased pH?
A. Increased desquamation.
B. Decreased desquamation.
C. Facilitation of sphingomyelinase.
D. Increased barrier function.
3. According to Fick’s equation, which of the following will
increase ﬂux across the epidermis?
A. High concentration of the substance in the skin before
application.
B. High partition coefﬁcient.
C. High skin thickness.
D. Low diffusivity.
4. Which excipient/enhancer of excipient is thought to work
by evaporation and subsequent formation of the drug in a
supersaturated state?
A. DMSO.
B. Ethanol.
C. Azone.
D. Urea.
5. The extracellular space of the stratum corneum is
described as which of the following?
A. Hydrophobic.
B. Hydrophilic.
C. Neutral in polarity.
D. Both hydrophobic and hydrophilic.

ii

Journal of Investigative Dermatology (2016), Volume 136

ª 2015 Society for Investigative Dermatology

 RTMS ANSWERS

RTMS Article 39, December 2015 Humanized Mice in
Dermatology Research
QUESTIONS

1. Hu-PBL refers to which of the following type of
humanized mouse models:
A. Mice transplanted with fetal liver and thymus
fragments.
B. Immunodeﬁcient mice in which PBMCs or
lymphocytes are transplanted with engraftment
of mature lymphocytes.
C. Immunocompetent mice transplanted with human cells
lacking IL-2 expression.
D. Immunodeﬁcient mice transplanted with PBMCs or
lymphocytes with resultant multilineage
hematopoiesis.
2. Why are immunodeﬁcient mice used as “hosts” for
humanized mouse models?
A. Immunocompetent mice have dendritic cells that
would reject human cells.
B. There is space in the host-mouse bone marrow for
engraftment of human cells.
C. They lack T, B, and natural killer cells that would
otherwise reject human cells.
D. Their inability to signal through IL-4, -7, -9, -15, and
-22 prevents rejection of human cells.

5. Which is true of humanized mouse models?
A. They are diverse and in constant development.
B. The term refers to mice containing functional human
proteins, cells, tissues, and organs.
C. They may also be called “humanemouse chimeras” or
“xenotransplants” in the case of mice containing
human cells or tissues.
D. All of the above.

ANSWERS

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

3. What immunodeﬁcient strains are most commonly
employed for humanized mouse models?
A. SCID and nude mice.
B. Rag and nude mice.
C. NSG and NOG mice.
D. NSG and Rag mice.
4. Humanized mouse models have been used in which of the
following areas of dermatologic research?
A. Pemphigus vulgaris and other autoimmune diseases.
B. Wound healing.
C. Squamous cell carcinoma and other cutaneous
malignancies.
D. All of the above.
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RTMS ANSWERS 

RTMS Article 40, January 2016 Research Techniques Made
Simple: Techniques to Assess Cell Proliferation
QUESTIONS

1. Which of the following is NOT used for assessing cell
proliferation?
A. Cytoplasmic proliferation dyes
B. Cell cycle-associated proteins
C. Nucleoside-analogs incorporated during DNA
synthesis
D. Bioassay-guided fractionation

ANSWERS

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

2. Which of the following methods uses radioactive
material?
A. Tritiated thymidine incorporation
B. Cell counting
C. 5-Bromo-20 -deoxyuridine incorporation
D. Carboxyﬂuorescein diacetate succinimidyl ester dye
3. In which of the following phases of the cell cycle is Ki-67
expression absent?
A. G0
B. G1
C. S
D. G2
4. Which proliferation assay can be used on patient samples
that are formalin-ﬁxed and parafﬁn embedded?
A. CFSE labeling
B. Tritiated thymidine incorporation
C. Ki-67 staining
D. BrdU incorporation
5. Which assay can be used to measure proliferation in vivo
in an animal over time? Which assay provides a snapshot
of proliferation at the time of tissue harvest?
A. Tetrazolium salt assay, Ki-67 staining
B. Histone H3 staining, CFSE labeling
C. BrdU incorporation, Ki-67 staining
D. Ki-67, BrdU incorporation
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 RTMS ANSWERS

RTMS Article 41, February 2016 Research Techniques
Made Simple: Skin Carcinogenesis Models:
Xenotransplantation Techniques
QUESTIONS

1. Which of the following murine models is more receptive
for the engraftment of human tumor cells?
A. NOD/SCID
B. SCID
C. NOD/SCID/IL2rg null (NSG)
D. Athymic Foxn1nu (nude)
2. Are SCC cells highly tumorigenic when used in
xenotransplantation assays?
A. SCC cells are less tumorigenic when injected with
human dermal ﬁbroblasts
B. SCC cells form aggressive tumors when injected at high
concentration
C. SCC cells form aggressive tumors when injected in
the ear
D. Freshly isolated SCC cells are not highly tumorigenic
when injected subcutaneously in nude mice without
a stromal bed
3. Which of the following sentences is false?
A. Subepidermal injections enhance SCC tumorigenic
potential and can be used to test cancer inhibiting
small compounds
B. Ear injections can be used to monitor expansion of
tumorigenic cells in real time using conventional
ﬂuorescence stereomicroscopy
C. In subcutaneous injections, the presence of human
dermal ﬁbroblasts enhances tumor growth of human
SCC primary cells
D. Grafting of human engineered skin onto mice
reconstitutes a human skin-like environment

5. Why does preimplantation of a glass disk or Gelfoam
improve tumorigenicity of SCC cells in subcutaneous
injections in nude mice?
A. It generates a wound-like environment, allowing easier
access for implantation of SCC cells
B. It induces secretion of T-lymphocyteesecreted
chemokines, thus favoring tumor growth
C. It allows the SCC cells to grow more efﬁciently in
clusters
D. It creates a favorable environment by generating a
stromal reaction

ANSWERS

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

4. What is the advantage of injecting SCC cells in the
subepidermal compartment?
A. Allows injection of a low number of cells
B. Allows interaction of cancer cells with a more
physiological environment
C. Induces a higher inﬂammatory response
D. Promotes rapid tumor growth
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RTMS ANSWERS 

RTMS Article 42, March 2016 Research Techniques Made
Simple: Bacterial 16S Ribosomal RNA Gene Sequencing in
Cutaneous Research
QUESTIONS

1. The selection of speciﬁc variable regions of 16S rRNA
gene sequencing is important for:
A. Identifying bacteria at a species level
B. Reducing sequencing errors
C. Finding novel fungal species
D. Distinguishing between viruses

ANSWERS

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

2. All of the following are observed in skin 16S rRNA gene
sequencing except:
A. Microbial DNA on skin has low biomass
B. Skin microbiome sampling and processing is highly
resistant to contamination
C. Skin bacterial communities can be inﬂuenced by host
factors
D. Additional investigations are important in
understanding cause-and-effect relationships
between skin bacterial communities and disease
3. de novo OTU clustering refers to:
A. Sequences are compared and grouped according to
their similarity to existing reference sequences
B. Sequences are compared and grouped according to
their similarity to each other
C. Sequences are grouped according to GC contents
4. All of the following are limitations of 16S rRNA gene
sequencing except:
A. 16S rRNA gene sequencing quantiﬁcation is relative,
not absolute
B. Taxonomy assignment is reliant on the completeness of
reference databases
C. It is difﬁcult to discriminate cause-and-effect
relationships using this technique
D. 16S rRNA gene sequencing is culture dependent
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 RTMS ANSWERS

RTMS Article 43, April 2016 Research Techniques Made
Simple: Noninvasive Imaging Technologies for the
Delineation of Basal Cell Carcinomas
QUESTIONS

1. Which of these technologies is otherwise known as
epiluminescence microscopy?
A. Dermoscopy
B. Confocal microscopy (CM)
C. Optical coherence tomography (OCT)
D. All of the above

ANSWERS

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

2. When used to enhance tumor contrast in confocal
microscopy, what subcellular structure does acridine
orange highlight?
A. Keratin
B. Cytoplasm
C. Nuclei
D. Cell membrane
3. Which device has an excellent lateral resolution of
0.5-1 mm (micrometer) but a limited depth of penetration
of 200 mm (micrometer)?
A. Dermoscopy
B. Confocal microscopy (CM)
C. Optical coherence tomography (OCT)
D. All of the above
4. Which of these technologies works in a manner
analogous to ultrasound but uses light instead of
sound waves?
A. Dermoscopy
B. Confocal microscopy (CM)
C. Optical coherence tomography (OCT)
D. All of the above
5. Features of confocal microscopy include which of the
following?
A. Provides 10x magniﬁcation and sometimes uses a
polarized light source
B. Utilizes 830 nm light focused through a narrow pinhole
C. Relies upon low-coherence interferometry
D. Emits ultraviolet light, which reﬂects off the object
being viewed
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RTMS ANSWERS 

RTMS Article 44, May 2016 Research Techniques Made
Simple: Drug Delivery Techniques, Part 2: Commonly
Used Techniques to Assess Topical Drug Bioavailability
QUESTIONS

1. Which of the following types of skin and/or membrane is
typically preferred in the Franz/Bronaugh cell chamber?
A. Human skin
B. Animal skin
C. Artiﬁcial membrane
D. All of the above are equally preferred

ANSWERS

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

2. What is a unique advantage of isolated perfused skin
models?
A. Allows assessment of the bioavailability of any topical
drug
B. Takes into consideration the effects of microcirculation
and metabolism, without systemic involvement
C. Allows the blanching effects of topical drugs to be used
as a surrogate marker for bioavailability
D. Uses human skin without requiring live human subjects
3. What causes the unique blanching effects of topical
corticosteroids?
A. Neurotoxins
B. Lipophilicity
C. Local vasoconstriction
D. Tachyphylaxis
4. Why are tape strips always weighed before and after
application when they are used to determine the
bioavailability of topical drugs?
A. To increase the absorption of the topical drug
B. To use the data in other experiments
C. To standardize various tape strip and stratum corneum
variables
D. No particular reason
5. If the test drug is lipophilic, what adjustment can be made
to the microdialysis technique to improve outcomes?
A. Add solvents to the solution to allow better solubility
B. Increase the ﬂow rate to 100e200 ml/min
C. Repeat the study multiple times
D. No adjustments can be made
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 RTMS ANSWERS

RTMS Article 45, June 2016 Research Techniques
Made Simple: Monitoring of T-Cell Subsets using
the ELISPOT Assay
QUESTIONS

1. What does the ELISPOT assay detect?
A. Total analyte concentrations in culture supernatants
B. Surface marker expression
C. Analytes released from cells
D. Tissue-bound antibodies
2. What source material is needed for ELISPOT analysis?
A. Whole blood
B. Tissue
C. Serum
D. Single-cell suspensions

ANSWERS

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

3. ELISPOT assays are based on which principle?
A. One spoteone cell
B. One spoteone analyte
C. One spoteone enzyme
D. One spoteone antibody
4. What might be one reason for the overlay of spots in the
ELISPOT assay?
A. The concentration of stimulus was too low
B. The detection antibody was absent
C. The applied cell density was too high
D. The blocking period was too long
5. Which is not a characteristic feature of the ELISPOT
assay?
A. High sensitivity
B. High interassay reproducibility
C. High intra-assay variability
D. High throughput
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RTMS ANSWERS 

RTMS Article 46, July 2016 Research Techniques Made
Simple: Immunoﬂuorescence Antigen Mapping in
Epidermolysis Bullosa
QUESTIONS

1. Which protein used as a marker in IFM can be altered in
dystrophic EB?
A. Collagen type IV
B. Collagen type XVII
C. Collagen type VII
D. Laminin-332
E. None of the above
2. Which of the following is not true regarding IFM?
A. It may indicate the skin layer where cleavage occurs.
B. It may indicate the mutated gene and dysfunctional
protein in EB.
C. It may indicate the presence of revertant mosaicism in
the skin of an EB patient.
D. The specimen may contain areas with artiﬁcial
cleavage.
E. It always yields speciﬁc and clear results.
3. Which is the best biopsy site if EB is suspected and use of
IFM is requested?
A. Near a recent blister (less than 12 hours)
B. An erosive area
C. The skin should be rubbed with an eraser to induce
new blister formation, and a biopsy of that site should
be taken several minutes later.
D. Palms or soles
E. Any blister will indicate the layer where skin cleavage
occurs.

5. Which of the following is wrong regarding the primary
antibodies used in IFM?
A. A minimal panel of antibodies can be employed
B. For an extended IFM, antibody costs are signiﬁcantly
high.
C. Primary antibodies are always conjugated with a
ﬂuorescent compound.
D. A negative control (secondary antibodies without
primary antibodies) should always be run.
E. An extended panel of primary antibodies can be used
depending on the complexity of the question.

ANSWERS

1. C.
2. E.
3. C.
4. C.
5. C.

4. Which of the following statements is true in junctional
EB?
A. In a junctional blister, collagen IV stains at the blister
ﬂoor.
B. Immunoreactivity for collagen VII is altered.
C. Immunoreactivity for collagen XVII may be altered.
D. Collagen VII stains at the blister roof.
E. The level of cleavage can be assessed by hematoxylin
and eosin staining
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 RTMS ANSWERS

RTMS Article 47, August 2016 Research Techniques Made
Simple: Methodology and Clinical Applications of RNA
Sequencing
QUESTIONS

1. RNA sequencing (RNA-seq) is capable of which of the
following?
A. Identifying mutations
B. Detecting fusion gene products
C. Quantifying expressed transcripts
D. Characterizing regulatory noncoding RNAs
E. All of the above
2. Substrates for RNA-seq include all of the below EXCEPT
which of the following?
A. RNA obtained from formalin-ﬁxed tissue
B. DNA derived from cells obtained by needle aspiration
C. Complementary DNA derived from individual cells
obtained via ﬂow cytometric sorting
D. Fungal and viral transcripts
3. The basic methodological steps of RNA-seq include which
of the following?
A. DNA fragmentation, template ampliﬁcation,
sequencing, and analysis
B. Template preparation, RNA fragmentation, sequencing,
and analysis
C. RNA isolation, whole-exome capture, sequencing, and
analysis
D. Template preparation, hybridization, sequencing, and
analysis
E. RNA fragmentation, emulsion PCR, sequencing, and
analysis

5. Applications of RNA-seq in medicine include(s) which of
the following?
A. Detection of mutations underlying cancer and
inherited diseases
B. Biomarker discovery
C. Comparative gene expression analysis
D. Sequencing of colonizing microbial genomes
E. All of the above

ANSWERS

1. E.
2. B.
3. B.
4. E.
5. E.

4. Which of the following describe(s) advantages of
RNA-seq over hybridization-based techniques
such as microarrays?
A. Lower cost
B. Higher sensitivity and ability to detect low-frequency
transcripts
C. Rapid quantitative measurement of a limited set of
genes
D. De novo transcript discovery
E. B and D
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RTMS Article 48, September 2016 Research Techniques
Made Simple: The Application of CRISPR-Cas9 and
Genome Editing in Investigative Dermatology
QUESTIONS

1. A major advantage of CRISPR over traditional
programmable designer nucleases is
A. CRISPR’s reliance on sgRNA as the targeting
mechanism.
B. CRISPR’s higher gene-targeting efﬁciency.
C. CRISPR’s lower off-targeting efﬁciency.

ANSWERS

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

2. HDR is less efﬁcient than NHEJ because
A. HDR is inherently mutagenic and bad for the host.
B. HDR relies on endogenous cellular proteins involved in
homologous recombination.
C. HDR relies on particular sequence-speciﬁc motifs that
reduce its frequency, whereas NHEJ does not.
3. Off-target mutations are a result of
A. Mutant nuclease variants that randomly cut and mutate
the genome.
B. Flawed sgRNA design, which hyperactivates Cas9
nuclease activity to randomly cut and mutate
nontargeted sites.
C. Nontargeted sites sharing sequence homology with the
targeted locus.
4. CRISPR-mediated genome-wide screens rely on_______
to target_______.
A. sgRNA libraries; multiple genes simultaneously
B. lentiviruses; gene mutations involved in the acquired
resistance to melanoma chemotherapy agents
C. Cas9; and kill melanoma cells
5. Cas9 is guided to the targeted locus by
A. endogenous genomic palindromic adjacent motifs.
B. sgRNA.
C. TALENs.
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