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studies proved that these concepts are indeed valid for
certain clinical disorders of both monogenic and polygenic
origins. Thus, the future looks quite promising in general.
However, when the concept is applied to model a wide range
of diseases, we often encounter practical limitations and
obstacles for their genuine application to understand dis-
eases, and realize their application has not been as straight-
forward as initially proposed. First, despite numerous
published protocols, in vitro differentiation of iPSCs is
challenging, often requiring tremendous effort for optimi-
zation until the system becomes useful in other laboratories.
Second, even after differentiation is successfully achieved, a
major obstacle frequently resides in limited value of the
in vitro outcomes, which may not closely represent disease
conditions.

As we have witnessed triumphal examples and experienced
many practical obstacles at the same time, we are gradually
recognizing ways to utilize patient iPSCs more wisely. Three
years have passed since we wrote the previous review in
Laboratory Investigation,' and during this time, we have had
the opportunity to manage a core facility for patient
iPSC research at the University of Florida. Thus, we feel
this is a good time to revisit the issue of ‘modeling diseases
in a dish’ using patient iPSCs, and try to elucidate where we
are now with the technology. We target general experi-
mental pathologists as primary readers of the present review,
particularly those who are interested in starting patient
iPSC research to study a disease of their interest, but not
yet sure whether the direction will justify the effort. As
there are many outstanding review articles available for
recent technological advances in iPSCs,>> here we will
focus more on introducing practical issues and solutions for
pathobiology applications, leaving extensive details to the
references.

EXEMPLARY CASES

To understand how patient iPSC research is generally con-
ducted, it is useful to introduce a few exemplary cases briefly,
in which patient iPSCs have been wisely and beneficially
utilized. As iPSCs retain genomic information from the ori-
ginal patient, theoretically we can analyze phenotypic and
functional characteristics manifested from changes in the
individual genome. Initially, early-onset monogenic dis-
orders, where a single genetic aberration is considered to
cause severe deleterious effect on cellular function, have been
studied preferentially using iPSCs.

Early-Onset Monogenic Disease

An exemplary work proving the concept, ‘modeling diseases
in a dish’ was first published in January 2009 by Ebert et al.®
The authors successfully established iPSCs from patients with
spinal muscular atrophy, differentiated them into motor
neurons, and demonstrated the premature death of neurons
in vitro, a phenotype reflecting the disorder. Importantly, the
study further proposed that disease iPSCs could be utilized to
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screen novel drugs that could de-repress the SMN2 gene, a
close homolog of the mutated SMNI gene. SMN2 is normally
not expressed in neurons but could mitigate the disease
phenotype when induced. It should be noted that the SMN2
gene only exists in humans but not in rodents, thus this type
of drug screening would only be possible using human
neurons.

Late-Onset Monogenic Disease

Modeling late-onset disease in a dish is a more difficult task
because some environmental factors, for example, oxidative
stressors, may be involved in disease progression. Never-
theless, Nguyen et al’ demonstrated, for instance, that a
phenotype of a familial Parkinson’s disease (PD) can be
evaluated in vitro. The authors generated iPSCs from a patient
with a mutation in the leucine-rich repeat kinase 2 (LRRK2)
gene and differentiated the iPSCs into dopaminergic neurons.
The resultant dopaminergic neurons were more susceptible
to oxidative stressors (hydrogen peroxide, MG-132 and
6-hydroxydopamine), compared with those from control
iPSCs. The study also demonstrated that the patient iPSC-
derived dopaminergic neurons had an increase in o-synuclein,
which is one of the major components of Lewy bodies, a
hallmark of PD pathology.

Proving the Causal Mutation and Elucidating a Novel
Mechanism

LRRK2-G2019S is the most commonly identified mutation,
but it is only found in a few percent of the sporadic PD
patients. Genome-wide association studies suggested that
many other polymorphisms in other genomic loci are linked
to the disease phenotypes and clinical courses. To that end, the
exact pathological mechanism caused by the LRRK2-G2019S
mutation needed to be elucidated using isogenic controls.
Reinhardt et al® applied genomic engineering technology to
correct the G2019S mutation in patient iPSCs. They confirmed
LRRK2-G2019S indeed induced pathological changes of
dopaminergic neurons such as deficit in neurite outgrowth,
defect in autophagy, increase in o-synuclein, and higher
susceptibility to oxidative stress. Furthermore, the study
demonstrated the LRRK2-G2019S mutation is associated
with activation of extracellular signal-regulated kinases
(ERKs), which leads to transcriptional dysregulation of
CPNES8, MAP7, UHRF2, ANXA1 and CADPS2, resulting in
neural degeneration. By demonstrating an ERK inhibitor-
mediated amelioration of the neurodegeneration, the study
indeed indicated a novel therapeutic approach for patients
with PD.

Polygenic Disorder or Disease of Unknown Causes

In the case of polygenic disorders or sporadic diseases with
unknown causes, it is more challenging to obtain useful
outcomes using patient-derived iPSCs. Israel et al’
successfully investigated neural phenotypes derived from
both familial and sporadic Alzheimer’s disease. One of the
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Figure 1 SWOT analysis before start patient iPSC research. It is critical to
analyze all the strengths and potential problems you have before you
initiate patient iPSC research. A local iPSC core facility may also assist you
to analyze individual projects and create a research design.

two sporadic patient’s iPSCs showed higher levels of the
pathological markers amyloid-f (1-40), phosphor-
tau(Thr231) and active glycogen synthase kinase-3f (aGSK-
3f3), as those derived from familial Alzheimer’s disease, while
the other case did not. These observations offered new
opportunities to investigate the mechanisms underlying
heterogeneity among sporadic cases. For such studies,
however, a larger number of patients and controls would
ideally be required.

Imprinting Disorders

In addition to genetic diseases, the iPSC models facilitate in-
vestigation of epigenetic-related diseases such as Beckwith—
Wiedemann syndrome, Silver—Russell syndrome, Angelman
syndrome and Prader-Willi syndrome. Unlike genetics based
on the DNA sequence, epigenetic processes involve DNA
methylation and histone modulation. One of the most im-
portant epigenetic phenomena is genomic imprinting by
which genes are expressed in a parent-of-origin-specific
manner. Abnormality of the imprinting mechanism during
development causes epigenetic diseases. The methylation sta-
tus of imprinting genes is maintained during iPSC generation
and subsequent cultivation, implying that imprinting disease
iPSCs are worth investigating to elucidate mechanism of im-
printing abnormality.’® Patient iPSCs from Angelman and
Prader-Willi syndrome have been established and utilized for
examination of epigenetic and transcriptomic abnormalities,
and for testing compounds aimed at correcting the epigenetic
aberrations.'*!2 One must use caution when analyzing
epigenetic aberrations in imprinting disease iPSCs because
the process of iPSC generation is associated with epigenetic
dynamics that may bias interpretation.!> However, iPSCs with
in vitro multipotency have been an invaluable tool to clarify
molecular mechanisms as a simulator of developmental
defects. 413
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Figure 2 A typical work flow of patient iPSC research and tips for
individual steps. (1) iPSC generation (~ 3 weeks)—multiple clones from
multiple patients using non-integrating reprogramming vectors;

(2) Quality control (QC) and storage (1-4 weeks)—first by morphology
and pluripotency markers, then ideally by gene expression profiling,
teratoma formation, karyotyping, exome analysis, and mycoplasma
testing; (3) Isogenic controls made by gene editing serve as ideal
controls; (4) Differentiation (2-10 weeks)—consult a local iPSC core or
colleagues to identify the best available protocols; (5) Disease
recapitulation—set realistic goals to demonstrate unique pathological
changes in vitro; (6) Study further disease mechanisms—molecular ‘omic’
analyses are often used here. ‘Green’ highlighted parts are usually taken
care by a local iPSC core facility (if desired), whereas ‘blue’ highlighted
parts will typically be performed by individual investigators.

PRACTICAL ADVICE BEFORE YOU BEGIN

These exemplary cases certainly make us feel hopeful that we
can apply patient iPSCs to various diseases. Taking all the
progress and current issues into consideration, which we
discuss more in detail in the following section, we have
compiled practical tips you may find useful when starting
patient iPSC research. First, it is essential to analyze whether
the project is worth pursuing, as with any other new research
projects. A SWOT analysis, for an example as shown in
Figure 1, will guide you to identify the potential internal
and external strengths and weaknesses of your direction.
Unfortunately, the field is highly competitive, and the
funding is scarce; thus it is critical to fully analyze the status
of your project before beginning. In the end, the most
important factor in the analysis is whether you have unique
and significant question(s) that are likely answered using
patient iPSCs.

When the analysis is positive, Figure 2 illustrates an actual
workflow of the study with estimated time lines. Unless you
have extensive experience in human pluripotent stem cell
culture, it is easiest to consult with an iPSC core facility or
colleagues to generate patient iPSCs. In a typical study of a
monogenic disorder, generation of three iPSC clones from
three individual patients is minimally required, along with an
equivalent number of controls; however, such number can
vary considerably depending on your questions. The quality
of iPSC clones should also be controlled by the core facility to
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Table 1 List of iPSC banks and registries by disease
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Diseases Institute Website
General Corriel Institute/NIGMS httpi//ccr.coriell.org/Sections/Collections/NIGMS/ipsc_list.aspx?Pgld=696
American Type Cell Collection hitp//www.atcc.org/Products/Cells_and_Microorganisms/Stem_Cells/Human_IPS_
Pluripotent.aspx
RIKEN Bioresource Center Cell Bank http://www.brcriken jp/lab/cell/english/index_hps.shtmi
Wi-Cell http//www.wicell.org/home/stem-cell-lines/order-stem-cell-lines/
obtain-stem-cell-lines.cmsx
Boston University, Center for Regenerative Medicine http://www.bu.edu/dbin/stemcells/ips_cell_bank.php
U MASS International Stem Cell Registry http://www.umassmed.edu/iscr/Genetic-Disorders-Lines/
U Connecticut Stem Cell Core http://stemcellcore.uchc.edu/services/distribution.html
Harvard Stem Cell Institute http://stemcelldistribution.harvard.edu/shoppingCart/index
Neural Corriel Institute/NINDS http//ccr.coriell.org/Sections/Collections/NINDS/ipsc_list.aspx?Pgld=711&coll=ND
Mental NIMH Stem Cell Center http//nimhstemcells.org/catalog.html

Currently available information of iPSC bank and registry (June 2014). Please note that the list here may not cover all the available sites.

meet the current standard, as discussed later. If patient iPSC
clones or fibroblasts already exist in publicly available
libraries, you can save substantial amount of time and cost.
Table 1 shows a list of disease iPSC bank and registry, in
which you may be able to find the lines of your interest.
Additional information is available in a recent review article
specifically discussing this topic.'®

As we discuss later, iPSC differentiation should ideally be
performed in collaboration between your lab and the iPSC
core or a person who has iIPSC expertise. In the steps of
disease recapitulation and further mechanism studies, it is
particularly important to set practical goals for patient iPSC
research. First, you should accurately estimate purity, quan-
tity and maturation status of the resultant iPSC-derived
differentiated cells. Depending on those factors, you can
identify what types of assays can be performed with the
prepared cells. In general, patient iPSCs will hold the most
value in identifying molecular changes caused by pathogenic
mutations in certain human cell types. ‘Omic’ level screening
will be particularly useful there; and isogenic iPSC clones
with the mutation corrected through gene editing would
serve as ideal controls in such tests, as discussed later.

TECHNICAL IMPROVEMENT AND REMAINING
CHALLENGES

iPSC Generation

Viral methods

Methods for achieving reprogramming have progressed
significantly from the groundbreaking work completed by
Yamanaka and colleagues. The variety of reprogramming
approaches stems from an interest to develop methods that
do not integrate DNA into the host genome, making them
feasible for eventual use in clinical applications. Virus-
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mediated reprogramming is commonly used for its capacity
to efficiently transduce cells of interest. Original methods
using retrovirus®!? and lentivirus'® remain widely used. The
disadvantage is that these viruses integrate transgenes
randomly into the host genome upon infection. This has
the potential to cause unpredictable changes in the genome
and result in aberrant transgene expression, which can
potentially impact data interpretation and differentiation
potential. Although scientists have devised ways to remove
the transgenes after reprogramming is complete (using loxP
sites and Cre recombinase),!® it is still necessary to
thoroughly screen clones for confirmation of excision and
loxP site retention that may alter endogenous gene
expression. For these reasons, methods to reprogram cells
have since focused on naturally non-integrating approaches.

Improvements using viruses that do not integrate into the
genome, including adenovirus and Sendai virus, are be-
coming increasingly popular. The use of adenovirus was first
applied to iPSC reprogramming shortly after the initial re-
programming reports.’»?! Adenovirus was chosen for its
inability to integrate into the genome and ability to provide
high transgene expression for a limited amount of time as the
virus is reduced with each cell division. Although successful,
the incidence of tetraploid cells following reprogramming has
limited its usefulness.?

Sendai virus has recently been developed for reprogram-
ming because it is non-cytopathic and remains in the cyto-
plasm of host cells.?? In addition, it has the ability to
reprogram peripheral blood mononuclear cells (PBMCs) in
addition to other somatic cells (including fibroblasts). In
addition to the non-integrating nature of this virus, it is
cleared by culturing cells at an elevated temperature, or
treatment with siRNA against the large protein (L-gene) of
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the virus. Recently, a modification has also been introduced
that enables clearance by microRNA 302L, naturally
produced by pluripotent cells, which recognizes an inserted
microRNA targeting sequence that was incorporated into the
vector (Nakanishi, personal communication).

Non-viral methods

Non-viral methods include minicircle and episomal plas-
mids, piggyBac transposon, RNA transfection, protein trans-
duction, and microRNA transfection. Traditional transfection
was successfully used to reprogram mouse cells using poly-
cistronic plasmids.?>** However, extensive screening was
necessary to find clones without integration. In addition,
repeated transfections were necessary to maintain high
transgene expression. Minicircle DNA was first applied to
reprogram adipose stem cells.?”> Polycistronic minicirce is
advantageous because transfection efficiency is improved and
it is diluted out more slowly during cell division, thus
reducing the number of transfections required. Unfor-
tunately, both conventional and minicircle DNA reprogram
at much lower efficiency and also require more hands on
time due to multiple transfections. Episomal plasmids can be
stably introduced into cells using drug selection, and can be
removed after drug selection is discontinued. Yu et al”® first
showed feasibility of this method in 2009 by reprogramming
human foreskin fibroblasts, although unfortunately this
method also vyielded low efficiency. The piggyBac
transposon system enables the removal of all exogenous
elements, cleaner than the Cre-loxP system. In 2009, multiple
groups demonstrated high efficiency reprogramming using
tetracycline-inducible or polycistronic expression of the
reprogramming factors.”’~? Although removal of the
transgenes was demonstrated by sequencing, transposase-
mediated excision of transgenes was shown to also induce
microdeletion of genomic DNA, which could pose a problem
for future use.

Methods described thus far carry the risk of unexpected
persistence or genetic modification. To circumvent this, sci-
entists have been devising methods, which do not introduce
DNA into the host cell. mRNA synthesized in vitro from
c¢DNA of the reprogramming factors was demonstrated to be
successful in 20103° This method utilized host cells
translation machinery, although it requires five consecutive
transfections to be successful. Protein delivery is an alter-
native to nucleic acid introduction. Harnessing the ability of
reprogramming factors tagged with C-terminus poly-
arginine domains to transduce through the cell membrane,
two groups showed feasibility.>1*? Protein delivery method
eliminates the need to screen for integration of transgenes.
However, efficiency was lower, and multiple rounds of
transduction were necessary. In 2011, mature double-
stranded microRNA including mir-200c, mir-302s and
mir369s family of microRNAs were shown to reprogram
somatic cells by direct transfection.”® Although this method

resulted in lower efficiency, it provides a viable method
compatible with clinical use.

Ultimately, these methods and modifications have laid the
groundwork for improving methodology. Combination of
these methods with small molecules has been shown to im-
prove reprogramming. In 2013, Deng’s group used a cocktail
of seven compounds to reprogram mouse somatic cells into
iPSCs at efficiency comparable to standard reprogramming
techniques.* The ability to apply this technique to human
cells would be an exciting advance in the field. Although
many methods focus on efficiency, it is important to note
that efficiency alone is not the most important aspect of the
reprogramming process. In the end, it is more important to
obtain a number of high quality iPSCs clones. Generally,
fewer than 10 clones per individual are needed, especially if
using a non-integrating method where exhaustive transgene
screening is not necessary.

Practical considerations

Starting cell type before reprogramming is an important
consideration. Dermal fibroblasts and PBMCs are the most
common starting cells, and while most methods nearly always
reprogram dermal fibroblasts successfully, using a method
that also works for PBMCs increases flexibility. Benefits in-
clude reduced processing time (biopsy outgrowth can require
up to 1 month vs isolation of PBMCs from a blood draw can
be completed within an hour). In addition, a blood draw is
less invasive and particularly useful for obtaining cells from
pediatric patients. Ultimately, starting cell type may vary
depending on the questions to be asked. If initial assays using
fibroblasts can be useful for disease understanding, it may be
advantageous to reprogram those cells. Regardless of delivery
method (virus, plasmid and so on), utilizing polycistronic
plasmids to introduce all reprogramming factors at once is
easier and increases the likelihood of successfully repro-
gramming.

Commercial availability of multiple reprogramming
methods is also increasing. Although cost may be an issue, it
is possible to send samples to be reprogrammed using var-
ious non-integrating methods or to purchase ready to use
reagents to complete the procedure in the lab. In addition, it
is important to realize the reprogramming process itself is
not the only barrier to overcome. It is imperative to learn
proper culture techniques. To this end, many commercially
available cell culture media are available (Life Technologies,
ReproCell, Stem Cell Technologies and so on) that can ease
the transition for researchers who are new to the culture
techniques required to propagate these cells. Even for sea-
soned scientists, commercial protocols and products enable
quick improvements and it is advantageous to keep up to
date to reduce labor and improve quality of iPSC culture.

In addition to various culture media, there are also a
number of different substrate iPSCs can be cultured on
(mouse embryonic fibroblasts, Matrigel, Vitronectin, Geltrex
and so on). In addition, iPSCs themselves are generally an
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intermediate resource before differentiation to various
lineages. As such, the vast variety of differentiation protocols
generally has different starting cell culture conditions.
Usually, these are referred to as feeder dependent or feeder
free. For this reason, it may be advantageous to generate
frozen stocks cultured by feeder-dependent and feeder-free
techniques to reduce the labor involved if testing out a
number of protocols.

Quality Control

Variability within iPSC clones (either genetic, epigenetic or
phenotypic) has been a concern in patient iPSC research.
Unless each iPSC clone is carefully evaluated, researchers
could potentially run into issues with data misinterpretation
when using this approach.

Quest for genome stability

To investigate characteristics of iPSCs derived from mono-
genic disorders, one of the important issues is to validate
retention of the gene mutation in iPSCs and to identify ad-
ditional mutations introduced during iPSC generation. By
comparing genomes of parental cells and iPSCs, exome
analysis may be a prerequisite for subsequent medical re-
search of pathogenesis and drug discovery. Whole-exome
analysis covering protein-coding sequences is sufficient to
investigate pre-existing and additional mutations, although
the recent platform of exome analysis has expanded to in-
clude not only coding but also untranslated, non-coding
RNA and their adjacent regions. The number of single-nu-
cleotide mutations per cell genome was estimated from 22
human iPSCs by extensive exome analysis on protein-coding
sequences.” Generally, iPSCs are considered to have a
comparable nucleotide substitution rate independent of
donor cells, except for cells from patients with a genome
instability syndrome, a DNA repair disorder or a DNA
damage response syndrome. However, acquisition of novel
mutations during passages is indeed unavoidable, and
banking of early passage iPSC clones is therefore essential
once suitable disease iPSCs are established and characterized.

Quest for quality control

In addition to genomic analysis, general characteristics of
disease iPSCs such as morphological analysis, in vitro dif-
ferentiation by embryoid body formation, teratoma forma-
tion by injection of iPSCs into immunodeficient animals,
karyotypic analysis, short tandem repeat analysis, plur-
ipotency markers such as Oct4/3, Sox2, Nanog, SSEA4, Tra-
1-60 and Tra-1-81, and gene expression of exogenous and
endogenous pluripotency-associated genes are usually per-
formed. Before banking, contamination of mycoplasma,
bacteria, virus and endotoxins should ideally be tested.
Generally, morphology of iPSCs provides us enormous
information including purity, quality, transformation,
undifferentiated state and other cell contamination. In ad-
dition to these standard quality controls, profiling of RNA
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expression, DNA methylation and glycans can be added for
monitoring when necessary.!®1%3%37 These comprehensive
analyses would also elucidate pathogenic states such as
aberrant genomic methylation and gene expression of patient
iPSCs.

Quest for suitable controls of disease iPSCs

In addition to disease~-derived iPSCs, preparation of suitable
control iPSCs are required for elucidation of disease me-
chanisms and drug discovery. One of the ideal controls is
genetically corrected iPSCs. To correct gene mutation in
disease iPSCs, ZFN, TALEN and CRISPR/Cas-based methods
for genome editing can be used. Alternatively, introduction of
exogenous genes that are mutated in disease iPSCs may be
used, but the expression level of the exogenous gene may bias
phenotypes. Another control is iPSCs obtained from the
same age, gender and ethnic group. Usually, iPSCs from more
than three independent patients and from more than three
independent healthy donors need to be analyzed to conclude
that observed pathogenic phenotypes are due to endogenous
genotypes of the disease iPSCs. However, genetic correction
and preparation of age-, gender- and ethnic-matched con-
trols is labor intensive. To circumvent this, commonly
available iPSCs from healthy donors may be used for com-
parison. MRC5-derived (fetal lung fibroblast) iPSCs have
been utilized as a control in several previous reports,' 374!
and can be obtained from the public bank. If MRC5-iPSCs
do not demonstrate pathogenic phenotypes that disease
iPSCs do under the same experimental condition, MRC5-
iPSCs would serve as a practical control.

Differentiation

Lack of practical differentiation protocols

Depending on the desired disease or field of study, there may
be ample protocols for investigators to turn to (as in the case
of neurodegenerative disease modeling).>® However, unless
the particular lab is well versed in the biology of both
pluripotent stem cells and differentiated cell types, the
likelihood of reproducing a protocol in a reasonable time is
uncertain. In general, differentiation protocols take
advantage of particular cytokines, culture media and
extracellular matrices, thus making these protocols quite
expensive. Often, after differentiation, cell populations of
interest need to be separated using specific surface markers to
achieve sufficient purity. In addition to the expense, most
protocols are time consuming and slow in data collection. In
general, common obstacles in published differentiation
protocols include low reproducibility, low yield, high cost
and multiple steps, which often utilize complicated
procedures. Thus, except for a few relatively straightforward
lineages such as neural progenitors, we are still lacking very
practical protocols to prepare a large number of disease-
relevant cell types. Developing simple, easy and affordable
methods, where the process can be applied to robust



large-scale cell differentiation from patient iPSCs, is truly
desired in the field.

Uncertain quality of differentiated cells

Depending on the cell type, iPSC differentiated cells may not
proliferate well in the long term. As with human primary cells,
doubling times while maintaining proper phenotype will
most likely be limited, making it more difficult to carry out
desired experiments. Furthermore, the possibility of freezing a
batch of cells for later use may be unrealistic, giving
investigators a ‘one shot’ per differentiation scenario to obtain
meaningful data. This can become taxing if a differentiation
protocol takes months from start to finish as in the case of
vascular cell differentiation with a 2-month long protocol.*?
Also, unless the differentiation protocol is well established in
an investigator’s own hands, a portion of the obtained cells
will need to be used to assess the proper phenotype. Despite a
successful differentiation protocol, investigators may run into
issues if these cells are to be used in functional assays. iPSC-
derived cells may have the proper phenotype but may be too
immature to also possess the normal function of the cells. In
that case, investigators will have to optimize such conditions
for their specific interests keeping in mind the physiological
relevance of their in vitro assays.

Practical considerations

Although there remain many issues to be improved, some
iPSC differentiation protocols are relatively straightforward,
and have been successfully used by multiple groups to obtain
mesoderm,*>~# endoderm*®’ and ectodermal*®*® lineages.
These protocols utilize available materials, the procedures are
uncomplicated, the methods include simple cell purification
steps such as sorting, and their reproducibility and usefulness
have been demonstrated by other investigators. There are
many additional protocols available in the literatures (many
that share commonalities, while others are distinct). As the
field is constantly changing, updated information is best
obtained through an iPSC core facility or colleague scientists.
We emphasize here again that one should try to reproduce
the protocol(s) in a side-by-side collaboration with a scientist
who has expertise in iPSCs and another scientist with
experience of the targeted differentiating lineage. Knowing
the biology of both ends, the cells you start with and those
you end up with, is critical to reproducing protocols in a
reasonable time.

Disease Modeling

How to fill the discrepancies from real disease

Although generation of disease-relevant cell types from pa-
tient-derived iPSC is a standard strategy for studying a ‘dis-
ease in a dish’ as described above, many human diseases arise
from multicellular interactions in the context of tissue ar-
chitecture, organ or whole-body homeostasis. Therefore, it is
essential to further advance model systems to represent a
more complex physiological environment similar to the body.

10

When your hypothesis requires the interactions of different
cell types for pathogenesis, multiple cell types in a co-culture
setting will certainly provide further functional insights for
the disease. As an exemplary work, the co-culture of glial cells
from ALS iPSCs with neurons from normal iPSCs demon-
strated the non-cell autonomous effect of diseased glial cells
for aberrant survival of neurons.*® Similarly, aberrant
controls in vasculature tone would be better understood
when co-culturing endothelial and vascular smooth muscle
cells together rather than using a single cell type.

Admirably, iPSCs possess pluripotency comparable to
embryonic stem cells (ESCs), which are originated from the
embryonic blastocyst stage embryo. Both iPSCs and ESCs are
competent to early developmental cues. Once proper cues are
given, initial specification occurs to induce differentiation.
The multiple types of differentiated cells are autonomously
organized and interact with each other leading to subsequent
fate specification like the cascade of embryonic development.
To take maximum advantage of this self-organizing ability
of pluripotent stem cells, several groups have developed
sophisticated 3D culture protocols for making organoid
structures in vitro. One example is the so-called ‘mini-brain’
consisting of tissue layers that mimic the brain cortex. Using
this culture technique, Knoblich’s group demonstrated that
iPSCs derived from a microcephalic patient indeed formed a
smaller brain than iPSCs from a healthy control.” Similarly,
several organoid culture techniques for iPSCs have evolved to
generate other tissue types and organs (optic cup, pituitary
gland).”"%? Lack of vascular supply is the major limiting
factor to grow more functional units in organoid culture.
Remarkably, Taniguchi’s group was able to generate a
transplantable small liver unit from human iPSCs. They
co-cultured hepatic endoderm cells differentiated from iPSC
with human mesenchymal stem cells and human umbilical
vein endothelial cells in a loosely solidified extracellular
matrix. These cells autonomously formed the functional
units of the liver in wvitro with the support of
microvasculature. Upon transplantation of the unit into
immunodeficient mice, the liver bud quickly connected to
the host vascular networks and further functional maturation
occurred.”

Advances in differentiation protocols heavily rely on our
knowledge of the molecular mechanisms of embryonic
development. Our knowledge is not sufficient to provide the
optimal environment for desired morphogenesis from iPSC
in vitro culture. Nevertheless, simple inoculation of iPSCs "
into immunodeficient animals is able to form teratomas,
which comprise cells from all three germ layers (endoderm,
mesoderm and ectoderm). As mature tissue organization
(gut epithelial, cartridge and so on) can be observed in the
tumor, it will be feasible to assess the histopathological
phenotype of patient-derived iPSC using this methodology.
For instance, iPSCs from dominant genetic disorders
with oncogenesis may develop cancer in teratomas over
time. Patients with familial adenomatous polyposis develop
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adenoma and adenocarcinoma in colon. Similarly, iPSCs from
familial adenomatous polyposis may generate adenoma and
adenocarcinoma in colon-like mucosa in teratomas. iPSCs
from degenerative disorders may exhibit degeneration or
apoptosis of cells in corresponding tissues of teratomas. It is
also noteworthy that histopathological analysis of implanted
cells into immunodeficient animals may support in vitro
phenotypes of iPSCs during the differentiation process.

To model systemic disease, it is compelling to reconstitute
the human pathological process in experimental animals. For
example, type 1 diabetes is recognized as a type of auto-
immune disease, in which three major cell lineages (hema-
topoietic cells, pancreatic f§ cells and thymus epithelial cells)
have important roles. Melton’s group has reconstituted the
human version of these three lineages into animals by
transplantation into immunodeficient mice® A more
rigorous approach is led by Nakauchi’s group, where they
successfully generated a whole kidney or pancreas derived
from iPSCs in the pig by blastocyst complementation. They
transferred donor pig iPSC into pancreatogenesis- or
nephrogenesis-disabled blastocyst stage pig embryos, and
demonstrated the embryos were born as chimeras having
pancreas or kidney exclusively derived from the donor pig
iPSCs.”> Any blastocyst complementation using human iPSC
into animals has not been performed yet because of ethical
issues, but theoretically it is feasible to generate whole
functional human organs in animals using the same strategy.
This humanized animal or hybrid animal approach using
patient-derived iPSC would be a next-generation disease
model for studying human pathology.

Gene Editing

Rapidly evolving gene-editing technology has been shown
valuable in patient iPSC research as well, as described above
with an exemplary case.

TALEN

Transcription activator-like effector nucleases (TALENSs) are
composed of a DNA-binding domain that is capable of di-
recting the Fokl nuclease to a specific target site. Two TALENS,
recognizing left and right arms of the target site, respectively,
can bring two Fokl monomers close together for the formation
of a functional dimer, which generates a DNA double-strand
break (DSB) on the target site.’®>” The TALEN-induced DSBs
activate the DNA repair system within cells, which stimulates
non-homologous end joining (NHEJ) in the absence of a
homologous DNA template. The error-prone nature of this
repair mechanism results in the introduction of nucleotide
mismatches, insertions or deletions. However, in the presence
of a homologous template DNA, the DSB triggers homologous
recombination, introducing desired DNA sequence alterations.
The TALENs have rapidly gained prominence as a novel
genome-editing tool, which were successfully applied to create
site-specific gene modifications in model organisms such as
yeast, plants, zebra fish, mouse, rat and human cells, including
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human pluripotent cells.”® > TALEN has also been used to
generate single base-pair mutations, linking single-nucleotide
polymorphisms to specific human disease.®> Purthermore,
TALENs have even been utilized to eliminate the mutant form
of mitochondrial DNA from patient-derived cells.®* Currently,
TALEN plasmids targeting 18740 protein-coding human
genes have been assembled using a high-throughput Golden-
Gate cloning system.®® Delivery of these TALENs can be
achieved by injection of DNA or mRNA encoding TALENSs or
even the TALEN proteins directly.6>0667

CRISPR

The CRISPR system is another effective genome-editing tool,
which utilizes Cas9 nuclease to cleave DNA and chimeric
guide RNA (gRNA) to target Cas9 to a specific region in the
genome.®®% The Cas9-gRNA-mediated genome editing has
been shown to have improved efficiencies over TALENs and
it is also easier to implement.®®72 Moreover, it allows
simultaneous editing of more than one site through
expression of multiple gRNAs.%8¢ This approach was used
to create mice carrying five different mutant genes in a single
step,”? and also was shown to generate large deletions of
genomic regions by directing Cas9 cleavages at the two sites
flanking the desired deletion.®® Wu et al’* have even shown in
mice that a dominant mutation in Crygc gene that causes
cataracts could be rescued by a Cas9-mediated DSB on the
mutant allele, which triggered homology-directed repair
based on the endogenous WT allele. More recently, a clone
library encoding short gRNAs targeting all open reading
frames in the human genome has been generated. Combined
use of this library with Cas9 enabled the generation of
random gene knockouts in the human genome, which can be
screened for desired phenotypes to link genes to their
functions.”>’® The CRISPR technology has been used to cure
a mouse model of a human fatal liver disorder (type I
tyrosinemia) caused by a single genetic mutation in the
fumarylacetoacetate hydrolase gene.”” This defect in tyrosine
catabolism causes toxic accumulation of the amino acid,
leading to liver failure. CRISPR-mediated genome editing
could one day help treat many diseases caused by single
mutations, such as hemophilia and Huntington’s disease.

A mutant version of the Cas9 was further reported which
cleaves only one strand of the target DNA, generating single-
strand nicking, thus favors HR DNA repair over NHE]J (error
prone), increasing desired DNA changes over random mu-
tations.”® Recently, a nuclease-defective Cas9 enzyme has
been utilized to label genomic loci, allowing for visualization
of in vivo of their partitioning in live cells.”® Most
interestingly, the catalytically inactive Cas9 nuclease, in
complex with a gRNA, can bind to a specific site, which
physically blocks the RNA polymerase, thus silencing the
target gene.”” Similarly, the catalytically inactive Cas9 was
fused to known transcriptional activator domains and
targeted to specific promoter regions by corresponding
gRNAs, upregulating the target gene expression.®” The
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ability to artificially control the expression of specific target
genes not only enables us to better understand gene functions
but also to manipulate cell fate through controlled expression
of desired sets of pathway genes.

CONCLUDING REMARKS

Undoubtedly, patient iPSCs are an enduring asset for
experimental pathology studies, with some exemplary ap-
plications introduced above and many more in published
literature. Additional technical improvement, particularly in
iPSC differentiation methods and three dimensional cultures,
as well as expansion of patient iPSC banking, will further
accelerate the field. From a pathologist perspective, patient
iPSC banking will serve as a powerful addendum to existing
tissue banks. Their value is unlimited, as once established,
they serve as an enduring and expandable resource for live
patient cells. For instance, it is almost impossible to obtain
hepatocytes from a rare metabolic disease through liver
biopsy of a large number of patients at one given time and
place. However, through iPSC banking, such resources will be
available to any researcher, any place in the world, and at any
time. Banking iPSCs of large patient cohorts with a clinical
and GWAS database would be particularly useful in order to
identify molecular mechanisms underlying certain genetic
links to the disease or individual patients’ drug efficacy and
toxicity. The future rests on how properly we prepare the
resource and how wisely we use it.
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Summary

Determination of the niche for early-stage cancer remains a challenging issue. Melanoma is an aggressive cancer
of the melanocyte lineage. Early melanoma cells are often found in the epidermis around sweat ducts of human
volar skin, and the skin pigmentation pattern is an early diagnostic sign of acral melanoma. However, the niche
for melanoma precursors has not been determined yet. Here, we report that the secretory portion (SP) of eccrine
sweat glands provide an anatomical niche for melanocyte-melanoma precursor cells. Using lineage-tagged H2B-
GFP reporter mice, we found that melanoblasts that colonize sweat glands during development are maintained
in an immature, slow-cycling state but renew themselves in response to genomic stress and provide their
differentiating progeny to the epidermis. FISH analysis of human acral melanoma expanding in the epidermis
revealed that unpigmented melanoblasts with significant cyclin D1 gene amplification reside deep in the SP of
particular sweat gland(s). These findings indicate that sweat glands maintain melanocyte-melanoma precursors
in an immature state in the niche and explain the preferential distribution of early melanoma cells around sweat
glands in human volar skin.

sweat glands but no hair follicles as the main skin

Introduction appendage (Curtin et al.,, 2005). The characteristic skin

Human cutaneous melanoma is a highly aggressive
cancer that is resistant to traditional cancer treatments
(Garbe et al, 2011; Mocellin et al., 2010; Wheatley,
2003). Acral (volar skin) melanoma is the most prevalent
subtype of melanoma in the non-Caucasian population.
Human volar skin of peripheral extremities is minimally
exposed to UV sunlight and contains abundant eccrine

pigmentation pattern of acral melanoma can be recog-
nized with a magnifying glass called a dermoscopy in a
‘parallel ridge pattern’, which reflects the preferential
proliferation and differentiation of melanoma cells around
sweat ducts (Oguchi et al,, 1998; Saida, 2007, Saida
et al., 2004, 2011). This method devised by Saida, one of
the authors of this manuscript and his colleagues, has

Significance

cells'in mammalian volar skin.

Acral volar skin, which lacks hair follicles but contains abundant eccrine sweat glands, is highly susceptible
to melanoma even without exposure to ultraviolet light. The dermoscopic pattern of parallel ridges has 99%
specificity to detect acral melanomas, while the cause of the skin pigmentation pattern has been unknown.
Our study is the first to identify sweat glands as the anatomical niche for melanocyte—-melanoma precursor

© 2014 The Authors. Pigment Cell & Melanoma Research Published by John Wiley & Sons Ltd. 1039
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enabled the accurate diagnosis with a 99% specificity
(Saida et al., 2004) of early acral melanoma even as small
as a few millimeter and has become the standard
methodology for early diagnosis of melanoma in the volar
skin nowadays. However, the origin of acral melanoma
cells, the cause of the parallel ridge pattern, and even the
existence of melanocytic cells in sweat glands have yet to
be characterized. Recent reports on sweat gland-centric
distribution of melanoma cells in some acral melanoma
cases (Zembowicz and Kafanas, 2012) and repigmenta-
tion of the human white spot epidermis around sweat
glands (Makino et al.,, 2013) have suggested the possi-
bility that unknown melanocyte precursors (melanoblasts)
exist in sweat glands. Thus, the skin appendage may
provide a niche or special microenvironment not only for
melanoblasts but also for earliest melanoma cells.

In most somatic stem cell systems, stem cells are
maintained in an immature and quiescent state but
become activated to undergo self-renewal to provide
amplifying and differentiating progeny for tissue homeo-
stasis {Fuchs et al.,, 2004; Li and Clevers, 2010). We
previously identified melanocyte stem cells (McSCs) in
the bulge/sub-bulge area of murine and human hair
follicles and reported that the niche plays a dominant
role in stem cell fate determination (Nishimura et al,,
2002, 2005). The McSCs self-renew and provide their
progeny not only to the hair bulb for hair pigmentation in
physiological condition but also to the surrounding
epidermis for skin pigmentation (Nishimura et al., 2002).
During the process of epidermal repigmentation, the
repigmented spots often start from the orifice of hair
follicles with contiguous distribution of melanoblasts/
melanocytes in the upper outer root sheath starting from
the hair follicle bulge to the epidermal basal layer
(Nishimura, 2011; Nishimura et al., 2002). It is thus
possible that sweat glands also provide similar niche
microenvironment not only for normal melanoblasts but
also for early melanoma cells.

In this paper, we hypothesized that dormant immature
melanocyte-melanoma precursors exist in mammalian
eccrine sweat glands, which are abundantly distributed
on the volar skin. We searched for the population by
taking advantage of stable lineage tagging system, and
we report here that such melanocyte-melanoma precur-
sors exist in sweat glands of mammalian volar skin.

Results

To compare the architecture and pigmentation pattern of
human and mouse volar skin, we first performed histo-
logical analysis. As shown in Figure 1A-C, both human
and mouse volar skin were characterized by a similar
thickened epidermis with rete ridges extending into the
underlying dermis and by the abundant presence of
sweat glands (Figure 1A-C). No pigment-containing cells
or melanocytic marker-expressing cells were detectable
with conventional immunohistochemistry in the sweat

glands found in the footpads of non-aged adult C57/BL6Cr
mice (Figure 1D). In contrast, some pigment-containing
cells were found in the sweat glands and the overlying
epidermis from 2-year-old mice (Figure 1E and data not
shown), which suggested that unpigmented melano-
blasts that correspond to melanocyte stem cells or
progenitors exist in non-hair-bearing volar skin. Dct-lacZ
transgene (Figure 1F) and endogenous Dct protein
expression, which has been used for melanocyte lineage
tagging including melanocyte stem cells (McSCs) in hair
follicles (Mackenzie et al., 1997; Nishimura et al., 2002),
failed to tag that cell population in adult footpad skin
(Figure 1H and data not shown). Thus, we examined the
developmental process of melanocytes in the distal
hindlimb using Dct-lacZ and expression of endogenous
Dct as markers for melanoblasts. As shown in Figure 1G
and Figure S1-S3, we succeeded in chronologically
analyzing the distribution of migrating melanoblasts,
which first appear in the developing dermis, then in the
epidermis, and finally in the sweat buds, and of their
eventual colonization in mature sweat glands in volar skin.
This suggested that melanoblasts that colonize the sweat
glands during development are maintained in a dormant
and immature state with profound downregulation of
lineage markers after development until they are reacti-
vated during the physiological aging process.

Follicular McSCs, which reside in the bulge/sub-bulge
area of hair follicles, are maintained in a quiescent,
inactivated state during the hair cycle except for their
activation for their self-renewal at the anagen growth
phase (Nishimura et al., 2002, 2005, 2010). Upon geno-
toxic stress or aging, the follicular McSCs ectopically
differentiate within the stem cell niche without renewing
themselves (Inomata et al., 2009). We hypothesized that
dormant immature melanoblasts that respond to aging
and/or genotoxic stress exist in the sweat glands and
generate mature melanocytes. To test this, we irradiated
young Dect-lacZ transgenic {tg) mice and searched for
melanocytic cells in mouse volar skin. Melanin-containing
mature melanocytes appeared in sweat glands of the
mouse volar skin within a week after 5 Gy ionizing
irradiation (IR) (Figure 1K) and persisted for more than a
month (Figure 1L, M), while those cells were only
occasionally found in non-irradiated control skin (data
not shown). As DNA damage accumulates in long-lived
stem cells during aging (Nijnik et al., 2007; Rossi et al.,
2007; Ruzankina et al., 2007), the above phenomenon
induced by IR and the similar phenomenon associated
with aging (shown in Figure 1E, ) suggest that both aging
and genotoxic stress stimulate a putative stem/precursor
cell population to supply pigment-producing melanocytes
to the epidermis through the dermal-epidermal ducts in
acral volar skin.

To identify putative stem/precursor cells which would
explain the above phenomena, we developed Dct-H2B-GFP
transgenic mice, in which non-dividing/slow-cycling melan-
ocytic cells stably retain the expression of histone-GFP
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fusion protein under control of the Dct promoter with the
LCR element once the promoter is activated (Figure 1N and
Figure S4A) (Ganss et al., 1994; Mackenzie et al.,, 1997,
Kanda et al., 1998). As shown in Figure S4B-Y, all known
melanocyte lineage cells can be efficiently tagged using
GFP in these transgenic mice. The distribution pattern of
GFP expressing cells was identical with that of /acZ
expressing cells in Dct-lacZ transgenic mice during devel-
opment (Figure S4B-J). In mouse volar skin, GFP* melano-
blasts appear in the epidermis by embryonic day {E) 17.5
(Figure 10, U), then migrate down into the epidermal buds,
and finally colonize the tip of immature sweat glands
(Figure 1P-R, U). This area then developsinto the secretory
portion (SP) of the sweat gland (Figure 1S, T). Similar

Melanocyte stem cells in sweat glands

migration processes were observed with Dct-lacZ trans-
genic mice (data not shown).

To identify the population which just colonizes the SP
of sweat glands, we analyzed footpads of neonatal mice.
The GFP* melanoblasts in sweat glands are located well
inside the basement membrane and are surrounded by
K8* luminal keratinocytes and underlying SMA*K5*
myoepithelial cells (Figure 2A-C). These GFP* cells in the
neonatal skin express melanocyte lineage marker proteins
such as Mitf and Pax3 (Figure 21, K)and downstream target
genes of Mitf including Dct, tyrosinase-related protein 1
(Trp1), tyrosinase (Tyr), and Silv/Pmel17 (Figure 2D-F and
data not shown), but none of the following non-melano-
genic cell markers tested including Nestin (a neural
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Figure 1. The existence of melanocytic sources in human and mouse sweat glands of acral skin. (A, B) Organization of eccrine sweat glands in
mouse and human acral skin. The hematoxylin-eosin-stained sections are from human finger skin {A) and mouse footpad skin (B}. {C) Schematic
diagram of a sweat gland. The structure is similar both in mice and in humans. (D, E) Hematoxylin-eosin-stained sections of footpad skin of 7-
week-old {7wo) (young) (D) and 2-year-old (2 yr) (old) (E) mice). Melanin-containing cells are observed in the sweat duct, but not in the secretory
portion {SP), of 2-year-old mice {arrowheads). (F) Structure of the LacZ reporter under control of the melanocyte-specific Dct promoter (Dct-LacZ).
(G-1) LacZ-stained skin of the footpad of Det-LacZ tg mice [G; 5 day old (P5), H; 7 week old {7wo) and I; 2 year old (2yo)). LacZ* melanocytic cells
are found in the sweat duct and SP at P5 mice (arrows) and old mice, while no LacZ* cells are detectable at 7wo (H). (J-L) LacZ-stained skin of the
footpad of 5 Gy-irradiated Dct-LacZ tg mice. Dct-LacZ* cells {arrow) appear in the sweat duct at 1 week (1 wk) after IR (K), and melanin-containing
cells (arrowheads) appear in the sweat duct at 4 weeks (4 wk) after IR (L). (J-M) stained with hematoxylin-eosin, (M) Fontana-Masson staining for
the detection of melanin. (N) Structure of the H2B-GFP reporter under control of the melanocyte-specific Dct promoter and the LCR element (Dct-
H2B-GFP). (O-T), Distribution of H2B-GFP expressing cells in the developing footpad skin of Dct-H2B-GFP tg mice at different stages. GFP* cells
migrating from the epidermis {green: arrows) toward the SP (the area encircled by the dotted line} of glands. Keratin 5* myoepithelial/basal kerat-
inocyte immunostaining {red) defines the gland structure. GFP* cells are found in the epidermis at E17.5 (O) and subsequently in the sweat gland
primordial buds at E18.5 (P). At postnatal day (P) 1 (Q), GFP* cells are found in the developing ducts. The majority of GFP™ cells are settled in
the SP of glands between P5 (R), 2 weeks old (2wo) (S) and 7 weeks old (7wo) (T) after birth. Nuclei are counterstained with DAPI (blue). The
insets show magnified images of GFP expressing cells. {U) The distribution and number of GFP*TuJ1” cells in the acral skin of each developmental
stage. n = 3 mice each genotypes. Error bars represent SD of three independent experiments. Statistical significance at the level of P < 0.01.
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Figure 2. Identification of slow-cycling melanoblasts located in the SP of sweat glands in acral skin using Dct-H2B-GFP transgenic (tg) mice. (A}
GFP™* cells (green) in the SP (the area encircled by the dotted line) are melanin rounded cells as shown in DIC image. (A-H) Confocal analysis
of GFP and immunostaining of various lineage markers performed on P5 footpad sections of Dct-H2B-GFP tg mice. (B, C) GFP* cells (green) are
located between keratin 8" glandular cells (red) (B) and «-SMA™ myoepithelial cells {red)(C). GFP™* cells in the developing SP (the area encircled
by the dotted line) of glands co-express melanosomal proteins, TRP1 (D), TYR (E) and Pmel17/Silv (F) but not Tud1 (G) or GFAP (H). TYR imma-
ture GFP™ cells were also occasionally found in the SP (E, dotted arrow). Nuclei are counterstained with DAPI (blue). (I-P) expression of GFP
and various cell markers in the SP at P5 and 7wo. Downregulation of the lineage markers Pax3, Mitf, or Dct was observed in GFP* melano-
blasts in the SP of adult mice (I-N). GFP*™ melanoblasts were kept in an MCM2 quiescent state in the adult stage (J, L, P). (Q, R) The number
of GFP*TuJ1™* cells (arrowhead) in the dermis was profoundly reduced after sciatic denervation, while GFP*TuJ1 cells (arrows) were main-
tained in the SP. (S, X) Immunostaining of the footpad sections of 7wo Mitf**: Dct-H2B-GFPY* (S-U), and Mitf°°%;Dct-H2B-GFP'Y* (V-X)
mice for GFP and TuJ1 expression. GFP*TuJ1 melanocytes (arrows) were found in the SP of Mitf°®*, but not in Mitf***® mice. GFP*Tud1*
neurons exist outside of the glands in both types of mice. (Y) The average number of GFP*TuJ1 melanoblasts per gland in a single footpad
and per single hair follicles and of the dermal GFP*TuJ1* cells (per single footpad skin and per 1 mm width of dorsal skin) at 7 weeks in
Mitf®*:Det-H2B-GFP '9*, and Mitf*°®,Dct-H2B-GFP "@* mice.

progenitor marker), p75 (a neural crest progenitor Merkel cell marker) (Figure 2G, H, Figure S2 and data not
marker), TuJ1 and Pgp9.5 (a peripheral nerve marker), shown). Furthermore, no significantly close association
GFAP and MPZ (Schwann cell markers), and keratin 20 (a between these GFP* melanoblasts that express melano-
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genic genes including Dct protein during development
with TuJ1* non-melanocytic cells in the dermis has been
found during the earlier developmental processes (Figure
S$1-S3 and data not shown). These data indicate that
GFP* cells that migrated from the epidermis into the
developing sweat glands are melanocyte lineage cells.
Next, we examined the transition of the GFP* cell state
after the neonatal stage. GFP* melanoblasts are main-
tained in an immature unpigmented state in the SP with
drastic downregulated expression of global melanogenic
genes including Pax3 and Mitf and its downstream genes
such as Dct, Dct-lacZ, and Tyr by 7 weeks after develop-
ment without differentiating into mature melanocytes
(Figure 21-N). At the same time, they lose expression of
Mcm2, a marker for the non-Go cell state(Kingsbury
et al., 2005) after the neonatal stage, indicating that these
cells go into the quiescent, inactivated state after devel-
opment (Figure 20, P). It is notable that McSCs that
reside in the hair follicle bulge also downregulate expres-
sion of Dct-lacZ and melanogenic genes when they enter
the quiescent state (Nishimura et al., 2010) while main-
taining high levels of GFP expression throughout the hair
cycle (Figure S4 and data not shown). Thus, we con-
cluded that melanoblasts are maintained in an.immature
inactivated state in the lower sweat glands after devel-
opment similar to McSCs in the hair follicle bulge area.
The other GFP* population distinguished from the
melanocyte lineage in acral volar skin is the Tud1-
expressing GFP* cell population in the dermis outside of
sweat glands (Figure 2G, arrowhead). Most of these cells
appear at around prenatal stage in the dermis (data not
shown) and co-express the neuronal markers TuJ1 and
less frequently Pgp9.5, but not Nestin, mature Schwann
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Melanocyte stem cells in sweat glands

cell markers such as GFAP and MPZ/P0 nor the neural
crest progenitor marker, p75 (Figure 2G, H, Figure S5 and
data not shown}. To confirm the identity of these dermal
GFP* cells, we performed sciatic denervation. As shown
in Figure 2Q, R, the GFP*TuJ1* cells disappeared from
the dermis, suggesting that the dermal GFP* cells are
peripheral neurons or associated neuron-dependent pre-
cursor cells (Figure 2Q, R and Figure S6). Then, we
analyzed Mitf°*® mutant mice which specifically lack
melanocyte lineage cells (Steingrimsson et al,, 1994,
Zimring et al., 1996). We found that MitF"¥® mice with
the GFP reporter transgene lack GFP* cells in the sweat
glands (Figure 2S-Y). On the other hand, GFP*TuJ1* cells
are maintained in the dermis with neuronal morphology in
Mitf*®’*® mice as well, demonstrating that the GFP* cells
in the dermis are non-melanocytic cells. To further
confirm the lineage identity of GFP™ cells in the sweat
glands, we took advantage of ACK2, a neutralizing
antibody against Kit (c-Kit), which has been used to
deplete amplifying melanoblasts in developing skin
(Nishimura et al., 2002). ACK2 treatment of the neonatal
skin depleted almost all GFP* cells in sweat glands
(Figure 3A, B and Figure S7), while ACK2 treatment after
the neonatal stage, such as 7 weeks after birth, did not
deplete GFP™ cells in the sweat glands (Figure 3B). This
demonstrates that the glandular GFP* cells are bona fide
melanoblasts which develop in Kit-dependent manner but
become inactivated to go into the quiescent and
immature state after the neonatal stage and survive in a
Kit-independent manner similar to slow-cycling McSCs in
hair follicles (Nishimura et al., 2002).

Self-renewal and quiescence are important features of
somatic stem cells including hair follicle McSCs (Cotsar-

B Adult ACK2 The number of GFP+TW1-

cells per footpad
PO PS50 PBO

RN AT

Epidermis
Duct

Figure 3. Dct-H2B-GFP* cells are slow cycling, ACK2-resistant melanoblasts in adult skin. (A, B) The differential ACK2 sensitivity of GFP*TuJ1
cells in sweat glands after ACK2 administration at the neonatal {A) or the adult stage (B). The number of GFP*Tud1 cells in the SP is shown. A,
While GFP*TuJ1 cells are found in the SP of control mice (green; arrows), aimost no GFP*TuJ1 cells remain in the SP of neonatal ACK2-treated
mice. B, GFP*TuJ1 cells remain in the SP of adult ACK2-treated mice. Error bars represent SD of three independent experiments. *, statistical
significance at the level of P < 0.01. (C, D) Pulse-chase experiments with BrdU in Dct-H2B-GFP tg mice. The total number of GFP*TuJ1 cellsin
the SP did not significantly change from post-neonatal {(P10) to adult stage (7wo) {C). After continuous BrdU injection {P1-P10), almost all cells in
the acral skin of Dct-H2B-GFP tg mice were labeled with BrdU at P10 (D; arrows (SP)). At P25 and 7wo, GFP* melanoblasts were found
exclusively in the SP of sweat glands with significant retention of BrdU (D). The label is still retained in some GFP* melanoblasts at 7wo (D; arrows
and C). The insets show magnified images of GFP expressing cells.
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elis et al.,, 1990; Fuchs et al., 2004; Nishimura et al,, their BrdU label earlier. The BrdU retention level was
2002). To examine whether the GFP™ cells identified here stably high in the majority of GFP" melanoblasts at P25
are slow-cycling cells or quiescent cells, we performed but became steadily diluted in a subset of them at P50
pulse-chase experiments with BrdU using our transgenic and was further diluted to barely detectable levels at P100
mice. As shown in Figure 3C, D, we found that GFP* cells (Figure 3C, D and Figure S8). Adjacent GFP™* cells, which
in sweat glands are able to retain the BrdU label for more show an almost identical dilution level, were also found at
than a month, while most other cells in volar skin lost P50 (7wo) and show unpigmented immature cell bodies
A
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Figure 4. Melanoblasts in the SP of sweat glands maintain themselves and provide proliferating and differentiating melanocytes to the epidermis
in response to IR or oncogenic stress. (A, B) Transient cell cycle entry and commitment of GFP™ cells in the SP. At around 48 hr after IR,
expression of MCM2 and TRP1 was found transiently in some GFP* cells located within the SP (arrow). (C-V) Behavior of GFP* cells in sweat
glands after 5 Gy IR. Immunostaining for keratin 5 (K5) was performed on footpad skin sections in Dct-H2B-GFP tg mice to chase GFP* cells
(green) located within the glands after IR. While no GFP™ cells exist in the duct or the epidermis in control mice (C-F), GFP™ cells (arrows) exist in
the dermal-epidermal duct and the epidermis after IR at 1 week {1 wk) (G-J). Bright view images merged with GFP images are shown for the
epidermis (solid-line square) (D, H), the sweat duct (marked by the long-dashed line square] (E, 1}, and SP (the short-dashed line square) (F, J) on
the right side of the large panel. Melanogenesis can be observed only in the duct or in the epidermis (H, 1). K-P and Q-V, MCM2, and TYR
immunostaining images are shown, respectively, on the right side of the figure. Most GFP* cells (arrows) at the SP are MCM2- (M, P), while IR-
induced ductal or epidermal GFP* melanocytes (arrows) are MCM2™* (red) (N, O) and TYR™ (red) (T, U). (W) The number of GFP* cells located in the
SP remained stable after IR (graph in the upper column), while the number of GFP* cells located within the duct of glands after IR was significantly
increased (graph in the lower column). *, statistical significance at the level of P < 0.05. (X) IR-induced pigmentation of the upper portions of
glands after IR was dramatically impaired when mice were pretreated with ACK2 at the neonatal stage. Error bars represent SD of three
independent experiments. *, statistical significance at the level of P < 0.01. Nuclei are counterstained with DAPI (blue). (Y) Pigmented GFP* cells
{red arrow) were found in the duct at 4 weeks after DMBA, while GFP™ cells in the SP were kept in an unpigmented state.
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(Figure S8). Only a few unpigmented GFP™* cells reside in
the SP in each footpad (Figure 3D) and maintained well
from the neonatal to the adult stage (Figure 3C). Most of
these unpigmented GFP* melanoblasts are usually neg-
ative for the non-Go cell state marker Mcm2 and Ki67
after development (Figure 20, P and data not shown).
Therefore, these data collectively indicate that the GFP*
immature melanoblasts are an extremely rare population
in tissues and are normally kept in a quiescent state after
development but occasionally undergo self-renewal in the
SP of the sweat glands even under normal physiological
conditions. As mice that congenitally lack melanocyte
lineage cells (Cable et al., 1995) are able to sweat from
the footpads (Figure S9) and maintain the integrity of
sweat glands (Figure 25-X and data not shown), we
assumed that the glandular melanoblasts in the SP may
not be essential for the homeostasis and sweating

Melanocyte stem cells in sweat glands

function of sweat glands but could become pathogenic
when abnormally activated.

We then determined whether the quiescent GFP* cells
were able to generate pigmented melanocytes upon
activation. As aged sweat glands occasionally contain
pigmented melanocytes with y-H2AX foci formation
outside of the niche (data not shown), we hypothesized
that melanocyte precursors are transiently activated to
respond to endogenous or exogenous genomic stress
during aging. To test this, we performed chronological
analysis for the fate of GFP™ melanoblasts after 5 Gy IR.
GFP* cells in the SP showed transient expression of
Mcm2, a marker for the non-Go state (Kingsbury et al.,
2005) (13.3 &£ 4.7% in irradiated mice versus 0% of
control mice [n = 3]) (Figure 4A) and melanogenic genes
such as Trp1 (6.3 £ 4.5% in irradiated mice versus 0% of
control mice [n = 3]) at 48 h after IR (Figure 4B). Subse-
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Figure 5. |dentification of melanoblasts in the SP of human volar sweat glands as an expandable source of early acral melanoma. {A-L)

Localization of melanocyte/melanoma cells and their cell cycle status in human volar sweat glands. Human normal volar skin (A-C) and early
melanoma skin (D-L) were immunostained for the lineage markers, MART1 (shown in green) and MCM2 (in red). A small number of
MART1*MCM2 cells were found in the epidermis close to the sweat duct within the ridge area of the skin (A) and the SP (C), but not within the
duct (B). (D) A nest of MART1*MCM2* unpigmented melanoma cells (white arrows) and MART1*MCM2°" pigmented melanoma cells (red
arrows) was found in the epidermis of the ridge area of the lesional skin of melanoma in situ. MART1* cells are aligned contiguously throughout
the duct (arrow; E) and SP (arrow; F) area of a particular sweat gland within the center of the lesion. At the periphery of the lesion,
MART1*MCM2™ cells were found in the epidermis (arrow; G), but not in sweat glands (arrow; I). At the intact margin, there are MART1 *MCM2
melanoblasts, but no MART1*MCM2™ cells in the epidermis (J). The SP of an identical gland contains a MART1*MCM2 melanoblast (L). Note
that MART1* cells were found in the duct of particular glands at the lesion, but not in the surrounding glands at the margin of the lesion (H and K).
Magnified images of MART1™ cells are shown in the insets. Nuclei are counterstained with DAPI. {M) Table showing the distribution and
proliferative status of MART1* cells in human acral skin samples. In normal control skin samples, a small number of MART1* cells were found in
the SP and most of them are MCM2 , while those in early melanoma lesions are MCM2* and MART1*MCM2™ proliferative cells were found in
the sweat duct and SP of particular glands.
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quently, pigmented GFP* melanocytes appeared within
the sweat ducts of a particular gland(s) and then in the
surrounding epidermis within a week after IR (Figure 4G—
I, W, and X), while the unpigmented GFP* cells were
maintained in the SP (Figure 4C, F, G, J, and W).
Importantly, the GFP™ cells in the SP went back to the
quiescent state with downregulation of these genes
within a few days and were maintained again in an
immature, unpigmented state within the niche (Figure 4J,
P, and V). Those stem/precursor cell progeny generate
melanin pigment by expressing melanogenic enzymes
such as Tyr which is critical for melanin pigment synthesis
(Figure 4T, U). As only a few GFP* cells reside in the SP
in each footpad and are stably maintained (Figure 4W),
these data indicate that the GFP* cells in the SP maintain
themselves in an immature state and at the same time
provide amplifying and differentiating progeny which
migrate up into the epidermis through the sweat ducts.
Therefore, the GFP*™ melanoblasts in the SP show the
features of adult stem cells (Potten and Loeffler, 1990),
and we named the population as McSCs in sweat glands.

As the GFP™ McSCs reside in the SP, having direct
contact with K8* luminal cells and SMA* myoepithelial
cells within the SP of sweat glands (Figure 2B, C), we
assumed that the SP serves as the anatomical niche for
McSCs. To exclude the involvement or contribution of
GFP*TuJ1" neuronal cell lineages for skin pigmentation,
we performed sciatic denervation prior to IR. As shown in
Figure S6, irradiated GFP™ cells in the SP are able to
maintain and renew themselves and are also able to
generate differentiated progeny even in the absence of
neuronal cells in the dermis. Furthermore, when GFP*
cells in the SP are depleted by administration of ACK2 at
the neonatal stage, mature pigmented melanocytes did
not appear in the sweat glands or in the epidermis of adult
acral skin even after 5 Gy IR (Figure 4X, Figure S7, and
data not shown), underlining the regenerating capability
of the McSCs and their contribution to skin pigmentation.

Oncogenic stimuli such as exposure to carcinogens/
mutagens and genetic alterations involved in human
melanoma induce melanoma formation in mice (Larue
and Beermann, 2007; Walker et al., 2011). We tested
whether carcinogens also activate McSCs. As shown in
Figure 4Y, DMBA application on mouse footpads also
induced the appearance of pigmented GFP* cells in
sweat glands. These data clearly demonstrate that
MsSCs provide their pigmented progeny with the upper
sweat glands in response to oncogenic or other genotoxic
stimuli.

We searched for a similar McSC-like population in
human acral volar skin using immunohistochemical stain-
ing with increased sensitivity (Figure S10). As shown in
Figure 5, we detected MART1" unpigmented melano-
blasts, which are located specifically in the SP of human
sweat glands (Figure 5C and Figure S11C, F). Expression
of other melanogenic genes (Figure S12 and S13) and
MCM2 were not detectable in those cells in the adult skin

(Figure 5C and data not shown). We also searched for a
similar population in the sweat glands of non-volar skin
areas such as the face and abdomen, but such melano-
blasts were undetectable in those areas (data not shown).
These data indicate that the population resides preferen-
tially in the sweat glands of volar skin, at least in
physiological conditions, and these immature and quies-
cent melanoblasts are most likely to be human McSC-like
precursor cells.

Human acral skin forms a ridge and furrow pattern on
the surface. Early acral melanoma shows preferential
proliferation/pigmentation in the 'ridge epidermis’, which
corresponds to crista profunda intermedia (CPI) situated
under the surface ridge and contains sweat ducts in the
middle of the CPI in human acral epidermis. To address
the possibility that human melanoma precursors reside
in the sweat glands of acral skin, we selected cases in
which the skin sections cover the whole sweat gland
structure and analyzed the distribution of melanocyte
lineage cells in human acral melanoma (n = 5) and in
normal skin (n = 3). We found that MART1" unpigment-
ed melanoblasts in the SP are increased in number with
co-expression of MCM2 in the specific sweat gland(s) of
the melanoma in situ lesion, which suggests that the
McSC-like cells in those particular sweat glands are
renewing themselves. These MART1* proliferating cells
are found in the duct as well, which connects the SP to
the 'ridge epidermis’ of the lesional epidermis (Fig-
ure 5D-F, M samples D-F), suggesting that MART1™"
cells in the SP are providing melanocytic progeny to the
duct and the epidermis similarly to mouse activated
McSCl  progeny. Notably, these lower-positioned
MART1*MCM2" cells in the SP and the lower duct
are unpigmented, relatively small and bipolar in mor-
phology (Figure 5F), while those located in the upper
duct or in the lesional epidermis are larger, dendritic, and
often pigmented (Figure 5D, E). This suggests that
these abnormally proliferating cells in the lower part of
sweat glands are maintained in an immature state in the
special microenvironment but keep providing amplifying
and differentiating melanoma cells to the epidermis.
Importantly, MART1*MCM2* cells are distributed con-
tiguously or sparsely from the SP to the ridge epidermis
only in particular sweat gland(s) but not in other
surrounding glands in the lesion (Figure 5D-L). We
examined 10 serial sections for each early melanoma
originally evaluated as melanoma in situ (Figure 5M,
samples D-F) and more advanced melanoma {(samples
G and H). Each case of early acral melanoma possesses
at least one sweat gland, which contains proliferating
MART1" cells distributed in the sweat gland starting
from the SP to the intra-epidermal duct within the lesion
(Figure 6D-F and M). Although it is believed that the
distribution of early acral melanoma cells is limited
within the epidermis ('in situ’), we found their scattered
or contiguous distribution in some sweat glands. Impor-
tantly, the SP and the duct of other surrounding sweat
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Figure 6. CCND1 gene amplification in the SP within a melanoma lesion and a schematic for McSc {mice) or McSCHike cell {human)
development, maintenance, and melanomagenesis. (A) Histograms showing the distribution of copy number variation of 1113 CCNDT genomic
regions in the tumor center of early acral melanomas. Colored bars (red, blue, green, and yellow) show individual samples derived from acral
melanoma cases, while colored bars (black and white) show control normal samples. The Cep 77 centromeric region was used to normalize the
number of FISH signals between cells at different cell cycle stages. (B) Box plot showing the copy number differences between the epidermis and
SP from melanoma and normal skin. Copy number amplification of the CCND7 gene is found in the SP of sweat glands within the lesion but not in
the normal skin and is significantly lower than that seen in the epidermis. *, statistical significance at the level of P < 0.05. (C) The fate and
behavior of melanocyte lineage cells in sweat glands are summarized and combined with a hypothetical schematic for melanoma initiation from
McSCs. Proliferating melanoblasts (red) that colonized the SP of the sweat glands enter a quiescent {Go) state just after development and become
McSCs maintained in a dormant state (blue). These cells are activated transiently by extrinsic or intrinsic stresses such as genotoxic stress and
during the normal aging process. Conversely, the corresponding population in the SP maintains its immaturity and cycling activity to renew the
population and to generate their amplifying progenies which acquire further genetic alterations during their migration and maturation into
noticeable melanoma cells in the epidermis.

glands are often not colonized by MART1*MCM2™ cells.
Considering the features of mouse sweat gland McSCs,
these findings suggest that human sweat gland mela-
nocyte precursors are also only transiently activated for
their renewal upon a stress but are able to generate
abnormal melanocyte-melanoma precursors which keep
proliferating in the niche in particular sweat glands
during aging. As the structure of these sweat glands is
well maintained, the cycling precursors in the SP are
most likely to keep generating their amplifying progeny
which migrate toward the epidermis where they mature
into histologically recognizable melanoma cells and
spread horizontally within the epidermis with some

colonization preference to the ridge epidermis in early
acral melanoma (Figure S14).

CCND1 gene amplification has been found in 23.8-
44 4% of early acral melanoma cases (North et al., 2008;
Sauter et al., 2002; Takata et al., 2005), yet the exact
distribution of the CCND7-amplified melanoma cells in
the volar skin has not been studied. We thus tested the
distribution of CCND17-amplified cells in the lesional skin
by DNA-FISH analysis. As shown in Figure 6A, CCND1-
amplified cells were found in the SP in multiple cases of
early acral melanoma, which were originally evaluated as
melanoma in situ (n = 3/4 cases) with their contiguous
distribution along the duct up to the epidermis. It is
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notable that the CCND1 amplification level in melanoma
cells is significantly higher in the epidermis than in the SP
(Figure 6B and data not shown). The opposite pattern
(less amplification in the epidermis) has not been found in
any acral melanoma cases examined. The significant
increase in CCND1 gene amplification level in the epider-
mis indicates that melanoma cells in the SP not only
maintain themselves in an immature unpigmented state
in particular gland(s) but also can provide their amplifying
progeny, which then undergo more amplification in the
epidermis. We thus concluded that the SP of acral sweat
glands serves as the reservoir of early melanoma precur-
sors which can generate noticeably mature melanoma
cells with more oncogenic alterations and expansion in
the epidermis (Figure 6C).

Discussion

In this study, we identified McSCs, which possess
somatic stem cell characteristics, in sweat glands in
murine volar skin. We found that the SP of the sweat
glands are the anatomical niche not only for those
melanoblasts but also for early human melanoma pre-
cursors with CCND1T gene amplification. As far as we
know, this is the first identification of the niche for
oncogenically mutated early cancer cells in human soclid
cancer tissues, while leukemogenic mutations such as
BCR-ABL mutations have been found in hematopoistic
stem cells (Rossi et al., 2008), the exact niche for early
cancer cells remain unknown even in solid cancer as far
as we know. Visually detectable pigmentation of the
earliest melanoma in situ lesions such as those with a
few mm in diameter is the suitable system to tackle this
problem and allowed us to search for the niche where
melanoblasts with early genetic melanoma alteration are
hiding deep in the skin.

McSCs in sweat glands are an extremely rare popu-
lation in the skin compared with McSCs in hair follicles
and are more resistant to X-ray, but possess many simitar
stem cell characteristics. They are normally immature
and slow-cycling but transiently renew themselves not
only physiologically but also in response to genotoxic
stress and provide an amplifying and differentiating
progeny into the epidermis through the ascending sweat
duct which connect the SP to the epidermis. As those
McSCs are maintained in an immature and quiescent
state in the SP, where sweat gland keratinocytes are also
maintained in a quiescent state (Lu et al., 2012; Nakam-
ura and Tokura, 2009), both in mice and in humans, the
SP seem to provide a special niche microenvironment for
a fixed number of McSC-like cells in an inactivated
immature state (shown schematically in Figure 6C
scheme). In contrast, immature but amplifying McSC-
like cells or immature melanoma precursor cells in
human volar skin were found in the SP of particular
sweat glands of early acral melanoma lesions. As these
McSC-like cells do not form a tumor mass within the SP,

but amplifying and differentiating melanoma cells are
distributed in the upper area of the gland(s) and the
surrounding epidermis, it is most likely that mutated
McSC-like cells in the SP keep providing their amplifying
and differentiating progeny toward the epidermis as
tumor-initiating cells or cancer stem cells. The melanoma
cell distribution pattern, the CCNDT amplification pattern
in the SP versus in the epidermis of those early
melanoma cases, and the immaturity of those melanoma
cells in the SP collectively suggest that the McSC-like
cells in the SP are the initial origin of human acral
melanoma at least in some cases. As copy number
amplification requires the DNA replication process (Has-
tings et al., 2009), it is most likely that these mutated
McSC-like cells in the SP of particular sweat gland(s)
generate more amplified subclones which expand for
further progression outside of their niche mainly in the
epidermis during early melanomagenesis. The origin of
melanoma cells, thus, may explain the preferential
proliferation and pigmentation of acral melanoma cells
in the CPl around epidermal ducts. However, our data do
not exclude the possibility that some acral melanomas
also originate directly from epidermal melanocytes and
migrate down to the SP of some sweat glands to
colonize the niche and become unpigmented and obtain
the immature property common to McSCs upon their
colonization of the SP (Figure 6C and Figure S14).
Recently reported melanoma variant called ‘syringotropic
melanoma’, which shows the prominent involvement of
sweat glands (Zembowicz and Kafanas, 2012) may
represent one of the two possibilities. The radial distri-
bution pattern of melanoma cells from the sweat glands
suggests that melanoma cells can be originated from
McSC-like cells in the SP of sweat glands, but further
studies are necessary. In either case, our data indicated
that sweat glands provide an anatomical niche not only
for normal McSC-like cells but also for early melanoma
cells in the volar skin and suggested that renewing
melanoma cells with early genetic alteration (s) in the SP
can further evolve into subclones with more genetic
alterations within the epidermis.

Moreover, the fact that acral McSC-like cells are
activated to renew themselves upon genomic stress
such as IR may explain the IR-refractory characteristics
and genomic instability frequently found in early acral
melanoma (Curtin et al., 2005). As amplifying McSC-like
cells or melanoma precursors with an oncogenic mutation
reside in the SP located deep in the subcutaneous fat,
sufficient deep surgical excision of the niche lesion and
accurate staging of acral melanoma with careful evalua-
tion of tumor depth and involvement of McSC-like
melanoma precursors may improve the prognosis of
melanoma patients. Further studies on the melanocyte
precursors as a melanoma origin or tumor-initiating cells,
their topographical dynamics for clonal evolution, and
their potential for therapeutic target are necessary to
combat this devastating cancer.
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Methods

See Supporting Information for detailed methods.

Mice

Dct-HZ2B-GFP mice were newly generated as described in Supporting
Information. Dct-LacZ transgenic mice were a kind gift from Dr. lan
Jackson. Mitf-ce mice were a kind gift from Dr. M. Lynn Lamoreux
(Zimring et al., 1996).

BrdU injection
Mice were injected subcutaneously at 24-h intervals with 20 pl BrdU
solution in PBS at 2 mg/mi.

ACK2 treatment

For the treatment of neonatal mice, 200 pg ACK2 was injected into
the peritoneal cavity at days 0, 2, and 4 after birth (Nishimura et al.,
2002). For the treatment of adult mice, 1 mg ACK2 was injected into
the peritoneal cavity at the days 1, 3, 5, 7, and 9 after plucking at P49.

Irradiation
Mice were irradiated at a dose of 5 Gy using 1.0-mm aluminum filters
as previously described (Inomata et al., 2009).

Histology
Immunohistochemistry was performed as previously described
(Inomata et al., 2009).
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