ABSTRACT

POLKOFF, KATHRYN M. LGR5 inBiological Barriers:Roles inSkin andLung Development
andHomeostasigUnder the directiof Dr. Jorge Piedrahi)a

LGR5, a marker of adult and fetal stem cells in various tissues, has been studied extensively for
the past decad€ells expressing. GR5 have key roles in development and regeneration, and
therefore having tools to track and study these cells in realisitkey to tissue engineering and
therapies. However, most of the research of these stem cell populations has been performed
using mice models, which have significant anatomical, physiological, and molecular differences
from the human. In this work, we pesg the development of a transgenic porcine model
expressing a nuclear histone 2B fused with green fluorescent protein under the control of the
endogenout GR5promoter. Here, we dissect the roled. &fR5-expressing cells in the skin and

lung. LGR5 expres®n in the skinmarks hair follicle stem cells, is highly conserved across
species, and the associated populations share a high degree of similarity in location, behavior,
and gene pathway We also show that they demonstrate fate plasticitynivitro culture
conditions. However, in the lung, the pig has drastically different L-&RBessing populations

from the mouse, anthe porcine populations reflect those of thenan. In this work, we have
discovered two, independent, previously undescribed ptpos of LGRSexpressing cells in

the human and porcine lungne is a mesenchymal stem cell population defining airway stromal
cells, and one is a transient, developrrrecific populationOverall, this work emphasizes the

importance of adding additiahanimals to the functional study of organs and cell populations.
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Abstract

The development of genetically modified
livestock has been dependent on incremental
technological advances such as embryo transfer,
homologous recombination, and somatic cell nuclear
transfer (SCNT). This development rate has increased
exponentially with the advent of targeted gene modifiers
such as zinc finger nucleases, TAL-effector nucleases
(TALENSs) and clustered regularly interspaced short
palindromic repeats (CRISPR-Cas). CRISPR-Cas based
systems in particular have broad applicability, and have
low technical and economic barriers for their
implementation. As a result, they are having, and will
continue to have, a transformational impact in the field
of gene editing in domestic animals. With these
advances also comes the responsibility to properly apply
this technology so it has a beneficial effect throughout
all levels of society.

Keywords: domestic animals, gene editing.

Introduction
Embryo culture and embryo transfer,
pronuclear injection, homologous recombination:

technical advances that gradually made it possible to
generate genetically modified large animals such as
pigs, cattle and sheep. While each of these incremental
advances have impacted the field, two have had such a
large impact as to be properly defined as
transformational. They are somatic cell nuclear transfer
(SCNT), and site-specific gene editing via targeted gene
modifiers, including zinc finger nucleases (Le Provost ef
al., 2010), TAL-effector nucleases (TALENs; Christian
et al., 2010) and clustered regularly interspaced short
palindromic repeats (CRISPR-Cas; Jinek et al., 2012).

Our previous inability to isolate and culture
embryonic stem cells (ES) from domestic species
to generate transgenic animals prevented
the implementation  of  techniques such  as
homologous recombination (HR) (Gongalves et al.,
2014; Koh and Piedrahita, 2014). In spite of over thirty
years of work in this area, no ES cell lines from
domestic species have been isolated that allow the
practical and efficient generation of transgenic
animals (Koh and Piedrahita, 2014). Thus, while
techniques such as HR using ES
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cells to create germ-line chimeras became the norm to
generate transgenic mice, these approaches could not be
used in domestic species; that is, until the advent of
SCNT. From the initial observation of Keith Campbell
and lan Wilmut that sheep could be cloned from a
somatic cell using SCNT (Campbell et al., 1996),
multiple groups rapidly moved to genetic modification
of somatic cells in vitro followed by SCNT. This led to
the first reports of SCNT-generated transgenic sheep
(Schnieke et al., 1997), pigs (Dai et al., 2002) and cattle
(Cibelli ez al., 1998). And these initial reports included
application of HR in somatic cells before transfer
(McCreath et al., 2000). As a result, there was
tremendous excitement in the field and most, if not all,
laboratories worldwide working in the area of genetic
modification of domestic animals quickly moved to
implement SCNT. While this transition was successful
for many groups, gene targeting by HR remained a
significant barrier. For reasons that are still not well
understood, HR in somatic cells is extremely inefficient
and in spite of significant efforts by many groups, only
a few gene targeted animals were generated (reviewed
by Prather ef al., 2008; Aigner ef /., 2010; Piedrahita
and Olby, 2011.

That all changed with the development of gene
editing using targeted DNA endonucleases such as Zinc
Finger Nucleases (ZFN), Tal Effector Nucleases
(TALENs), and CRISPR-Cas9 nucleases (Sander and
Joung, 2014). All three approaches make gene targeting
in any cell, including somatic cells, more efficient by
several orders of magnitude (Gaj et al., 2013). Using
pigs as an example, we show in Table 1 that the impact
of this technology on the efficiencies of generating a
transgenic pig is indeed transformational. While all
three approaches (ZNFs, TALENs, and CRISP-Cas)
have been used to develop gene edited domestic species,
this review will concentrate on the CRISPR-Cas based
systems. This is due to the lower costs, ease of use, and
expanding repertoire of modified enzymes that further
increase the utility of the system. We will cover
applications that focus on gene editing (genetic
modifiers) as well as approaches that modify gene
expression by acting on the epigenome (epigenetic
modifiers). While these epigenetic modifiers have not
yet been fully implement in domestic animals, we feel
they have tremendous potential as models for clinical
applications in humans.
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Table 1. Effect of site-specific DNA modifiers on multiple agpects of gene editing in mammals.

Before site-directed

modifiers*

DNA  Afler

site-directed
modifiers

DNA  References

Homologous Recombination (HR)

Long homology arms

Selectable markers

Single gene

Single allele

Only cultured cells

Overall frequency of HR 1 in a
million

Only dividing cells

Homologous recombination and
targeted NHEJ

Short or no homology arms

No selectable markers

Multiple genes

Both alleles

Cultured cells and direct zygotic
injection

Overall frequency of targeted
gene editing 100%

Dividing and non-dividing cells

Smithies, 2001; Smithies er af., 1984,
Smithies, 2008; Le Provost ef ¢f., 2010

Vazquez ¢/ al., 1998; Sander and
Joung, 2014; Suzuki ef al., 2016;
Brown et af.. 2016

Smithies, 2008; Gaj ¢ al., 2013

Smithies, 2008; Piedrahita er af., 1992;
Park et af., 2017

Fueral., 2013

Dai et al., 2002; Hai ef 4., 2014

Smithies, 2008

Yao et al., 2017

Global but not targeted epigenetic
modifications

Frequency too low for in vivo or ex
vivo clinical applications

Single and multi loci targeted
epigenetic modifications

Frequency high enough that in
vivo or ex vivo clinical

Ng and Bird, 1999; Zhou er af., 2018

Wang et al., 2013; Hai et af., 2014

applications can be developed

*Includes both genetic and epigenetic modifiers.
CRISPR-Cas editors

Originally derived from bacteria as a defense
against bacteriophages, investigators have harnessed the
ability of CRISPR-Cas to recognize a specific DNA
sequence and create a double-stranded break., As
depicted in Fig |, CRISPR-Cas has two functional
components: a guide RNA (gRNA) and a CRISPR
Associated protein (Cas) nuclease. The gRNA s
composed of an RNA sequence that recognizes the
target DNA and an RNA region known as tracrRNA or
transactivating CRISPR  RNA. The Cas protein
complexes with the gRNA and binds the target DNA.

In the first, and most commonly used,
CRISPR-Cas system derived from S. Pyogenes
(SpCas9), the gRNA contains a 20 nucleetide sequence
complementary to a DNA sequence that is directly
upstream of a protospacer adjacent motif (PAM) 5'-
NGG. CRISPR-Cas systems from other bacteria such as
Staphviococcus aureus (SaCas9) and Prevotella and
Irancisella (Cpfl) (Ran et al., 2015, Zetsche et al,
2015) have different gRNA sequence and PAM
requirements, but all create a double-stranded break at
the target site. This results in a system that can be
targeted to specific regions of the genome using the
2RNA followed by a double stranded DNA cleavage via
the Cas9 endonuclease (Sander and Joung. 2014). The
cell then senses this DNA damage and activates DNA
repair pathways. It is this process of DNA repair that

172

forms the basis for gene editing using CRISPR-Cas
systems. As shown in Fig. 1, the DNA damage can be
repaired by multiple mechanisms. The most frequently
used, the non-homologous end joining (NHEJ) pathway,
recruits cellular machinery to ligate the cleaved ends
back together. However, this system is error-prone and
creates random insertions and deletions (indels) at the
damaged site. If the indels are located in the coding
sequence of the gene, they can create a frame-shift
mutation and therefore an abnormal or absent protein.
Thus, NHEJ is often used to inactivate genes. This is
such a highly efficient system that it can generate loss of
function of one (heterozygous mutant) or both copies of
the gene (homozygous mutant; Table 1). Prior to
targeted endonucleases, the only way to obtain
homozygous  mutants was  through  breeding
heterozygotes, or by performing two rounds of genetic
modifications using sequential SCNT (Kuroiwa ef al.,
2004); neither of which are practical or easy to apply to
domestic animals. This alone is transformational as, by
avoiding the need for breeding, CRISPR-Cas induced
NHLJ drastically reduces the time required to generate
an animal or cell line devoid of a specific protein.
However, in some cases the goal is not to
knock out a gene but to instead knock in or replace
genes. This process, for instance, can be used for
targeted insertion of a gene such as a fluorescent tag for
cell or protein tracking, insertion of human genes, or
addition of favorable agricultural traits. For targeted

Anim. Reprod.. v.15. n.3, p.171-179, Jul./Sept. 2018
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homology directed repair, the double stranded break in
the target region requires a donor DNA construct
containing regions of homology o either side of the cut
site. The cell will then repair the double stranded break
by two competing mechanisms, the NHEJ described
above, or by homology-directed repair (HDR) resulting
in incorporation of the donor DNA into the target
region. This process is analogous to conventional HR
with the main difference being that in conventional HR
there is no induced double stranded break, only the
donor DNA. Both conventional HR and HDR require
cell division as DNA replication is an integral
component of the homologous recombination process.
As described in Table 1, without the DNA break, IIDR
occurs at frequencies of 0.000001% (1 in 10E56) or
lower. In contrast, with a targeted DNA break, HDR
occurs al [requencies ranging from 10% to as high as
50%.

But there are differences in the composition of
the donor DNA as well. Conventional HR requires that
the donor DNA contains gseveral kb of homology (o the
target gene, as well as positive and negative selectable
markers to enrich for those are cells that had been
modified (Vazquez ef ul., 1998). As a result, the donor
DNA plasmids are difficult and expensive o develop,
some requiring several months to complete. In contrast,
donor DNA used for HDR requires regions of homology
ranging from a total of 1 kb to less than 100 bp, does not
require selectable markers, and can be rapidly and
inexpensively generated. This allows the use of two
types of donor DNA, small oligo that can be used to
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modify small regions of the DNA and larger DNA
donors that can be used to replace or insert (knockin) a
gene or gene fragment into the desired target region
(Sander and Joung, 2014).

Recently, a new mechanism for gene insertion
has been described for homology independent targeted
integration (HITI; Brown er al., 2016; Suzuki er al.,
2016). By a process little understood at present, the
double stranded break created by the CRISPR-Cas9 is
repaired by an NHEJ-driven mechanism, does not
require DNA replication, and results in the insertion of a
donor DNA in the absence of any homology to the
target region. It does, however, require that the donor
DNA plasmids are also cleaved by a CRISPR-Cas9.
What is more surprising is that the frequency of targeted
insertions is higher using HITT that using HDR (Suzuki
et al., 2016). Since then, similar approaches using
micro-homelogy arms (<50 bp} or homology arms of
less than 1 kb of total homology have been described
that also work in non-dividing cells (Yao et al., 2017),
referred to as Micro-homology Medialed End Joining
(MMEJ) and Homology-Mediated End Joining (HMEJ),
respectively. Interestingly, the efficiency of the different
integration methods differs drastically depending on cell
type. In mouse ES cells, for instance, HDR and HMEJ
occur at approximately the same rate, while in mouse
embryos, HMEJ is 5-10 fold more effective than HDR
(Yao et al,, 2017). In summary, multiple approaches
that have been or are being developed allow the
modification or inactivation of essentially any gene in
any cell type at high efficiency.
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Figure 1. Gene editing outcomes using targeted gene modifiers. A) gRNA complexes with Cas9 protein to bind a
specific 20 nucleotide sequence in the target DNA, B) Cas9 nuclease initiates cell-based repair mechanisms to create
changes in DNA sequence: Homology directed repair or HITT for gene insertion, non-homologous end joining for
indels, or base editing for site specific nucleotide changes. C) Catalytically inactive Cas9 protein fused with
transcriptional modifiers leads to targeted gene activation or repression.

Anim. Reprod., v.15, n.3. p.171-179, Jul./Sept. 2018
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Base editors

While HDR and NHEJ are efTective for knock-
outs and knock-ins, the advent of base editors
introduces a new paradigm for therapeutic gene editing.
Base editors are CRISPR-based enzymes that can
catalyze the conversion of specific bases within a
specified target window without a double-stranded
break. The first base editors consist of a Cas9 nickase
fused with a cytidine deaminase (APOBEC-1 or AID),
which is directed by a gRNA to elicit a targeted C*G to
T*A conversion (Komor ef /., 2016; Shimatani ef af.,
2017). The mechanism involves deamination of a
cytidine, thereby converting it to a uridine, which pairs
with an adenine upon cellular repair. Further iterations
of base editors also allow for improved specificity of the
largel window to eliminate unintended conversion of
cytosines neighboring the target base pair (Kim et al.,
2017). More recent advances also allow the conversion
of T*A pairs to C*G pairs by replacing the cytidine
deaminase with an adenosine deaminase (Gaudelli ef
al., 2017). In addition, base editors have been fused to
other targeted endonucleases such as Cpfl (Li et 4.,
20118). allowing for targeting of sites with various PAM
sequences.

The use of base editors has several advantages:
there is no longer a need to simultaneously deliver a
repair template with the endonuclease, the lack of
double-stranded breaks diminishes the chance of
unwanted indels, and the specific activity window
reduces the number of potential off-target sites
(discussed below). However, base editors are still
restricted in that they only can catalyze conversions
between C*G and T*A base pairs, and only can target a
small window which must be approximately 15 base
pairs upstream of the PAM sequence. Future base
editors must be more flexible to allow for editing of
clinically relevant sites that are currently out of reach
due to lack of appropriate PAM locaticn or that require
different base conversions. Furthermore, microinjection
of a base editor into mouse embryos showed that its
nickase activity can still introduce indels at a relatively
high frequency (Kim et @l., 2017).

Approaches to generating gene edited offspring

Unlike conventional HR, where the efficiencies
are so low that /n vivo applications in embryos or
somatic tissue are impractical, the increases in gene
editing frequencies associated with systems such as
CRIPS-Cas make in vivo gene editing possible. While
gene editing was initially carried out in cells in culture,
in vivo applications quickly developed. Initial reports
showed that direct injection of CRISPR-Cas9 into the
cytoplasm of one cell mouse embryos resulted in 50/56
(90%) of the offspring being moditied via NHET (Wang
el af., 2013). What was more surprising was the large
number of offspring that had biallelic modifications
45/56 (80%). These initial reports were soon confirmed
in other species including domestic animals such as pigs
(Hai et al., 2014), sheep (Crispo ef al., 2015), goats
(Wang ef al., 2015) and cattle (Bevacqua ef af., 2016}. It
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was also applied to multiple loci at the same time
resulting in the generation of multi transgenic oftspring
(Park et ai., 2017).

Initial reports of HDR by direct cytoplasmic
injection were not as successful as NHEJ, suggesting
that homologous recombination is not efficient in
embryos, with frequencies ranging from § to 34% in
mice (Yang er al., 2013). Approaches to enhance HDR
were tested (Maruyama et af., 2015) with some success
but it was not until NHEJ-dependent approaches were
used that targeted insertion into zygotes became
practical. The MHEIJ system already described is highly
efficient when vsed directly on embryos with over 25%
of mouse embryos carrying the correct insertion and
over 50% of non-human primate embryos generated by
ICSI, followed by HMEJ, carrying the correct
modification (Yao ef «f., 2017). In domestic species,
HDR directly in embryos has been reported for pigs
(Park er al., 2017) and goats (Niu ef af.. 2018) with
efficiencies ranging from 15 to 350%. Of concern,
however, is that in addition to the HDR-mediated
insertion into one allele, the remaining allele was
mutated via NHEJ. Thus, a large number of offspring
need to be generated to create one carrying the desired
insertion but without a mutation in the other allele.

This leads to the question: which system is
better, gene editing directly in zygotes or gene editing in
cultured cells followed by SCNT? There is no simple
answer. [t depends on the question being addressed, the
technical capabilities available, and the regulatory
environment in which one operates. The benefits of
gene editing combined with that SCNT is that the donor
cells can be extensively analyzed before SCNT so the
genetics of the offspring are known. It also allows for
complex gene edits and for sequential gene editing via
multiple rounds of SCNT. This allows generation of
multi-transgenic animals in a relatively short time,
something that is crucial in species with longer
generational intervals (cattle, goats, and pigs for
instance). The drawbacks are that SCNT is technically
complex, requires expensive specialized equipment, and
can be unreliable. Zygotic injection, in contrast, is
technically simple, can be carried out with less
expensive equipment, and can be applied, in theory, to
any mammalian species where zygoles are available;
even those where SCNT is either impractical or has not
been developed. The drawback is that the process is
completely random so many of the offspring generated
will have to be euthanized as they will not carry the
desired gene edit. In addition, it cannot be used to
generate sequential gene edits without breeding to
produce new zygotes and that in species such as cattle
can take years rather than months. However, il all that is
needed is inactivation of 1-2 genes or modification of
one loci, zygotic injection will produce the desired
outcomes in a shorter period of time, even if some of the
offspring do not carry the desired mutation and will
need to be discarded. In an ideal system, having both
SCNT and zygotic injection will give the greatest

flexibility and provide the capabilities to tackle
essentially any gene edit desired, regardless of
complexity.
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Epigenetic modifiers

Although gene targeting for knock-outs, knogk-
ins, and editing is very promising, there is also a need to
address discases that are a result of aberrant cellular
regulation. In the past decades, modulation of gene
expression has depended heavily on RNA interference,
which focuses mostly on gene repression (Gemberling
and Gersbach, 2018). The development of CRISPR-
based gene regulators provides a powerful new strategy
for targeted gene therapy. These epigenomic editors are
composed of a catalytically inactive CRISPR protein,
dead-Cas9 (dCas9), fused with an cffector domain for
transcriptional  activation or suppression. These
complexes are then paired with a gRNA and targeted to
a specific site in the genome. With control of
transcriptional activity, these editors can be used to
suppress harmful genes, upregulate those that are
deficient or silenced, or completely reprogram cell fate.

A series of dCas9 transcriptional activators
have been developed, the first of which were dependent
on the transcriptional activator VP64 (Gilbert er al.,
2013; Perez-Pinera er al., 2013). Improved versions
depend on addition of fused domains, protein scatfolds,
or RNA scaffolds to recruit additional upregulating
factors for improved efficiency (Chakraborty et af.,
2014; Konermann et al., 2013; Chaver er al., 2016).
Other dCas? activators rely on epigenomic modifiers
such as histone acetyltransferase (Hilton er al., 2015).
As for transcriptional repressors, early versions relied
upon dCash binding to interfere and block transcription
initiation (Qi ef ¢l., 2013). Soon afler, dCas9 was used
to recruit chromatin-modifying repressor complexes,
such as the Kruppel-associated box (KRAB) domain, to
effectively silence target gene expression (Gilbert et a/.,
20113). Moreover, because specific effects of epigenetic
elements on gene regulation are not well understood,
targeted  epigenetic  modifications by  DNA
methyltransferase (Vojta er al, 2016), or histone
deacetylase {(Kwon er al., 2017) can be employed to
better understand these phenomena. This type of screen
for regulatory elements can also be performed in a high-
throughput fashion with loss- and gain-of-function
editors (Klann et af., 2017).

Like their active-nuclease counterparts, dCas9
epigenome modifiers can also be delivered for
therapeutic and fundamental purposes. Several studies
have shown the ability of CRISPR activators to modify
cell fate. For example, in vitro studies have
demonstrated  effective  direct reprogramming of
fibroblasts into neurons by targeted activation of three
specific genes (Black er af., 2016). These factors can
also be delivered in vivo by the same approaches as the
targeted nucleases, such as AAV. An impressive study
by Liao er al. (2017) was the first to use CRISPR/Cas9
type systems to modify transcription for several
purposes. They show the ability to increase muscle mass
in a dystrophic mouse model by local injection into
hindlimbs by upregulating utrophin, compensate for
acute kidney injury by upregulating Klotho or IL-10,
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and completely reprogram liver cells into insulin
producing cells to treat a mouse model of type 1
diabetes. This is the first of many future studies using in
vivo transcriptional modifiers as therapeutics for disease
and perhaps for production or reproductive traits in
large animals.

Other uses for dCas9 delivery include
reprogramming of astrocytes into neurons in transgenic
mice by activation of multiple genes (Zhou er a/., 2018)
or the ability to screen for potential oncogenes (Chow
and Chen, 2018). Because they are so new, the in vivo
delivery of targeted transcriptional regulators has thus
far been limited to small animals, but as the therapies
are translated to humans, we expect large animal models
such as pigs to be important for scale-up and evaluation
of physiological effects. Pigs have already been
established as a model for epigenetic programming. For
example, an Oct4-Enhanced GFP pig provides a
valuable tool for the evaluation of reprogramming
efficiency and pluripotency (Nowak-Tmialek et al.,
2010). Even in a pre-targeting era, pigs have been useful
for the study of epigenetic control of gene expression,
silencing, or tissue specific control of transgenes
(Archer et al., 2003; Kues et al., 2006).

Hurdles and challenges: off-target effects

One major limitation for the use of CRISPR is
the potential for off-target effects. While each gRNA
has been synthesized to target a specific genomic
sequence, there is the possibility for binding and
cleavage at closely related sequences elsewhere in the
genome, resulting in unwanted indels. The presence of
off-target effects from CRISPR-Cas was shown in
human cells early on (Fu ef «l., 2013), and hence there
has been a push to develop methods for detection and
prevention of off-target effects.

Initial efforts for safe and effective CRISPRs
led to in silico design tools for gRNAs that score the
probability of on- and off-target events (Hsu et al.,
2013; Heigwer er al.. 2014). While these are a good
starting point and are free to use, in silico design tools
are only moderately accurate for prediction of true off-
target effects (Tsal ef af., 2015). To better understand
the frequency and location of off-target sites, a handful
of techniques have been established. GUIDL-seq (Tsai
el al, 2015}, CIRCLE-seq (Tsai et af, 2017),
Digenome-seq (Kim ez 4/., 2015), and HTGTS (Frock ez
al., 2015) are all examples of unbiased, sensitive tools
that capture the double-stranded breaks created with in
vitro or in situ following delivery of Cas9 and analyze
based on sequence reads. However, these techniques are
expensive and frequently require a full reference
genome. It is of note that off-target sites detected by
GUIDE-seq showed only modest overlap with in silico
predictors especially because many actual off-target
sites were excluded from consideration by the programs
(Tsai ef af., 2015). As studies continue to clucidate the
precise rules for CRISPR off-target binding (Boyle ez
al., 2017), there is a need for a more accurate in silico
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predictor tool. Likewise, off-target effects are highly
characterized in vitro, but more work must be done to
evaluate frequency of off-target events in vivo.

To combat these adverse effects, several
strategies have been employed. Initial studies
demonstrate that a shortened gRNA can increase
specificity by eliminating ability to form bulges when
binding (Fu et al., 2014). Further studies showed that
the use of Cas9 nickases or paired nickases, which
create only a single-stranded break, have fewer oft-
target effects (Shen er al., 2014; Frock et al., 2015).
Additionally, modifications to the Cas9 protein for a
high fidelity nuclease increase the specificity of the
binding domain and decrease off-target effects and
frequency (Kleinstiver et al., 2016). Finally, other
CRISPR nucleases with less common PAM sequences
or that are less tolerant of mismatches, such as Cpfl,
have fewer off-target sites compared with Cas9 (Kim et
al., 2016). The availability of new enzymes with higher
fidelity and higher specificity combined with better in
silico methods to design gRNA that will have single
target specificity are likely to eventually lead to systems
with undetectable off-target effects. For the present,
however, it is important that off-target effects are taken
into account when generating gene edited offspring,
whether by SCNT or by zygotic injection.

Summary and conclusions

With the rapid adaptation of CRISPR-Cas and
related gene editing technologies, the rate of
applications to agriculture and biomedicine is growing
exponentially. Previous methods of genetic modification
of animals relied heavily on random insertion methods
(pronuclear injection), use of genetically modified
somatic cells followed by SCNT, or the use of viruses
for transgene insertion; all methods with significant
drawbacks. CRISPR-Cas and related systems not only
do not suffer from these drawbacks but their
implementation is both technically simpler and less
costly. All these factors combined, and the high degree
of plasticity of the procedure so it can be used to modify
DNA as well as modify transcription, is transforming
the field of gene editing of domestic animals.

However, as we continue to apply gene editors,
whether it be for therapeutic delivery in medicine or
disease resistance and growth traits in agriculture, we
must be responsible and aware of our actions. The
power of this technology is immense, and any misuse of
it will decrease acceptance from the public who needs it
the most. Nevertheless, proper use of these tools brings
us the opportunity to cure disease, improve agricultural
production to feed the growing population, and create a
healthy future.
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CHAPTER 2
LGRS is a conserved marker of hair follicle stem cells across species and is

present early and throughout follicle morphogenesis

Abstract

Hair follicle stem cells are key fariving growth and homeostasis of the hair follicle niche and
have remarkable regenerative capacity throughout hair cycling and display fate plasticity during
cutaneous wound healing. Due to the need for a transgenic reporter, essentially all observations
related to LGR5+ hair follicle stem cells have been generated using transgenic mice, which have
significant differences in anatomy and physiology from the human. Using a transgenic pig
model, a widely accepted model for human skin and human skin repademenstrate that

LGRS is a marker of hair follicle stem cells across species in homeostasis and development. We
also report the strong similarities and important differences in expression patterns, gene
expression profiles, and developmental process@gebatspecies. This information is important

for understanding the fundamental differences and similarities across species, and ultimately

improving human hair follicle regeneration, cutaneous wound healing, and skin cancer treatment.
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Introduction

The skn is the largest organ in the body and is responsible for maintaining homeostatic
conditions such ashermoregulation, hydration, angrotection from the environmer. To
maintain these processesg tbkin epidermis contains multiple populations of stem cells. One of
these populations, hair follicle stem cells (HFSC), has been studied extensively in mice for
understanding stem cell behavior in homeostasis and reépaithough studies in mice have
provided in depth mechanistic insight, translational studies using mouse models are limited due
to differences in anatomy and physiology; mice have dense fur coats which undergo cyclic
periods ofgrowth and rest, thin dermis and epidermis, and loose skin attachfnémicontrast,
humans have sparse hair coats, asynchronous follicle cycling, thick dermis and epidermis, and
tight skin attachments; all these characteristics are shared with pigs, making them a widely
accepted model for human skin and repalowever, while several genes have been proposed
as HFSC markers, they oftesary across speci€s, making it difficult to perform functional

comparisons between species.

In mice, HFSC have been defined by the leucicle G protein coupled receptdr(LGR5) ¥ 1°,

a known potentiator of WNT signaling when bound to its ligarspBndin'’. Exciting findings
from murine studies show that LGR5+ HFSC contribute to all regions of the hair follicle,
including sebocyte® are vital for telogen to anagémansition during hair cycling® 14, migrate
from the hair follicle niche to contribute to-epithelialization during wound healifg®, and are

the cells responsible for hair regeneration in weinatliced follicle neogenesi®!’. While
LGR5 is a widely used marker in mice, there have been no previous studies knowledge

that evaluate the location of LGR5 expression in the skin of humans onumame models. This
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is possibly because its study has been limited due to the lack of a reliable commercially available

anti-LGR5 antibody'81°

To solve this issyewe developed a transgenic pig that expresses L@RE&n H2BGFP and
here we use it to identify conserved pathways of gene expression, compare cell behavior, and

study the role of LGR5+ HFSC fetal and poshatal stages across species.

Results

Generation of a porcine LGR5H2B-GFP model

To facilitate the study of LGR5+ cells in a rowrine species, we generated a transgenic
porcine model expressing HZBFP under the control of theéGR5 promoter using
CRISPR/Cas9 mediated gene knackWe elected tausea nuclear H2BGFP we and others
have previously usetf®?! The H2BGFP sequence was inserted into exon dnefLGR5allele
and aftervalidaion for accurate transgene insertion by PCR and sexjg (Figure 1A-C),
clonal cell lines wereaused for somatic cell nuclear transfer. To examine whether-G2B
expression accurately reflects LGR5 mRNA expressionovwerlaid RNA fluorescentin situ
hybridization (RNAFISH) of porcineLGR5and LGR5H2B-GFP expressiofFigureld). Based
on colocalization, H2B5FP in this model is faithfully representativeLddR5expression.

LGR5 is a marker of the outer root sheath and bulge cells anagen, catagen, and telogen
stages of the hair cycle in porcine and human skin, and is expressed at a low level in the
inner root sheath.

Studies inmice have shown LGR5 expression in the lower bulge and -oatér sheath

throughout anagen, catagen and telogen. The
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follicle belowfollicles throughout the hair cycl@g-igure 1H-J). In addition, a closer examation
of nuclear GFP fluorescence in the pig beyond the outer root sheath reveals-cimGFP
population in the inner root sheatfigureS1g9. This LGR5low population is expressed in the

inner root sheath above and at the bukjgyreS1b-d).

i
R I I F G
Allele 1 (knockin)
gcggeccceegeccgggeaccatgggacctgagecatecaa
5'UTR H2BGFP
Allele 2 (endogenous)
gcggeccceccgececcgggecaccatggacacctecteggttgg = =

5'UTR LGR5
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Figure 1. LGRS is expressed in the hair follicle outer root sheath in the lower bulge throughCipe hair
anagen, catagen, and telogen in the pig and humaf) Schematic of H2BGFP knockin at the porcin
LGR5locus. 500 base pair regions of homology on eitherdidee CRISPR target site at the start cc

were included in the homology directed repair template. B) PCR amplification of DNA from a
containing the knock n , from | eft: 200 bp DNA Ladder,

uneditel genomic allele (allele #2). C) Sequencind.6R5allele #1 and allele #2 shows the endoge through
locus of allele #1 remains unaltered and expresses the LGR5 protein, while allele #2 enco@GdsF

instead. D)LGR5transcript expression correlates with HEBP expression in the skin bSR5H2B-]

GFP pigs, shown by endogenduSR5H2B-GFP andLGR5 fluorescentin situ hybridization to a pi
LGR5probe (GR5ISH). EG) Expression ot GR5H2B-GFP in anagen (E), catagen (F), and tel¢, and
(G) stage follicles. HJ) Detection of LGR5 expression in human hair follicles by RN# situ
hybridization. As in pigsL GR5is expressed in the outer root sheath of the lower bulge in anags
catagen (1), and telogen (J).

cine
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Figure 2. LGR5+ cells give rise to transient amplifying populations in hair matrix in anagenA-C)

20x magnification confocal image of base of anagen hair follicle depicting H2BGFP expression as
compared with DAPI. Intensity profile of each fluorescence along thewhiow is plotted in (D), which

is summarized by the fit line. E) Quantification of slope from profile plots of GFP or DAPI profiles, with
profile line drawn from base toward inner root sheath, showing that H2BGFP intensity is diluted
significantly whileDAPI remains relatively unchanged, n=12 follicles from 3 different.pid€ Staining

to detect F) KI67 G) Keratin 40 or H) H2BGFP show LGR5+ cells giving rise to proliferating transient
amplifying cells, followed by differentiation into the inner root sheath or hair shaft. I) Merge. Scale bar
represents 100 ¢ M.
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Figure 3. LGR5+ epidermal cells express known stem cell and epidermal marker&ntibody staining

by fluorescent confocal microscopy of known skin markers (té@)Aand overlaid with DAPI and H2B

GFP (bottom BN). A-B) Keratin 5, GD) Keratin 10, EF) Keratin 14, GH) Keratin 27, 1J) CD200, k

L) Aquaporin3, MN) Aquaporin 5. S ¢ &) Relatibeaexpregsienpof kacsve stetns 2 0 0
cell markers based on delialta Ct analysis of RPCR from LGREhigh (LGR5HI, light gray),
LGR5low (LGR5-LO, dark gray), oLGR5-negative (LGRENEG, black) populations after flow sorting.
Each sample is normalized ACTBandGAPDHa nd t hen to unsorted e-pi
test for each pair *** indicates P<0.005, * indicates P<0.05, error bars indicate SEM

der mi
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LGR5-expressing cells in the hair germ give rise to the inner root sheath and hair shaft

During anagen, HFSC are activated, exit the bulge region, proligoateward in the outer root
sheath to the hair matrix regioHere, they give rise to a transieamplifying population, which
ultimately differentiates into 7 different lineages within the hair shaft and inner root gféath

Thus, we next asked whether LGR5+ cells in the porciiddiacle give rise to the hair and the

innerroot sheathThe H2B-GFP markein the nucleus of LGR5 expressing cells alldwsted

lineage tracing as the H2BFP signal drops in intensity with each cell divisioff. LGR5-
expressing cells at the base of the hair follicle in contact with the basement membrane and
adjacent to the dermal papilla, show bright GFP expression, which decreases in intensity as the
cells divide into the inner root sheath and hair shiaigure 2A-C). The line profile drop in
intensity was compared to DAPI, which remains constant along thessotee Figure 2D-E).

K167 staining confirmed that indeed the LGR5+ cells are dividing as the GFP intensity decreases
(Figure 2F), and thathe tansient amplifying cell populationterminally differentiate into the

inner root sheath and hair shaft andex, as shown by hair keratin, Keratin £gure2G-).

Immunohistochemistry and gene expression analysis of LGR5+ cell localization with

known markers of the epidermis

Next, we applied antibody staining to evaluate LGR5 localization in the contewllieknown
epidermal markers of mice and/or human skin. KRT5 and KRT14, which form an intracellular
dimer 2’ are present in the entire basal layer of the porcine epidermis, dodatize with
LGR5-H2B-GFP in the bulge region of the hair follicleigure3A-B, E-F). KRT10, a marker of
differentiated interfollicular epidermis cells, does not@walize with LGR5H2B-GFP, and was

not detected in the follicle below the isthmusglre 3C, D). KRT27,a marker of the Henle,
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Huxley and Cuticle regions of the inner root shedtrstains the LGR%ow populations in the

inner root sheath, in addition to the entire interfollicular epiderigufe 3G-H ) . Unl i ke
reported stentell specific affinity in humang®, CD200 stained all layers of the epidermis,
including LGR5H2B-GFP cells in the bulgeF{gure 3I-J). AQP3, a known marker of
keratinogtes %31 shows minimal cdocalization with LGR5H2B-GFP, and instead stains the
interfollicular epidermis and continues through the inner root sheabré3K, L). Aquaporin5

(AQP5) hagecently been suggested as an alternative to LGR5 to mark stem cells in the stomach
18 but is not specific in the skirFigure 3M-N). From this we can confirm that in the pig,
LGR5+ HFSC partially cdocalize with markers of the basal layer stem cells including KRT5,
KRT14, CD200 and AQPS5, but not with more differentiated markers of the epidermis and

keratinocytes such as KRTIRRT27, and AQP3.

While LGRS5 is recognized as a marker of HFSC in nficether stem cell markers such as
SOX9, TCF4, LRIG1, LGR4 and LGR6, have also been linked to stem cell populations of the
epidemis in mice and humarté®2 To examine whether LGR5+ HFSCs also express other stem
cell markers, we used fluorescence activated cell sorting (FACS) to separate thenigBR5
low, and negatig populations Kigure S2) and performed RHPCR separately on each
population Figure 30). Our results show that LGR5+ cells are also enriched &R4 and

LGR6 and thatSOX9, TCF4,and LRIG1 are significantly upregulated in the LGRgh
populations. Mar&rs that have been used to identify and/or enrich for murine HFSC such as

KRT5, KRT15andCD34are not significantly enriched in the porcine LGR5+ HFSC.

18


https://paperpile.com/c/N6Mi3e/LaLHL
https://paperpile.com/c/N6Mi3e/hTIff
https://paperpile.com/c/N6Mi3e/RyocH+YhS89
https://paperpile.com/c/N6Mi3e/mtdnJ
https://paperpile.com/c/N6Mi3e/fI74Q
https://paperpile.com/c/N6Mi3e/DQIUt+32Wkn

Transcriptome analyses reveal extracellular matrix and structure organization as top

conserved pathwgs across species

To examine the gene expression profile of LGR5+ cells in the pig at a deeper molecular level, we
performed RNA sequencing (RNAseq) on RNA extracted from FACS sorted GFP high{LGR5
high) or GFP negative (LGR&egative) cells as in Fig S4&tatistical analyses found 1619
significantly upregulated and 1161 significantly downregulated genes in the -hi@R5
population compared with the LGRtegative population after correction with Bonferroni
adjustment for multiple comparisons. A heatmaphaf 80 most differentially expressed genes
shows significant differences in many epidermal, structural and stem cell geégese@A).

Two of the top three most significantly dowegulated genes in the LGRigh group were
KRT10 and AQP3, which are confiled by our immunostaining resultsigure3D, L).

We next aimed to evaluate how the gene expression profile and sigradlingsays of the
LGR5+ cells in pigs compares with the human and the mouse. To do so, we used publicly
available single cell RNAseq datasets from hurffaand mousé?*, and clustered the cells based

on high or undetectable levels bER5expression. After quality control, we retained 3593 and
1422 human and mouse cells, respectively for further analysis. Clustering based on
LGR5expression yielde@400 negative and 59 positive human cells and 1278 negative and 82
positive mouse cellsin total, 836 common genes, as well as 1,329; 953; and 5,763 uniquely
expressed genes detected in human; mouse; and pig, respectively I(qu e  The @enel ) .
ontdogy analysis revealed conserved pathways in comparison of species by pairs, with
Aextracell ul ar matri x organi zati on O-substiatex t r a c e
adhesi ono common bet weEgume4BaHglS4ACH whetkesuggestnapoder i s 0 n

for LGR5+ cells orchestrating the extracellular microenvironment. Comparative analysis using
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IPA revealed a significant number of potential upstream regulators with the 20 most significant
genes shown inFigure 4C, induding those involved in growth TGFB family,
specificallyTGFB1Y), transcription factors and cell signalinglYC, MYCN CTNNBI1 TNF,

ESR1 ESR2 TP63, tumor suppressor gene$P53 cell differentiation §P1, GLI), and
regulation of cell divisionIRAS KRAS. Overall, while many genes and pathways are shared
across the species and cellular expression, there is also great variability when it comes to specific

gene expression.
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Figure 4. Human, Pig, and Mouse LGR5+ epidermal populations are enriched inxgacellular

matrix structure and organization pathways. A) Top 30 significantly differentially expressed genes
between LGRHigh and LGREnegative sorted porcine samples. B) Common gene ontology terms from
genes that are upregulated in LGRBh epidermisacross all species. C) Upstream regulators that target a
significant portion of the genes that are upregulated in LGR5+ cells from mice, human, and pig datasets.
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LGRS is expressed early in hair follicle development and throughout morphogenesis.

We nextasked howLGR5 expression fits irfetal hair follicle neogenesis. In pigs we examined
two key fetal stagegyestational day0 (D50) when hair follicles arm the late placode/early

hair germ stage, and gest@al dayD80 (D80) in the follicle stageof morphogenesisAt D50,

whole mount dorsal fetal skin shows the evenly patterned distribution of LGR5 expression
throughout the epidermigFigure 5A, B), and LGR5+ cells areoriented perpendicular and
directly adjacent to the dermal condensate marked®¥2 (Figure 5C). SOX9, aknown
marker of hair follicle progenitor cells, occupies the suprabasal position and only dimly overlaps
with LGR5 expressionHigure 5D-F). The majority of LGR5+ cells argot proliferating with

only a fewLGR5+ cells in the sprabasal positionco-expressing both Ki67 and LGR¥igure

5G), indicating thatat this stage, LGR5+ cells are slow cycling and that the primary
proliferating population is in the suprabasal posit@revious reports suggest there is a group of
basal cls that are Wnhigh, SHHhigh, and are the slow cycling progenitors that give rise to the
SOX9+ populatior?®. To prove that this population is equivalent to the LGR5+ cells in pigs, we
sorted LGR5+or LGR5 cells from D50 skin and evaluateésHH expression by RT[PCR
(Figure S4A-B), and found that the LGR5+ population is significantly enrichedSiH
expression Kigure S4C), confirming that LGRS is expressed in the earliest stem cell progenitor

popuhtion of the hair follicle.

At D80, during the follicle stage of morphogenesis, LGR5 expression is robust throughout the
lower bulge Figure 5FK). Interestinglythe pattern of follicle development in dorsal skin
emerges as a tripleFigure 5J3K), with all developing follicles enveloping the dermal papillae,
shown bySOX2 expressiorfFigure 5L). While LGR5 specifically marks the developing outer

root sheath of the lower follicle, SOX9 is expressed in mostly all cells in the lower follicle
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(Figure 5M-O). The majority of proliferating LGR5+ cells were found at the base of the hair

follicle, close to the dermal papillae, similar to anadegyre5P-R).

To ask if LGR5 expression is conserved throughout development, and since human fetal skin
was dificult to obtain, we obtained ageatched fetal rhesus skin and querig€sR5expression

by RNA-FISH. LGR5 is expressed at a low level in the placode (arrowhead), and strongly
expressed in the hair peg (arroigure 6A-B). SOX9 expression is absent frohetplacode,

but is found throughout the hair pefidure 6C-D). Interestingly, we consistently found that

none of the cells in the hair peg, perpendicular to the basement membrane and adjacent to the
dermal papillae, were SOX9 positive, although LGR5 wetseated in these cells. Finally, LGR5
expression is consistent and robust throughout the lower hair follicle throughout development,

along with SOX9 Figure6E-H).

While studies in mice have reported that LGR5 is not detected in mice until E&%5
cryosections from LGR8GFP mouse dorsal skin show that LGRS is expressed as early as 15.5
(Figure 61-P). Since follicles develop at different stages based on location, we collected tail or
dorsalskin for placode or hair germ stages, respectively. LGR5 was undetectable at the placode
stage Figure 61-J), although SOX9+ cells occupied the same suprabasal position as in other
species Figure 6K-L). In mice, we show that LGR5 is first detectable e thair peg stage
(Figure6N-P), although the pattern of expression was more limited than the pig and rhesus skin
and is not expressed in cells that contact the dermal papillae, and closely aligns with SOX9
expression. From these results, we can concloaietGR5 is expressed early and throughout
hair follicle development across species, although expression in rhesus monkey and pig hair

follicle morphogenesis is earlier and more widespread than in the mouse.
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D50 D80

Figure 5. LGR5 is expressed early and late throughout developing porcine hair folliclesFetal
porcine skin at day 50 of gestation-kA. Whole mount confocal imaging of showing patterning of LGR5

(A) and overlay with DAPI (B). Cryosectioned immunostagnishow LGR5+ cells throughout the hair
germ, perpendicular to the basement membrane and adjacent to the developing dermal papillae marked by
SOX2 (DF). Comparison of LGR5 or KI67 staining show little overlaplY&onfirming our gPCRlata

that the LGR5+cells are a sloveycling population. Day 80 porcine fetal skinK). Whole mount
staining shows triplet pattern of development. LGR5+ cells remain in close contact, surrounding the
dermal papillae as they invaginate into the developing derrg. (IGR5 expression is found in the
outer root sheath of the lower developing follicle, partially overlapping with SOX9 expression which is
not limited to the outer root sheathRJ. KI67 shows that the majority of the proliferating LGR5+ cells

are found at théase of the hair follicle, adjacent to the dermal papillaR)PScale bar represents 200

eM -CA, 50KeM ¢D TPO &M (L

Discussion

Many studies have attempted to find markers for HFSC, but few of these markers are conserved
across species. Some studies have suggested that CD200 may be a shared marker for HFSCs
between mice and humad$s® however we and others show that CD200 in mice and pigs is
expressed throughout the whole epidertri$’> CD34, a functional marker of HFSC in mice, is

not enriched in man HFSCG’ as our results confirm in pigs. KRT15 has also been used as a
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marker of HFSC in mice, howeverig alsofound in the entire basal layer of neonatal human
skin, and in the rete ridges aflult human skirf®. Despite the variation in patterns in many of

the epidermal genes across species, in this work we show that in postnatal skin, LGR5 is a
consistent marker of HFSC in the bulgeassr mice, pigs, and humans. In previous work in
human cells, LGR5 was detected in human hair stem cell orgeiipidshe hair follicle region

of haired men but not of bald men (alopedd)and was identified via single cell RNAseq in
human skin as a potential marker for the hair follicle lower béigBlevertheless, this work is

the first to spatially define the position of LGR5 expression in human hair follicles usingiiRNA

situ hybridization.

The creation of the transgenic porcine mautelvidesthe opportunity to perform a crespecies
examination of the transcriptome from the sarak type across multiple species. We recognize
that our RNAseq analyses could not account for the differences in methods of collection from
each dataset (especially related to depth of sequencing single cells vs bulk and number of
replicates). Howevert iprovides a starting point for examination of which genes and pathways
are conserved, namely genes involved in extracellular matrix organization and extracellular
matrix structure. More work needs to be done to understand the role of these stem hells in t
modulation of the extracellular matrix and how that affects the cell fates within the niche,

especially as hairs undergo cycling.
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Figure 6. LGR5 expression in rhesus and mouse hair follicle morphogenes@estational day 60 (A

D) or 90 (EH) skin show rhesus skin also develops in a triplet pattern, with one more advanced
developed follicle flanked by two lesser developed follicles. LGRS is present, but expressed at a low level
in the placode, while it isobustly expressed in the hair peg-BA\ SOX9 expression is absent in the
placode, but present in the hair peg. The cells directly adjacent to the dermal papillae, with a
perpendicular orientation to the basement membrane, are SOX9 negaje (GR5 expession is
maintained throughout the lower hair follicle in later stages of developmdr, @ well as SOX9 (G

H). Embryonic day 15.5 mouse tail-If) or dorsal skin (MP) show mouse placode or peg stage
development, respectively. LGRS is undetectablabsent at the placode stagd )| although SOX2 and

SOX9 are present. In the hair peg stage, LGR5 is present, but limited to Hpegnidgion and not in
contact with the dermal papillae, similar to the pattern of SOX9 expressiét).(M

N
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Beyond moleclar comparisons of adult cells &ibmeostasis, we also can use this model to
expand understanding of the role of LGR5 during follicle morphogené€hkis.question has
remained open as to what restricts canonical WNT signaling and polarizes the basal cells i
epithelial bud formation in the placod® Our results suggest that LGR5, a known potentiator of
WNT signaling, could have a role in dictating which cells in the niche are vékigonsive.
Other stadlies have shown LGR5 to be involved with cell adhedisi suggestinga role for

LGRS in anchoring asymmetrically dividing progenitors to the Whhiche. While this could

be true for rhesuand pig, LGR5 is not detected until after the placode stage in the mouse.
Furthermore, when it is first detected, the pattern of expression in the mouse is similar to that of
SOX9, and is not expressed in the WNiTcells adjacent to the dermal papill&éhile the exact

role of LGR5 in follicle morphogenesis is unclear, these differences in early morphogenesis
could point to slightly different signaling pathways in early development between mice and other

species.

Overall, the depth of knowledge that dae gained from an additional model beyond the mouse
can provide more clues toward the behavior of stem cells across species through stages of
development, homeostasis, and disease. The development of thisHZERBFP transgenic pig
represents a translatial milestone in which we are able to both confirm and expand knowledge
gained from mouse models and develop it toward human medicine. Future experiments using
this model will enable us to study the mechanisms of how the hair follicle stem cells contribute
to wound healing, improve our understanding of hair disease such as alopecia, and better
elucidate the complexities of the hair follicle stem cell niche and understand the utility of these

cells for skin and hair regeneration.

26


https://paperpile.com/c/N6Mi3e/zT1JE
https://paperpile.com/c/N6Mi3e/PFEID+HMfjm

Materials and Methods

Generation of LGR5-H2B-GFP pig

All experiments were performed in strict accordance with the approved Institutional Animal Care
and Use Committee of North Carolina State University (IACUC protocdl2B/B), in addition

to the ARRIVE guideline4®. CRISPR/Cas9 nuclease was used to create a dstudleled break

in the genomic DNA in exon 1 of the porcine LGR5 gene (gRNA sequence:
ACCATGGACACCTCCTCGGT). A homologdirected repair template plasmid contag
H2B-eGFP flanked by 1000bp homology arms flanking thesttetwas cetransfected with the
Cas9 (Gift from Keith Joung, Addgene #72247) and gRNA (Gift from Keith Joung, Addgene

#43860) plasmids, and cells were seeded at low density for colony outgrowth

Porcine fetal fibroblasts isolated from day 42 fetuses were used for gene editing and somatic cell
nuclear transfer. After transfection and low density seeding for colony formation, colonies were
genotyped by PCR and sequencing to verify successfuttealrgransgene integration before
somatic cell nuclear transfer. Somatic cell nuclear transfer was completed as previously
described®® and zygotes were surgically transferred into a surrogate ami@dcamtil term.
Throughout this study, skin from 6 juvenile42nonths), 3 adult (>6 months), and 3 fetal day 50
and 3 fetal day 80 pigs were usetlhe results shown are consistent across offspring derived
from somatic cell nuclear transfer (FO) in aduh to their progeny (F1) and are representative of

both sexes.
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Human and RhesusSamples
Human samples from adult male forearm skin were obtained from Aiolmank Online and
fixed in formalin within 24 hours of death. Samples were embedded in paraffin and sectioned at

7uM for further analyses.

Rhesusnonkey fetal skin sections were kindly provided by Dr. Alice Tarantal, UC Davis. Two
gestational ages weessessed: 60 days gestation (early second trimester) and 90 days gestation
(late second trimester). Sectionsg®m) were provided from formalifixed paraffirembedded
tissues and usedor RNA-FISH and immunohistochemistry. Specimens were previously

obtaned under IACUGapproved protocols.

Immunofluorescence

Tissue was fixed with 4% paraformaldehyde then frozen in Optimal Cutting Temperature
Compound (OCT) and sectioned at 20uM. Sections were blocked with IHC/ICC Blocking Buffer
(Invitrogen) with 0.4% Titon X-100 (Sigma), incubated with primary and secondar§0(0)
antibodiesand finally mounted in Prolong Gold Antifade Mount with DAPI (ThermoFisher).
Antibodies and dilutions AnKi67, 1:100 (Abcamab15580); AntKRT14 1:200 (Thermo
Fisher MAX06323); Anti-CD200, 1:50 (I€11638); AQ3 1:200 (Abcam ab125219); Anti
KRT10 1:200 (Abcam ab9025); ArKiRT40, 1:100 (Abcam abl16113); AKIRTS5, 1:100
(Abcam ab64081)Immunostained samples were visualized by confocal microscopy (Olympus
Fluoview FV3000 ConfocaMicroscope) Line profile intensity was measured using ImageJ

(NIH).

Single cell isolation and fluorescence activated cell sorting
Juvenile or adult porcine skin was cut into 5fipieces and incubated with 10mg/mL Dispase |

(Sigma) in PBS without calciurand magnesium (Corning) for 1.5 hours at 3@r overnight at
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4 . Hair and epidermis were manually removed from dermis and incubated in 0.05% trypsin for
5-10 minutes at 37°C with shaking. Suspension was vortexed and strained with 70um cell
strainer (BD Fkon). Cells were resuspended in PBS with 10% fetal bovine serum (Corning) and
1% antibioticantimycotic (Corning). 250ng/mL propidium iodide (Biotium) was added to cells
for live/dead detection and samples were sorted by Beckman Coulter MoFIoCEHB were

sorted for GFP Hi, Lo, and Neg and data were further analyzed using FloBb

Biosciences).

Reverse transcriptase quantitative polymerase chain reaction (RfjPCR)

Total RNA from skin tissue or sorted skin cells was isolated using Zymo @Ne&k Microprep

kit with on column DNase digestc cor di ng t o manufacturer s 1 nst
DNase/RNase free water and stored-8@ until further use. cDNA was synthesized with
AffinityScript Multiple Temperature cDNA Synthesis Kit (Agilent), carding to the
manufacturer instructions. For RJPCR, iTaq Universal SYBR Green Supermix (BioRad) was
used with cDNA template and forward and reverse primers designed as listed in Table S1.
For optimal conditions: 2min denaturation, 40 cycles of 98enaturation for 5 s and 60
extension for 30 s, with final extension at 6(or 2 min. Primer sequences can be found in
Figure S1. Each sample was amplified on a qTOWERrmal cycler (Analytik Jena) with
technical duplicates for three biological reptesawith similar results. Each gene expression was

normalized tc’GAPDHandACTB.

RNA in situ hybridization
RNA in situ hybridization (RNAFISH) was performed using RNAscop@dvanced Cell
Diagnostics) according to the manufacturer's instructions. Briefly, paraffin embedded skin tissue

was sectioned at 7um. Slides were deparaffinized with xylene, then heat treated followed by
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protease digestion. The tissue was hybridized wift0 ZZ probe targeting either the 568889

region of Homo sapiensGR5mRNA, the 4661464 region of Sus scrofZ=GR5mMRNA, or the
4941423 region of Macacca mulattd5R5 mRNA. As controls, a positive control probe was
used against porcine @42 region) o human (13989 region) cyclophilin B, Rhesus
peptidyprolyl isomerase B119-916 region),or negative control probes targeting the bacterial
gene dapB were used, followed by chromogenic development. Slides were washed, then
mounted with Prolong Gold Anatle Mount with DAPI (ThermoFisher) and imaged by confocal

microscopy.

Single-cell and bulk RNA-seq datasets and processing

We compiled two tissumatched, singleell epidermal RNAseq datasets based on published
samples for human, and mouse together with newly generated pig bulks&NA&amples.
Aligned and processed sequencing data from sioglle human [accession numbers
GSM3717037%% and mouse [GSE6760¥] epidermal and hair follicle profiling studies were
obtained from the Gene Expression Omnibus (Edgar, Ddrara and Lash 2002). Single cell
barcodes that had naero values for less than 500 genes or a high proportion of mitochondrial
gene expression (> 5%) were excluded from further analysis. Bulk RNAseq samples were
prepared from porcine cells, at least B®f RNA was extracted from sorted LGIB-Phigh

or LGR5GFPnegative populations from 2 pigs, same as prepared fayAFROR. RNAseq was
performed externally by GENEWIZ; library preparation with poly(A) selection was performed

followed by paired end 150j®quencing on lllumina HiSeq.
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Clustering and analysis of differential gene expression

Singlecell populations were clustered based I0BR5 gene expression into eith&/GR5+
(expression > 1) otGR5 (expression = 0), while bulk RN&eq data was clusteredded on
fluorescent markers. A studentgest was used to calculatevplues for each species followed

by a BenjaminiHochberg multiple test correction at a false discovery rate of 0.05 (Soneson and
Robinson 2018). Further core and comparative analysdiseodifferentially expressed genes
were conducted using Ingenuity Pathway Analysis (IPA) along with gene ontology (GO)
analysis using the ClusterProfiler R package (QIAGEN 2020; Kramer et al. 2014; Yu et al. 2012;

Oliveros 2007).

Data and code availabiliy

The RNAs equencing dat a reported i n t his study

Expression Omnibus with the accession nunth®E190069.
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Table S1.Genes and primer sequences used iJRTR analyses

Gene F (5-3) R (5-3)

ACTB ACTGCCGCATCCTCTTCCTC CTCCTGCTTGCTGATCCACATC
GAPDH ATCCTGGGCTACACTGAGGAC AAGTGGTCGTTGAGGGCAATG
LGR4 GACCGTCGGGTAGATTGCTC CCAGCCAATCGTAGCTCCTC
LGR5 CCTTGGCCCTGAACAAAATA ATTTCTTTCCCAGGGAGTGG
LGR6 CAGGAGGACGGCTTCATGC GAGCTCCGTGAGGTTGTTCA
CD34 GGTATCTGCCTGGAGCGAAA GGGTCTTCGCCCAGCCTTT
SOX9 CGGTTCGAGCAAGAATAAGC GTAATCCGGGTGGTCCTTCT
KRT5 CGACAACGTCAAGAAGCAGT GAGAGGGTGTTTGTGACGAC
KRT15 GCGAGATGGAGTGCCAGAAC TCCACTGACTCCTCGACGTT
KRT14 GGAGGTGAAGATCCGCGAC TCTGCAGCACGACATTAGCG
CD200 TGTTCCAAGTTACTAATCAGGCTGAA | AGCCCATTAGCAACATGATACTCTTT
SHH CAGTTTATCCCCAACGTGGC CCACTGGTTCATCACGGAGA
TCF4 TGCCTTAGGGACGGACAAAG ATAGTTCCTGGACGGGCTTG
WNT3A GCGACTTCCTCAAGGACAAG GGTCACGTGTACCGAAGGAT
LRIG1 GACGCGGAGCCTAAACCTAA CTCCACGCTGCGAATCCTAT
HOPX GGAGGAGACCCAGAAATGGTT TCTTGGTGGAAGGAAGCAGC
KI67 GGACCAGGCACAATGGATGG CAGCTTTTGTCGAAGCGTCC
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Supplementary figures

Supplementary Figure 1.Cross section of porcine hair follicle shows that LGR5 is expressed at a high
level in the outer root sheath, and low level in the inner root sheaih.Gross sections of hair follicles

show distribution of GFP in correspondence with dashed whiteSimea |l e bar rep+#Cksents
or 100J)eM (D
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Supplementary Figure 2.Representative flow cytometry gating strategy and cont)sSchematic
depicting process of cell isolation and fluorescence activated cell sorting (FAGEted with
BioRender GFP+ cellswere split into GFFhigh or GFRlow (B-C). Gating strategies determined as
follows: D) Transgenic LGR#2B-GFP porcine epidermis stained with propidium iodide (PI) fordive
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Chapter 3
LGR5+ hair follicle stem cells exhibit serenewal and multi-lineage

differentiation in organoid culture

Abstract

The plasticity of epidermatem cells has long been known to enable-$atéching between
niches, suggesting that the stem cells throughout the skin are interchangeable depending on their
microenvironment. Furthermore, culturing cells in 3D as organoids has emerged as anvalternati
to 2D culture, allowing a recapitulation iof vivo architecture. Using a transgenic porcine model,
we have established culture conditions in which LGR5+ hair follicle stem cells form two types of
epidermal organoids from a single cell. When culturedexpansion conditions, organoids
maintain LGR5 expression, expand rapidly, and ultimately express hair follicle genes. When
cultured in differentiation conditions, they switch to an interfollicular epidelikesfate and the
structure contains all layexs epidermis, from basal cells to stratum corneum. These results
provide anin vitro model supporting results from vivo experiments in which various stem cell

populations within the epidermis exhibit dynamic fates depending on their microenvironment.
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Introduction

The skin, the largest organ in the body, requires a high degree of stem cell and progenitor
coordination for a rapid turnover of tissues. Within the skin, several compartments of stem cells
have been noted, including those in the interfolac epidermis (IFE), isthmus of the hair
follicle, bulge region of the hair follicle, and sebaceous gl@»ekoninck andBlanpain2019;

Hsu, Pasolli, and Fuchs 2011; Yang et al. 20L3R5 has emerged as a marker of multiple
epithelial stem cell populations throughout the body, including intestine, colon, mammary gland,
stomach, and regenerating liv@arker, Tan and Jevers 2013; Guiu et al. 2019; Huch et al.
2013. In the skin, LGRS is a marker of epidermal stem cells residing in the lower bulge of the
hair follicle (Jaks et al. 2008; Joost et al. 2Q18)d vhile there is much variation in stem cell
markers across species, LGR5 remains a constant marker of the hair follicle, as we have shown
previously. While this LGR5+ hair follicle stem cell (HFSC) population resides exclusively in

the hair follicle and gowas hair follicle growth and homeostasis, upon a wound in the vicinity,
these cells contribute to-epithelialization repai(Joost et al2018 Kang et al. 2020; Page et al.

2013) This regarch has proven that stem population cells throughout the skin share a common
set of genes, and further research suggests that they display dynamic stem cell fate between
subpopulations within the epidermis, especially upon wounding. Furthermore, wourading
been shown to induce a fAwound stateo epigenet
these cells imn vitro conditions (Ge et al. 2017)

Recently, organoids from single cells have emergedaa v al uabl e t omilc teod de
from single stem cell populations. To better understand the cell plasticity of HFSC, we asked if
we could study the fate decisions of LGR5+ HR8itro using a 3D environment to produce

organoids. While much dhe research in the skin has been performed using mice models, mouse
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C Organoid Number vs. GFP D = Size (microns) vs. GFP

NS
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split 1:3

Figure 1. LGR5™" epidermis forms more organoids at a higher efficiency than LGR5LO or
LGR5NEG cells. A) Confocal image of cross section of porcine hair follicle showing distributfon o
LGR5-GFP throughout the outeootsheath of the hair follicle. B) Fluorescent activated cell sorting
representative gating strategy based on GFP intensixigy for GFPHI, -LO, andi NEG cells. C)
Organoids formed per 5,000 cells seeded/well basedsBR fluorescent intensity. n=3 biological
replicates, each with technical triplicates. D) Size (organoids from C) measured at D14. E) Brightfield

images of whole Matrigel patty of organoids at day 14, or after being passaged and split 1:3 before
growing b day 14.
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skin has notable differences from human skin: thin epidermis and dermis, loose skin attachment,
fur instead of sparse hair, and has been shown to spontaneously regenerate hair follicles within
wounds-none of which apply to human&Summerfield Meurens, and Ricklin 2015; Di Meglio,
Perera, and Nestle 201Vith this in mind, we elected to use pigs as a more physiologically
relevant model to understand stem cell dynamics in the skin. To overcenmienitations of
antibodies detecting LGR5, we used a transgenic pig expressing the mark&HRr2énder the
control of the endogenous LGR5 promoter to enable us to track and preferentially sort the hair
follicle stem cell populations, as previously dissesin chapter 2.

In this research, we have developed methods to culture LGR5+ hair follicle stem cells as
epidermal organoids from single cells. We show that these organoids can be expanded and
maintain LGR5 expression, and depending on the growth conslithey can either differentiate

into hair follicle organoids or switch to an interfollicular epidermis fate. This system is useful for
studying the fate of primary HFS@s vitro and can be used further for mechanistic studies of
cell fate dynamics in tedthy and diseased states.

Results

Defining and optimizing culture conditions for HFSC derived organoids

To focus on the hair follicle stem cells, we used skin from transgenic pigs expressifgrHR2B
under the control of the endogenduSR5 promoter, which is a conserved marker of HFSC
across species (Figure 1A). Single cell epidermal suspensions were dummesactivated cell
sorted based on GHitgh (LGRS"), GFRlow (LGR5°), or GFPnegative (LGREE®)
expression (Figure 1B). When designing these experiments, there were many protocols for

growing epithelial organoids, but very few focused on the skin.eftwar, we based our media
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Figure 2. Growth factor array for organoid media formulation. A) Media formation efficiency or B)
microscope images based on different growth factor conditions. All organoids were cultured in
DMEM/F12 mixed with LWRN conditioed media and supplements as listed in Supplementary table 1.
All media conditions are based off of M1 (Supplementary table 2) with or without the factors listed.
SB202190 is a p38MAPK inhibitor, A831 is a TGFbeta inhibitor, UK5099 is a driver of lactate
dehydrogenase activity, and Y27632 is akitase inhibitor.
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formulation ona well-establishedoorcine LGR5+ intestinal organoid medi@onzalez et al.
2013) hypothesizing that the two epithelial stem cell populations of the intestine and the skin
would share similar factors in the niche. To optimize conditions, we subjected -bR5
expressing cells to a media array (Figure 1) in which we measured formation efficiency and
presence of GFP. Once we determined the optimal conditions, termed HF grashgh[h2],

we seeded LGRS, lo, and neg cells at 2000 cells/ well in a matrigel dome . L-GBb and
LGR5-low cells formed at a significantly higher efficiency than LGRgative, and LGRS
derived organoids were significantly larger than low or negairganoids (Figure 1C, D). To
further analyze how each population differed, we next asked if cells in the organoids remained
potential for self renewal after passage. When organoids were dissociated and split 1:3, LGR5
high derived organoids showed a rabespansion of organoids, whereas there was almost no
organoid formation in LGR® or LGRS'E® wells (Figure 1E). LGRY organoids were fast
growing and maintain GFP expression before and after passage. From this we can conclude that
in these growth conddns, the LGRY' derived organoids undergo robust expansion and self
renewal, whereas LGRB and LGR%EC do not.

Bulge-derived LGR5" cells from anagen follicles drive organoid generation

While LGR5 is expressed consistently throughout the |dwége of the hair follicle, we wanted

to better understand which specific cells from the hair follicle were most efficient at organoid
formation. We first asked how stage of hair cycle would impact organoid formation,
hypothesizing that the actively expamgl anagen LGRS cells would be more likely to form
organoids than those from the quiescent catagen or telogen stages. To study this, we
enzymatically isolated whole follicles from porcine skin and separated follicles based on stage of

the hair cycle (Figre 3A).
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Figure 3. Anagen bulge LGR5+ cells are the primary drivers of organoid formation.A) Whole

follicles were enzymatically and manually isolated from the dermis and sorted based on stage of the hair
cycle. Cells from each stage follicle werisgbciated, sorted for HI LGRGFP expression, and plated at

2000 cells/ well. B) Quantification of organoid formation efficiency shows that cells from anagen
follicles form organoids more efficiency than catagen or telogen, n=2 biological replicatesvidach
technical triplicates. C) Whole anagen follicles were embedded in Matrigel for four days with the same
growth factor conditions as organoids (M2). Arrows indicate identical locations in the bulge region for
each follicle, area of which expands ovedays. D) Quantification of bulge size by the percent increase

in area over 4 days in culture, n=3 biological replicates with 10 total technical replicates. E) KI67
staining of DO follicles or after 4 days in culture. F) Quantification of E represeatptbportion: the
number of proliferating cells (KI67+) in the bulge region divided by all the proliferating cells by day in
culture. n=3 biological replicates and technical duplicates for each. G) Hair follicles were manually
bisected at the migdoint betveen the bulge and the base of anagen follicles using a 22 gauge needle, and
cells were enzymatically dissociated from either the bulge or base. Plots show FACS gating strategy for
the groups based on GFP fluorescent intensity. All GFP positive, liweveete isolated and the top 50%

of all GFP cells (from the first panel) was used to set the gates used to isolahe f@i® the bulge and

the base populations; the base population had average higher fluorescent intensity. H) Cells from each
group were mted at 2000 cells/well and efficiency (I) and size (J) were quantified. N=4 biological
replicates and -8 technical replicates each. Error bars are indicative of SEM. Significance was
determined by twd ai | e d -8stfordeach commarison.
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Next, we isolated single cells from each stage of the cycle, sorted based on GFP intensity as in
Figure 1, and seeded the cells from each stage in matrigel with HF growth media. As predicted,
anagerderived LGRY' cells form organoids at a higher efficientdyan catagen or telogen
(Figure 3A, B). Since the anagen stage hair follicle occurs when the dermal papillae and base of
the follicle stretch deep into the dermis, further away from the bulge, we next asked whether
there were differences in growth of celh the bulge region vs the base region ex vivo. First, we
embedded whole anagen stage follicles in matrigel and cultured them for 4 days (Figure 3C),
where the bulge region increased in percent of total area over time (Figure 3D). To further
quantify ths, we stained the follicle explants with KI67 and compared the ratio of proliferating
cells in the bulge vs the base at DO vs D4, in which case the proportion of proliferating cells in
the bulge significantly increased (Figure 3E,F). To ask if this isdfispecifically the LGRY

cells, we next isolated single cells from the bulge or base epidermis. After setting a gate for the
top 50% of GFP+ cells using all epidermis, we FACS sorted the bulge or the base cellsfor GFP
(Figure 3G). Interestingly, altugh on average, the HF base was brighter in GFP, [Giefis

from the bulge region formed significantly more organoids than the base (FiguyeAthough

we showed in Figure 1 that LGRSexpression marks cells with best organoid forming potential,
this suggests that after a certain level, higher intensity is not indicative of greater stemness.
Overall, we can conclude that the LGRBells from the bulge region, not the base region, of the

anagen follicle are the primary drivers of organoid formation.

Generation of hair follicle organoids.
After determining the source of the organoid forming cells, we next sought to better understand

the properties of the organoids themselves. When examined at D7, most of the organoids were
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Figure 4. Generation of hair follicle organoids A) Brightfield and GFHluorescent microscopy of
organoids grown in M2 over 2 weeks of culture. Most organoids maintain bright GFP expression and
undergo a round, elongated, and budding stage. B) Immunofluorescertiaiedf Connexin, KI67, and
KRT40 in organoids or follicles shows similar pattern of expression in organoids and follicles. Auto
fluorescent properties of ECM can be detected in GFP channels (A) and red channels (B, KI67). Scale
bars indicate 40 microns.
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