
ABSTRACT 

POLKOFF, KATHRYN M. LGR5 in Biological Barriers: Roles in Skin and Lung Development 

and Homeostasis. (Under the direction of Dr. Jorge Piedrahita). 

 

LGR5, a marker of adult and fetal stem cells in various tissues, has been studied extensively for 

the past decade. Cells expressing LGR5 have key roles in development and regeneration, and 

therefore having tools to track and study these cells in real time is key 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 present the development of a transgenic porcine model 

expressing a nuclear histone 2B fused with green fluorescent protein under the control of the 

endogenous LGR5 promoter. Here, we dissect the roles of LGR5-expressing cells in the skin and 

lung. LGR5 expression in the skin marks hair follicle stem cells, is highly conserved across 

species, and the associated populations share a high degree of similarity in location, behavior, 

and gene pathways. We also show that they demonstrate fate plasticity in in vitro culture 

conditions. However, in the lung, the pig has drastically different LGR5-expressing populations 

from the mouse, and the porcine populations reflect those of the human. In this work, we have 

discovered two, independent, previously undescribed populations of LGR5-expressing cells in 

the human and porcine lung; one is a mesenchymal stem cell population defining airway stromal 

cells, and one is a transient, development-specific population. Overall, this work emphasizes the 

importance of adding additional animals to the functional study of organs and cell populations.  
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CHAPTER 2 

LGR5 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 for driving 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 repair, we demonstrate that 

LGR5 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 processes between species. 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 skin is the largest organ in the body and is responsible for maintaining homeostatic 

conditions such as thermoregulation, hydration, and protection from the environment 1. To 

maintain these processes, the skin 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 repair 2,3. Although 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 of growth and rest, thin dermis and epidermis, and loose skin attachment 1,4. In contrast, 

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 repair 5. However, while several genes have been proposed 

as HFSC markers, they often vary across species 6,7, making it difficult to perform functional 

comparisons between species.   

 

In mice, HFSC have been defined by the leucine-rich G protein coupled receptor-5 (LGR5) 8–10, 

a known potentiator of WNT signaling when bound to its ligand R-spondin 11. Exciting findings 

from murine studies show that LGR5+ HFSC contribute to all regions of the hair follicle, 

including sebocytes 8, are vital for telogen to anagen transition during hair cycling 12–14, migrate 

from the hair follicle niche to contribute to re-epithelialization during wound healing 9,15, and are 

the cells responsible for hair regeneration in wound-induced follicle neogenesis 16,17.  While 

LGR5 is a widely used marker in mice, there have been no previous studies to our knowledge 

that evaluate the location of LGR5 expression in the skin of humans or non-murine models. This 

https://paperpile.com/c/N6Mi3e/R7WMM
https://paperpile.com/c/N6Mi3e/zcMa+hcc13
https://paperpile.com/c/N6Mi3e/skY6T+R7WMM
https://paperpile.com/c/N6Mi3e/UpKTb
https://paperpile.com/c/N6Mi3e/rHesx+tHVn1
https://paperpile.com/c/N6Mi3e/fI74Q+X00or+OqvhE
https://paperpile.com/c/N6Mi3e/Ni8ya
https://paperpile.com/c/N6Mi3e/fI74Q
https://paperpile.com/c/N6Mi3e/fYPRh+vbELQ+zpDd1
https://paperpile.com/c/N6Mi3e/X00or+FHmeY
https://paperpile.com/c/N6Mi3e/24wcO+zxvH2
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is possibly because its study has been limited due to the lack of a reliable commercially available 

anti-LGR5 antibody 18,19. 

 

To solve this issue, we developed a transgenic pig that expresses LGR5-driven H2B-GFP and 

here we use it to identify conserved pathways of gene expression, compare cell behavior, and 

study the role of LGR5+ HFSC in fetal and post-natal stages across species.  

 

Results 

Generation of a porcine LGR5-H2B-GFP model 

To facilitate the study of LGR5+ cells in a non-murine species, we generated a transgenic 

porcine model expressing H2B-GFP under the control of the LGR5 promoter using 

CRISPR/Cas9 mediated gene knock-in. We elected to use a nuclear H2B-GFP we and others 

have previously used 2,20,21. The H2B-GFP sequence was inserted into exon 1 of one LGR5 allele 

and after validation for accurate transgene insertion by PCR and sequencing (Figure 1A-C), 

clonal cell lines were used for somatic cell nuclear transfer. To examine whether H2B-GFP 

expression accurately reflects LGR5 mRNA expression, we overlaid RNA fluorescent in situ 

hybridization (RNA-FISH) of porcine LGR5 and LGR5-H2B-GFP expression (Figure 1d). Based 

on colocalization, H2B-GFP in this model is faithfully representative of LGR5 expression.  

LGR5 is a marker of the outer root sheath and bulge cells in 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 in mice have shown LGR5 expression in the lower bulge and outer-root sheath 

throughout anagen, catagen and telogen. The “bulge” niche is defined as the region in the hair 

https://paperpile.com/c/N6Mi3e/mtdnJ+ieUET
https://paperpile.com/c/N6Mi3e/wFml+zcMa+nne6
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follicle below follicles throughout the hair cycle (Figure 1H-J). In addition, a closer examination 

of nuclear GFP fluorescence in the pig beyond the outer root sheath reveals a GFP-dim 

population in the inner root sheath (Figure S1a).  This LGR5-low population is expressed in the 

inner root sheath above and at the bulge (Figure S1b-d).  

the isthmus and infundibulum at the point where the arrector pili muscle attaches to the hair 

follicle 22. Our results show that, as in the mouse, porcine skin expresses LGR5 in the bulge 

region of the hair follicle. In anagen, this expression extends from the bulge region down through 

the outer root sheath all the way to the base of the hair follicle (Figure 1E). In catagen and 

telogen, fewer cells are marked by LGR5 and expression is confined to the bulge region, and 

importantly LGR5+ cells maintain contact with the dermal papillae (Figure 1F-G). RNA-FISH of 

human arm skin shows the same pattern of LGR5 expression in human hair follicles as in porcine  

Figure 1. LGR5 is expressed in the hair follicle outer root sheath in the lower bulge throughout 

anagen, catagen, and telogen in the pig and human. A) Schematic of H2B-GFP knock-in at the porcine 

LGR5 locus. 500 base pair regions of homology on either side of the CRISPR target site at the start codon 

were included in the homology directed repair template. B) PCR amplification of DNA from a colony 

containing the knock-in, from left: 200 bp DNA Ladder, 5’ junction (allele #1), 3’ junction (allele #1), 
unedited genomic allele (allele #2). C) Sequencing of LGR5 allele #1 and allele #2 shows the endogenous 

locus of allele #1 remains unaltered and expresses the LGR5 protein, while allele #2 encodes H2B-GFP 

instead. D) LGR5 transcript expression correlates with H2B-GFP expression in the skin of LGR5-H2B-
GFP pigs, shown by endogenous LGR5-H2B-GFP and LGR5 fluorescent in situ hybridization to a pig 

LGR5 probe (LGR5-ISH). E-G) Expression of LGR5-H2B-GFP in anagen (E), catagen (F), and telogen 

(G) stage follicles. H-J) Detection of LGR5 expression in human hair follicles by RNA in situ 

hybridization. As in pigs, LGR5 is expressed in the outer root sheath of the lower bulge in anagen (H), 
catagen (I), and telogen (J).  

 

https://paperpile.com/c/N6Mi3e/32Wkn
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Figure 2. LGR5+ cells give rise to transient amplifying populations in hair matrix in anagen. A-C) 
20x magnification confocal image of base of anagen hair follicle depicting H2BGFP expression as 

compared with DAPI. Intensity profile of each fluorescence along the white arrow 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 while DAPI remains relatively unchanged, n=12 follicles from 3 different pigs. IHC 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 μM.  
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Figure 3. LGR5+ epidermal cells express known stem cell and epidermal markers. Antibody staining 

by fluorescent confocal microscopy of known skin markers (top A-M) and overlaid with DAPI and H2B-
GFP (bottom B-N). A-B) Keratin 5, C-D) Keratin 10, E-F) Keratin 14, G-H) Keratin 27, I-J) CD200, K-

L) Aquaporin 3, M-N) Aquaporin 5.  Scale bar represents 200 μM. O) Relative expression of known stem 

cell markers based on delta-delta Ct analysis of RT-qPCR from LGR5-high (LGR5-HI, light gray), 

LGR5-low (LGR5-LO, dark gray), or LGR5-negative (LGR5-NEG, black) populations after flow sorting. 
Each sample is normalized to ACTB and GAPDH and then to unsorted epidermis, n=3 pigs. Student’s T-

test for each pair *** indicates P<0.005, * indicates P<0.05, error bars indicate SEM.  
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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, proliferate downward in the outer root 

sheath to the hair matrix region. Here, they give rise to a transient amplifying population, which 

ultimately differentiates into 7 different lineages within the hair shaft and inner root sheath 23–25. 

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

inner-root sheath. The H2B-GFP marker in the nucleus of LGR5 expressing cells allows limited 

lineage tracing as the H2B-GFP signal drops in intensity with each cell division 2,26. 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 shaft (Figure 2A-C). The line profile drop in 

intensity was compared to DAPI, which remains constant along the same vector (Figure 2D-E). 

KI67 staining confirmed that indeed the LGR5+ cells are dividing as the GFP intensity decreases 

(Figure 2F), and that the transient amplifying cell populations terminally differentiate into the 

inner root sheath and hair shaft and cortex, as shown by hair keratin, Keratin 40 (Figure 2G-I).  

 

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 context of well-known 

epidermal markers of mice and/or human skin. KRT5 and KRT14, which form an intracellular 

dimer  27, are present in the entire basal layer of the porcine epidermis, and co-localize with 

LGR5-H2B-GFP in the bulge region of the hair follicle (Figure 3A-B, E-F). KRT10, a marker of 

differentiated interfollicular epidermis cells, does not co-localize with LGR5-H2B-GFP, and was 

not detected in the follicle below the isthmus (Figure 3C, D). KRT27, a marker of the Henle, 

https://paperpile.com/c/N6Mi3e/s2ag+kJ9s+QwZs
https://paperpile.com/c/N6Mi3e/zcMa+DAS1
https://paperpile.com/c/N6Mi3e/5GKcz
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Huxley and Cuticle regions of the inner root sheath 28, stains the LGR5-low populations in the 

inner root sheath, in addition to the entire interfollicular epidermis (Figure 3G-H). Unlike it’s 

reported stem-cell specific affinity in humans 29, CD200 stained all layers of the epidermis, 

including LGR5-H2B-GFP cells in the bulge (Figure 3I-J). AQP3, a known marker of 

keratinocytes  30,31, shows minimal co-localization with LGR5-H2B-GFP, and instead stains the 

interfollicular epidermis and continues through the inner root sheath (Figure 3K, L). Aquaporin-5 

(AQP5) has recently been suggested as an alternative to LGR5 to mark stem cells in the stomach 

18, but is not specific in the skin (Figure 3M-N). From this we can confirm that in the pig, 

LGR5+ HFSC partially co-localize with markers of the basal layer stem cells including KRT5, 

KRT14, CD200 and AQP5, but not with more differentiated markers of the epidermis and 

keratinocytes such as KRT10, KRT27, and AQP3.   

While LGR5 is recognized as a marker of HFSC in mice 8, other stem cell markers such as 

SOX9, TCF4, LRIG1, LGR4 and LGR6, have also been linked to stem cell populations of the 

epidermis in mice and humans 22,32. To examine whether LGR5+ HFSCs also express other stem 

cell markers, we used fluorescence activated cell sorting (FACS) to separate the LGR5-high, 

low, and negative populations (Figure S2) and performed RT-qPCR separately on each 

population (Figure 3O). Our results show that LGR5+ cells are also enriched for LGR4 and 

LGR6 and that SOX9, TCF4, and LRIG1 are significantly upregulated in the LGR5-high 

populations. Markers that have been used to identify and/or enrich for murine HFSC such as 

KRT5, KRT15, and CD34 are not significantly enriched in the porcine LGR5+ HFSC.  

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
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Transcriptome analyses reveal extracellular matrix and structure organization as top 

conserved pathways 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 (LGR5-negative) cells as in Fig S4. Statistical analyses found 1619 

significantly upregulated and 1161 significantly downregulated genes in the LGR5-high 

population compared with the LGR5-negative population after correction with Bonferroni 

adjustment for multiple comparisons. A heatmap of the 30 most differentially expressed genes 

shows significant differences in many epidermal, structural and stem cell genes (Figure 4A). 

Two of the top three most significantly down-regulated genes in the LGR5-high group were 

KRT10 and AQP3, which are confirmed by our immunostaining results (Figure 3D, L).  

We next aimed to evaluate how the gene expression profile and signalling pathways 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 human 33 and mouse 34, and clustered the cells based 

on high or undetectable levels of LGR5 expression. After quality control, we retained 3593 and 

1422 human and mouse cells, respectively for further analysis. Clustering based on 

LGR5 expression yielded 3400 negative and 59 positive human cells and 1278 negative and 82 

positive mouse cells.  In total, 836 common genes, as well as 1,329; 953; and 5,763 uniquely 

expressed genes detected in human; mouse; and pig, respectively (q-value ≤ 0.1).  The gene 

ontology analysis revealed conserved pathways in comparison of species by pairs, with 

“extracellular matrix organization”, “extracellular structure organization,” and “cell-substrate 

adhesion” common between all three comparisons (Figure 4B, Fig S4A-C), which suggest a role 

for LGR5+ cells orchestrating the extracellular microenvironment. Comparative analysis using 

https://paperpile.com/c/N6Mi3e/lGyGk
https://paperpile.com/c/N6Mi3e/mFtJy
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IPA revealed a significant number of potential upstream regulators with the 20 most significant 

genes shown in Figure 4C, including those involved in growth (TGFB family, 

specificallyTGFB1), transcription factors and cell signaling (MYC, MYCN, CTNNB1, TNF, 

ESR1, ESR2, TP63), tumor suppressor genes (TP53) cell differentiation (SP1, GLI1), and 

regulation of cell division (HRAS, 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.  

 

 

Figure 4. Human, Pig, and Mouse LGR5+ epidermal populations are enriched in extracellular 

matrix structure and organization pathways. A) Top 30 significantly differentially expressed genes 
between LGR5-high and LGR5-negative sorted porcine samples. B) Common gene ontology terms from 

genes that are upregulated in LGR5-high epidermis across 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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LGR5 is expressed early in hair follicle development and throughout morphogenesis.  

We next asked how LGR5 expression fits in fetal hair follicle neogenesis. In pigs we examined 

two key fetal stages, gestational day 50 (D50) when hair follicles are in the late placode/early 

hair germ stage, and gestational day D80 (D80) in the follicle stage of morphogenesis. At D50, 

whole mount dorsal fetal skin shows the evenly patterned distribution of LGR5 expression 

throughout the epidermis (Figure 5A, B), and LGR5+ cells are oriented perpendicular and 

directly adjacent to the dermal condensate marked by SOX2 (Figure 5C). SOX9, a known 

marker of hair follicle progenitor cells, occupies the suprabasal position and only dimly overlaps 

with LGR5 expression (Figure 5D-F). The majority of LGR5+ cells are not proliferating, with 

only a few LGR5+ cells in the suprabasal position co-expressing both KI67 and LGR5 (Figure 

5G-I), indicating that at this stage, LGR5+ cells are slow cycling and that the primary 

proliferating population is in the suprabasal position. Previous reports suggest there is a group of 

basal cells that are Wnt-high, SHH-high, and are the slow cycling progenitors that give rise to the 

SOX9+ population 35. To prove that this population is equivalent to the LGR5+ cells in pigs, we 

sorted LGR5+ or LGR5- cells from D50 skin and evaluated SHH expression by RT-qPCR 

(Figure S4A-B), and found that the LGR5+ population is significantly enriched in SHH 

expression (Figure S4C), confirming that LGR5 is expressed in the earliest stem cell progenitor 

population of the hair follicle.  

At D80, during the follicle stage of morphogenesis, LGR5 expression is robust throughout the 

lower bulge (Figure 5J-K). Interestingly, the pattern of follicle development in dorsal skin 

emerges as a triplet (Figure 5J-K), with all developing follicles enveloping the dermal papillae, 

shown by SOX2 expression (Figure 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 

https://paperpile.com/c/N6Mi3e/zT1JE
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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 anagen (Figure 5P-R).  

To ask if LGR5 expression is conserved throughout development, and since human fetal skin 

was difficult to obtain, we obtained age-matched fetal rhesus skin and queried LGR5 expression 

by RNA-FISH. LGR5 is expressed at a low level in the placode (arrowhead), and strongly 

expressed in the hair peg (arrow) (Figure 6A-B). SOX9 expression is absent from the placode, 

but is found throughout the hair peg (Figure 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 was detected in these cells. Finally, LGR5 

expression is consistent and robust throughout the lower hair follicle throughout development, 

along with SOX9 (Figure 6E-H).  

While studies in mice have reported that LGR5 is not detected in mice until E18.5  8,36, 

cryosections from LGR5-eGFP mouse dorsal skin show that LGR5 is expressed as early as 15.5 

(Figure 6I-P). Since follicles develop at different stages based on location, we collected tail or 

dorsal skin for placode or hair germ stages, respectively. LGR5 was undetectable at the placode 

stage (Figure 6I-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 in the hair peg stage 

(Figure 6N-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 conclude that LGR5 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.  

 

https://paperpile.com/c/N6Mi3e/fI74Q+Ttx2p
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Figure 5. LGR5 is expressed early and late throughout developing porcine hair follicles.  Fetal 
porcine skin at day 50 of gestation (A-K). Whole mount confocal imaging of showing patterning of LGR5 

(A) and overlay with DAPI (B).  Cryosectioned immunostaining show LGR5+ cells throughout the hair 

germ, perpendicular to the basement membrane and adjacent to the developing dermal papillae marked by 
SOX2 (D-F). Comparison of LGR5 or KI67 staining show little overlap (G-I), confirming our qPCR-data 

that the LGR5+ cells are a slow-cycling population. Day 80 porcine fetal skin (J-R).  Whole mount 

staining shows triplet pattern of development. LGR5+ cells remain in close contact, surrounding the 
dermal papillae as they invaginate into the developing dermis (J-K). LGR5 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 sheath (J-R). KI67 shows that the majority of the proliferating LGR5+ cells 

are found at the base of the hair follicle, adjacent to the dermal papillae (P-R). Scale bar represents 200 
μM (A-C), 50 μM (D-K), or 100 μM (L-T).  

 

 

 

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 humans 37,38, however we and others show that CD200 in mice and pigs is 

expressed throughout the whole epidermis 6,7,39. CD34, a functional marker of HFSC in mice, is 

not enriched in human HFSC 37 as our results confirm in pigs. KRT15 has also been used as a 

https://paperpile.com/c/N6Mi3e/CzT1t+E5keM
https://paperpile.com/c/N6Mi3e/rHesx+tHVn1+lkS9V
https://paperpile.com/c/N6Mi3e/CzT1t
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marker of HFSC in mice, however it is also found in the entire basal layer of neonatal human 

skin, and in the rete ridges of adult human skin 40.  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 bulge across mice, pigs, and humans. In previous work in 

human cells, LGR5 was detected in human hair stem cell organoids 41, in the hair follicle region 

of haired men but not of bald men (alopecia) 42, and was identified via single cell RNAseq in 

human skin as a potential marker for the hair follicle lower bulge 33. Nevertheless, this work is 

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

situ hybridization.  

The creation of the transgenic porcine model provides the opportunity to perform a cross-species 

examination of the transcriptome from the same cell 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). However, it provides 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 cells in the 

modulation of the extracellular matrix and how that affects the cell fates within the niche, 

especially as hairs undergo cycling.  

 

https://paperpile.com/c/N6Mi3e/YZ3nF
https://paperpile.com/c/N6Mi3e/0u78O
https://paperpile.com/c/N6Mi3e/wKijA
https://paperpile.com/c/N6Mi3e/lGyGk
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Figure 6. LGR5 expression in rhesus and mouse hair follicle morphogenesis. Gestational day 60 (A-
D) or 90 (E-H) skin show rhesus skin also develops in a triplet pattern, with one more advanced 

developed follicle flanked by two lesser developed follicles. LGR5 is present, but expressed at a low level 

in the placode, while it is robustly expressed in the hair peg (A-B). 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 negative (C-D). LGR5 expression is 

maintained throughout the lower hair follicle in later stages of development (E-F), as well as SOX9 (G-

H). Embryonic day 15.5 mouse tail (I-L) or dorsal skin (M-P) show mouse placode or peg stage 
development, respectively. LGR5 is undetectable or absent at the placode stage (I-L), although SOX2 and 

SOX9 are present. In the hair peg stage, LGR5 is present, but limited to the mid-peg region and not in 

contact with the dermal papillae, similar to the pattern of SOX9 expression (M-P).  
 



   

26 

 

Beyond molecular comparisons of adult cells at homeostasis, we also can use this model to 

expand understanding of the role of LGR5 during follicle morphogenesis. The question has 

remained open as to what restricts canonical WNT signaling and polarizes the basal cells in 

epithelial bud formation in the placode 35. Our results suggest that LGR5, a known potentiator of 

WNT signaling, could have a role in dictating which cells in the niche are WNT-responsive. 

Other studies have shown LGR5 to be involved with cell adhesion 43,44, suggesting a role for 

LGR5 in anchoring asymmetrically dividing progenitors to the WNT-hi niche. While this could 

be true for rhesus and 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 WNT-hi cells adjacent to the dermal papillae. While 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 can be 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 this LGR5-H2B-GFP transgenic pig 

represents a translational 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.  

 

https://paperpile.com/c/N6Mi3e/zT1JE
https://paperpile.com/c/N6Mi3e/PFEID+HMfjm
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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 protocol 17-028-B), in addition 

to the ARRIVE guidelines 45. CRISPR/Cas9 nuclease was used to create a double-stranded break 

in the genomic DNA in exon 1 of the porcine LGR5 gene (gRNA sequence: 

ACCATGGACACCTCCTCGGT). A homology-directed repair template plasmid containing 

H2B-eGFP flanked by 1000bp homology arms flanking the cut-site was co-transfected 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 successful targeted transgene integration before 

somatic cell nuclear transfer. Somatic cell nuclear transfer was completed as previously 

described 46 and zygotes were surgically transferred into a surrogate and carried until term. 

Throughout this study, skin from 6 juvenile (2-4 months), 3 adult (>6 months), and 3 fetal day 50 

and 3 fetal day 80 pigs were used.  The results shown are consistent across offspring derived 

from somatic cell nuclear transfer (F0) in addition to their progeny (F1) and are representative of 

both sexes.  

 

https://paperpile.com/c/N6Mi3e/py4q7
https://paperpile.com/c/N6Mi3e/py4q7
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Human and Rhesus Samples 

Human samples from adult male forearm skin were obtained from Accio Biobank Online and 

fixed in formalin within 24 hours of death. Samples were embedded in paraffin and sectioned at 

7uM for further analyses.  

Rhesus monkey fetal skin sections were kindly provided by Dr. Alice Tarantal, UC Davis. Two 

gestational ages were assessed: 60 days gestation (early second trimester) and 90 days gestation 

(late second trimester). Sections (5-6 um) were provided from formalin-fixed paraffin-embedded 

tissues and used for RNA-FISH and immunohistochemistry. Specimens were previously 

obtained under IACUC-approved protocols.  

Immunofluorescence 

Tissue was fixed with 4% paraformaldehyde then frozen in Optimal Cutting Temperature 

Compound (OCT) and sectioned at 20µM. Sections were blocked with IHC/ICC Blocking Buffer 

(Invitrogen) with 0.4% Triton X-100 (Sigma), incubated with primary and secondary (1:5000) 

antibodies and finally mounted in Prolong Gold Antifade Mount with DAPI (ThermoFisher). 

Antibodies and dilutions Anti-Ki67, 1:100 (Abcam ab15580); Anti-KRT14 1:200 (Thermo 

Fisher MA1-06323); Anti-CD200, 1:50 (ls-b11638); AQ3 1:200 (Abcam ab125219); Anti-

KRT10 1:200 (Abcam ab9025); Anti-KRT40, 1:100 (Abcam ab16113); Anti-KRT5, 1:100 

(Abcam ab64081). Immunostained samples were visualized by confocal microscopy (Olympus 

Fluoview FV3000 Confocal Microscope). Line profile intensity was measured using ImageJ 

(NIH). 

Single cell isolation and fluorescence activated cell sorting  

Juvenile or adult porcine skin was cut into 5mm2 pieces and incubated with 10mg/mL Dispase II 

(Sigma) in PBS without calcium and magnesium (Corning) for 1.5 hours at 37℃ or 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 70µm cell 

strainer (BD Falcon). Cells were resuspended in PBS with 10% fetal bovine serum (Corning) and 

1% antibiotic-antimycotic (Corning). 250ng/mL propidium iodide (Biotium) was added to cells 

for live/dead detection and samples were sorted by Beckman Coulter MoFlo XPD. Cells were 

sorted for GFP Hi, Lo, and Neg and data were further analyzed using FlowJoTM (BD 

Biosciences).  

Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) 

Total RNA from skin tissue or sorted skin cells was isolated using Zymo Quick-RNA Microprep 

kit with on column DNase digest according to manufacturer’s instructions. RNA was eluted into 

DNase/RNase free water and stored at -80℃ until further use. cDNA was synthesized with 

AffinityScript Multiple Temperature cDNA Synthesis Kit (Agilent), according to the 

manufacturer instructions. For RT-qPCR, iTaq Universal SYBR Green Supermix (BioRad) was 

used with cDNA template and forward and reverse primers were designed as listed in Table S1. 

For optimal conditions: 2min denaturation, 40 cycles of 95℃ denaturation for 5 s and 60℃ 

extension for 30 s, with final extension at 60℃ for 2 min. Primer sequences can be found in 

Figure S1. Each sample was amplified on a qTOWER3 thermal cycler (Analytik Jena) with 

technical duplicates for three biological replicates with similar results. Each gene expression was 

normalized to GAPDH and ACTB.  

RNA in situ hybridization  

RNA in situ hybridization (RNA-FISH) was performed using RNAscope (Advanced 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 with a 10 ZZ probe targeting either the 560-1589 

region of Homo sapiens LGR5 mRNA, the 466-1464 region of Sus scrofa LGR5 mRNA, or the 

494-1423 region of Macacca mulatta LGR5 mRNA. As controls, a positive control probe was 

used against porcine (1-642 region) or human (139-989 region) cyclophilin B, Rhesus 

peptidyprolyl isomerase B (119-916 region), or negative control probes targeting the bacterial 

gene dapB were used, followed by chromogenic development. Slides were washed, then 

mounted with Prolong Gold Antifade Mount with DAPI (ThermoFisher) and imaged by confocal 

microscopy.  

Single-cell and bulk RNA-seq datasets and processing 

We compiled two tissue-matched, single-cell epidermal RNA-seq datasets based on published 

samples for human, and mouse together with newly generated pig bulk RNA-seq samples. 

Aligned and processed sequencing data from single-cell human [accession numbers 

GSM3717037 33] and mouse [GSE67602 34] epidermal and hair follicle profiling studies were 

obtained from the Gene Expression Omnibus (Edgar, Domrachev, and Lash 2002). Single cell 

barcodes that had non-zero 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 500ng of RNA was extracted from sorted LGR5-GFP-high 

or LGR5-GFP-negative populations from 2 pigs, same as prepared for RT-qPCR. RNAseq was 

performed externally by GENEWIZ; library preparation with poly(A) selection was performed 

followed by paired end 150bp sequencing on Illumina HiSeq. 

https://paperpile.com/c/N6Mi3e/lGyGk
https://paperpile.com/c/N6Mi3e/mFtJy
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Clustering and analysis of differential gene expression 

Single-cell populations were clustered based on LGR5 gene expression into either LGR5+ 

(expression > 1) or LGR5- (expression = 0), while bulk RNA-seq data was clustered based on 

fluorescent markers. A student's t-test was used to calculate p-values for each species followed 

by a Benjamini-Hochberg multiple test correction at a false discovery rate of 0.05 (Soneson and 

Robinson 2018). Further core and comparative analyses of the differentially expressed genes 

were conducted using Ingenuity Pathway Analysis (IPA) along with gene ontology (GO) 

analysis using the ClusterProfiler R package (QIAGEN 2020; Krämer et al. 2014; Yu et al. 2012; 

Oliveros 2007). 

Data and code availability 

The RNA-sequencing data reported in this study have been deposited in NCBI’s Gene 

Expression Omnibus with the accession number GSE190069. 
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Table S1. Genes and primer sequences used in RT-qPCR 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 sheath. H-J) Cross sections of hair follicles 

show distribution of GFP in correspondence with dashed white line. Scale bar represents 200 μM (A-C) 
or 100 μM (D-J). 

  



   

35 

 

 

 
 

 
Supplementary Figure 2. Representative flow cytometry gating strategy and controls. A) Schematic 

depicting process of cell isolation and fluorescence activated cell sorting (FACS), created with 

BioRender. GFP+ cells were split into GFP-high or GFP-low (B-C). Gating strategies determined as 
follows: D) Transgenic LGR5-H2B-GFP porcine epidermis stained with propidium iodide (PI) for live-

dead, E) non-transgenic porcine epidermis with no PI, F) non-transgenic porcine epidermis with PI.  
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Supplementary Figure 3. Related to figure 4. Shared upregulated gene ontology pathways of 
upregulated genes in LGR5-high cells, compared pairwise across human, mouse and pig datasets. 
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Supplementary Figure 4: SHH expression in porcine LGR5+ D50 epidermis. A) Schematic depicting 

cell isolation, sorting, and RT-qPCR analysis processes, created with BioRender. B) Representative 

fluorescence activated cell sorting plot representing GFP+ population from D80 fetus. C) RT-qPCR 
relative expression of SHH of LGR5-GFP+ vs LGR5-GFP- sorted cells. Samples were normalized using a 

ddCT analysis to GAPDH and ACTB and then to the GFP- sample. Student’s t-test *** indicates P=0.02, 

n=2 pigs. 
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Chapter 3 

LGR5+ hair follicle stem cells exhibit self-renewal and multi-lineage 

differentiation in organoid culture 

 

Abstract 

The plasticity of epidermal stem cells has long been known to enable fate-switching 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 an alternative 

to 2D culture, allowing a recapitulation of in 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 cultured in expansion conditions, organoids 

maintain LGR5 expression, expand rapidly, and ultimately express hair follicle genes. When 

cultured in differentiation conditions, they switch to an interfollicular epidermis-like fate and the 

structure contains all layers of epidermis, from basal cells to stratum corneum. These results 

provide an in vitro model supporting results from in 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 interfollicular epidermis (IFE), isthmus of the hair 

follicle, bulge region of the hair follicle, and sebaceous gland (Dekoninck and Blanpain 2019; 

Hsu, Pasolli, and Fuchs 2011; Yang et al. 2017). LGR5 has emerged as a marker of multiple 

epithelial stem cell populations throughout the body, including intestine, colon, mammary gland, 

stomach, and regenerating liver (Barker, Tan, and Clevers 2013; Guiu et al. 2019; Huch et al. 

2013). In the skin, LGR5 is a marker of epidermal stem cells residing in the lower bulge of the 

hair follicle (Jaks et al. 2008; Joost et al. 2018), and while 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 governs hair follicle growth and homeostasis, upon a wound in the vicinity, 

these cells contribute to re-epithelialization repair (Joost et al. 2018; Kang et al. 2020; Page et al. 

2013). This research 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, wounding has 

been shown to induce a “wound state” epigenetic signature, which is also induced by growing 

these cells in in vitro conditions  (Ge et al. 2017). 

Recently, organoids from single cells have emerged as a valuable tool to develop a “mini-niche” 

from single stem cell populations. To better understand the cell plasticity of HFSC, we asked if 

we could study the fate decisions of LGR5+ HFSC in vitro using a 3D environment to produce 

organoids. While much of the research in the skin has been performed using mice models, mouse  
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Figure 1. LGR5
HI

 epidermis forms more organoids at a higher efficiency than LGR5LO or 

LGR5NEG cells. A) Confocal image of cross section of porcine hair follicle showing distribution of 
LGR5-GFP throughout the outer-root-sheath of the hair follicle. B) Fluorescent activated cell sorting 

representative gating strategy based on GFP intensity (y-axis) for GFP-HI, -LO, and –NEG cells. C) 

Organoids formed per 5,000 cells seeded/well based on GFP 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 to 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 humans  (Summerfield, Meurens, and Ricklin 2015; Di Meglio, 

Perera, and Nestle 2011). With this in mind, we elected to use pigs as a more physiologically 

relevant model to understand stem cell dynamics in the skin. To overcome the limitations of 

antibodies detecting LGR5, we used a transgenic pig expressing the marker H2B-GFP under the 

control of the endogenous LGR5 promoter to enable us to track and preferentially sort the hair 

follicle stem cell populations, as previously discussed in 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 conditions they can either differentiate 

into hair follicle organoids or switch to an interfollicular epidermis fate. This system is useful for 

studying the fate of primary HFSCs in vitro and can be used further for mechanistic studies of 

cell fate dynamics in healthy 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 expressing H2B-GFP 

under the control of the endogenous LGR5 promoter, which is a conserved marker of HFSC 

across species (Figure 1A). Single cell epidermal suspensions were fluorescence activated cell 

sorted based on GFP-high (LGR5HI), GFP-low (LGR5LO), or GFP-negative (LGR5NEG) 

expression (Figure 1B). When designing these experiments, there were many protocols for 

growing epithelial organoids, but very few focused on the skin. Therefore, 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 conditioned 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, A83-01 is a TGF-beta inhibitor, UK5099 is a driver of lactate 

dehydrogenase activity, and Y27632 is a rho-kinase inhibitor.   
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formulation on a well-established porcine LGR5+ intestinal organoid media (Gonzalez 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 LGR5-high 

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 growth media [M2], 

we seeded LGR5-hi, lo, and neg cells at 2000 cells/ well in a matrigel dome . LGR5-high and 

LGR5-low cells formed at a significantly higher efficiency than LGR5-negative, and LGR5HI 

derived organoids were significantly larger than low or negative organoids (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 robust expansion of organoids, whereas there was almost no 

organoid formation in LGR5LO or LGR5NEG wells (Figure 1E). LGR5HI  organoids were fast 

growing and maintain GFP expression before and after passage. From this we can conclude that 

in these growth conditions, the LGR5HI derived organoids undergo robust expansion and self-

renewal, whereas LGR5LO and LGR5NEG do not.  

Bulge-derived LGR5HI cells from anagen follicles drive organoid generation 

While LGR5 is expressed consistently throughout the lower bulge 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 expanding anagen LGR5HI 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 (Figure 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 were dissociated, sorted for HI LGR5-GFP 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 replicates each with 

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 over 4 days. 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 D0 follicles or after 4  days in culture. F) Quantification of E represented as proportion: 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 mid-point between 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, live cells were isolated and the top 50% 

of all GFP cells (from the first panel) was used to set the gates used to isolate GFP-hi from the bulge and 

the base populations; the base population had average higher fluorescent intensity. H) Cells from each 

group were plated at 2000 cells/well and efficiency (I) and size (J) were quantified. N=4 biological 
replicates and 3-8 technical replicates each. Error bars are indicative of SEM. Significance was 

determined by two-tailed Student’s t-test for each comparison. 
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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, 

anagen-derived LGR5HI cells form organoids at a higher efficiency than 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 cells in 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 this, we stained the follicle explants with KI67 and compared the ratio of proliferating 

cells in the bulge vs the base at D0 vs D4, in which case the proportion of proliferating cells in 

the bulge significantly increased (Figure 3E,F). To ask if this is true of specifically the LGR5HI 

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 cells for GFPHI 

(Figure 3G). Interestingly, although on average, the HF base was brighter in GFP, LGR5HI cells 

from the bulge region formed significantly more organoids than the base (Figure 3H-I). Although 

we showed in Figure 1 that LGR5HI expression 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 LGR5HI cells 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 GFP-fluorescent 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) Immunofluorescent detection of 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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symmetric and spherical, with bright GFP expression throughout. We noticed that after 7-10 

days of culture, many of the organoids became elongated, with asymmetric distribution of GFP 

to one side, and between day 10-14, they began to bud, while maintaining GFP expression on the 

opposite side of the bud (Figure 4A). This was reminiscent of the base of the hair follicle, where 

the LGR5+ cells proliferate upward to differentiate into the inner root sheath and hair shaft, 

while the cells in the outer-root sheath, in contact with the basement membrane (or matrigel in 

vitro), remain GFP+ (as shown in Chapter 2). To further understand the dynamics of organoid 

growth, we used whole mount organoids with immunofluorescent staining and compared 

patterns to that of the anagen hair follicle (Figure 4B). Immunofluorescent staining shows 

detection of similar patterns of connexin, KI67, and hair keratin KRT40 as found in the porcine 

hair follicle. It is also possible to see that in some of the more developed organoids, the 

extracellular matrix components give off an autofluorescent quality, which is a characteristic 

shared with the hair shaft in skin sections (4A, 4B-KI67).  The pattern of expression of these 

markers suggests that the LGR5+ cells on the polarized end undergo a transient amplification 

while giving rise to cells that express markers of hair.  

Despite multiple attempts, these hair follicle organoids were not capable of regenerating hair 

when grafted into nude mice. We hypothesize that this is because the organoids need consistent 

signaling from dermal papillae, which we have recapitulated with growth factors, but when we 

remove them from culture to graft them, they are not able to re-establish the correct signaling in 

time to continue the hair growth. 
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Figure 5. Organoid derived from LGR5-high hair follicle stem cells produce organoids at higher 

efficiency and size than those from LGR5-low and LGR5-negative populations in M1 conditions.  

A) Brightfield microscopy of LGR5HI, LO and NEG shows differences in morphology of organoids. B) 

LGR5HI cell derived organoids but not LGR5LO and LGR5NEG  maintain the ability to reform after 
passage. C) LGR5HI cell derived organoids have significantly higher formation efficiency than LGR5LO 

and LGR5NEG organoids and (D) were significantly larger in diameter. E) Brightfield images of P0D4 

and P0D14 organoids and (F) quantification of percent of organoids that maintain GFP+ cells by day in 
culture. G) Quantification of growth over time by cell type forming the organoids. Where appropriate bars 

represent mean and standard error, statistical significance shown by ANOVA and Tukey-Kramer HSD 

Comparison of Means *indicates P<0.05, *** indicates P<0.005. Scale bars are 1mm (B) and 50µM (E). 
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Generation of Interfollicular Epidermal organoids 

While our initial media array had uncovered conditions that enabled growth and expansion of 

LGR5+ cells (Figure 2), we also noticed that cells grown in condition “M1” formed large 

spherical organoids over time in culture. To test the organoid growth in these altered conditions 

based on LGR5 expression, we enzymatically isolated the epidermis from porcine dorsal skin 

and sorted based on LGR5-H2B-GFP expression as in Figure 1B. As seen from the brightfield 

images in Figure 5A, LGR5-high  organoids showed a large, smooth, round morphology when 

compared to LGR5-low or negative organoids which show minimal growth and frequent 

apoptosis. We next quantified the formation efficiency of LGR5HI, LGR5LO, or LGR5NEG 

organoids, and found that LGR5HI formed significantly more organoids and larger organoids than 

LGR5LO, or LGR5NEG, but interestingly that LGR5LOG formed significantly more and larger 

organoids than LGR5NEG (Figure 5B-D). Next, organoids from each group were dissociated into 

single cells and re-plated, and organoids from LGR5HI wells displayed a robust capability to re-

establish organoids, whereas LGR5-low and negative derived populations did not (Figure 5B).  

Interestingly, while the LGR5-GFP expression was maintained initially in culture from the 

LGR5HI sorted population, expression gradually decreased over time (Figure 5E-F) and by day 

14 in culture it was gone entirely from almost all organoids, suggesting that these cells are 

differentiating or exhibiting a switch of stem cell fates.  Quantification of organoid size over time 

by GFP intensity reveals that LGR5LO, or LGR5NEG cells have a slower growth trajectory (Figure 

5G), and further analysis of LGR5LO and LGR5NEG organoids shows limited survival in 

prolonged culture (Figure 6), so for the remainder of the study we focused on LGR5HI derived 

organoids only.  
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Figure 6. LGR5

LO
 and LGR5

NEG
 derived organoids demonstrate limited viability in long term 

culture. A) GFP-low and GFP-negative organoids stained with PI (dead), Calcein (live), with merge. B) 
Brightfield images of P0D42 GFP-low and GFP-negative organoids.  

 

LGR5-hi organoids form all layers of epidermis. 

Since the LGR5-hi sorted organoids displayed maintenance of stemness, but lost expression of 

the marker of the HFSC, LGR5, we hypothesized that they had undergone a fate-switch into an 

interfollicular epidermis-like fate. To evaluate this, we used immunofluorescence on sectioned 

organoids to compare markers and structure of the organoids with that of adult porcine 

epidermis. After 30 days of culture, epithelial organoids show a striking resemblance to postnatal 

epidermis, including similar expression and distribution of KRT85, actin, and CD200, which 

mark all layers of the cellular epidermis, and KRT14 a maker of the basal layer (Figure 7A). 

KRT10 expression in organoids was present but weak and inconsistent, suggesting that there still 

is some discrepancy between the organoids and the skin, potentially due to the organoids 

constantly being submerged in media  
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and not exposed to air. Immunohistochemistry and hematoxylin and eosin staining of the 

organoids and epidermis show similar distribution of layers, with a dark and cellular basal layer 

thick on the bottom, and the top consisting of an acellular stratum corneum in which cells have 

been completely cornified and stain in bright pink layers (Figure 7B,C). The innermost layer of 

cells in the organoids was cornified and stained positive for corneodesmin (CDSN), a marker 

exclusively staining the inner stratum corneum in the epidermis (Figure 7D). From this we can 

conclude that these organoids are indeed epidermal in nature, and exhibit all layers of the 

epidermis.  

At day 14 of culture, early LGR5-hi derived organoids displayed a relatively homogenous 

expression of basal and epidermal markers (Figure 8A), expressing markers such as KRT14, 

CD200, and KRT85 in a bright but diffuse expression. By D30 and D42 of culture, organoids 

become more organized and expression of each marker is restricted to its respective region 

(Figure 7A, 8B). Finally, we aimed to support our immunofluorescent observations by using RT-

qPCR to analyze the gene expression profile of the developing organoids, especially during the 

transition from hair follicle stem cells to an interfollicular epidermis state. Our results mirror the 

results from figures 7 and 8, in that markers of the stratum corneum such as CDSN, Involucrin 

(IVL) and S100A10 (Sehgal 2018) tended to increase in organoid culture as compared with 

LGR5. Furthermore, we confirmed that these organoids downregulate common markers of the 

hair follicle stem cells such as SOX9, LGR5, and LGR6. From this, we conclude that the 

LGR5HI hair follicle stem cells shift to an interfollicular epidermis state under these culture 

conditions and are able to generate organoids which recapitulate the architecture and gene 

expression of the adult porcine epidermis. 

https://paperpile.com/c/5x2FOR/iXOA
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Figure 7. Fully differentiated skin organoids have same markers of epidermis. A) Epidermis and 

P0D30 GFP-high organoids stained with KRT85, CD200, KRT14, KRT10 and Actin (from left to right). 

B) Representative graphic of layers of the epidermis (figure made with BioRender), abbreviation which 

are mapped onto organoids in (C), hematoxylin and eosin staining of skin. D) CDSN is a marker of the 
stratified corneum in the epidermis, recapitulated in P0D30 LGR5HI organoids. Scale bars are 100µM.  
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Figure 8. Gene expression of organoids over time. A) P0D14 or B) P0D42 sectioned organoids stained 

with same markers as figure 7 show how expression of each marker changes and becomes more restricted 

over time. C) Gene expression analysis of select skin and stem cell markers. based on time in culture.  
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 While we are most interested in the translational applications based on the similarities between 

porcine and human skin, we did feel that it was critical to evaluate our results in the context of 

previous research conducted in murine tissues. As such, we used LGR5-IRES-GFP mice to 

evaluate the potential of mouse HFSC to maintain stemness and generate organoids resembling 

the IFE. Because the mouse marker is cytoplasmic (Figure 9A), we were not able to easily 

separate based on high or low GFP expression, and therefore just selected the LGR5-GFP 

positive or negative for the remaining experiments (Figure 9B). In order to be as thorough as 

possible, we tested our own media both as is, and supplemented with Forskolin, a molecule 

shown to be critical in the formation of organoids derived from mice (Boonekamp et al. 2019). 

As shown, the LGR5+ cells formed organoids at lower efficiency compared with negative 

(Figure 9C), and both conditions generated organoids at a much lower efficiency than what was 

observed in the pig. Furthermore, in brightfield images, the mouse organoids displayed a 

morphology similar to that of the pig GFP-negative organoids, with apparent cell death and lack 

of extracellular matrix stratification (Figure 9D). Using a live dead stain (Figure 9E), we 

confirmed that the morphology indicated unhealthy organoids. Thus, we concluded that either 

our culture methods are not compatible with murine LGR5+ hair follicle stem cells. 

 

Discussion 

Our results suggest that the organoids from LGR5HI stem cells retain higher levels of potency 

compared with LGR5LO or LGR5NEG sorted cells, which may have already differentiated 

terminally and do not regain stem cell properties upon in vitro culture. In this study, we have 

established a 3D culture system using multiple inhibitory small molecules and growth factors, 

expanding the LGR5+ hair follicle stem cells in a hair follicle forming fate, or switching to that  

https://paperpile.com/c/5x2FOR/UGb8
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Figure 9. Mouse organoids do not form under same conditions. A) Cross section of LGR5-IRES-GFP 
mouse hair follicle (B) and gating scheme for isolation of GFP+ and GFP- cells.  C) Formation efficiency 

of organoids with and without Forskolin and  D) brightfield images at P0D14. Scale bars indicate 100µM. 

E) Live/dead staining with calcein and propidium iodide reflects poor health of mouse organoids.   



   

62 

 

of the interfollicular epidermal fate. Additionally, we demonstrate that while a subpopulation of 

the organoid maintains self renewal potential after passage, the organoids are able to generate the 

layers of the epidermis, recapitulating the architecture of adult skin. Therefore, these epidermal 

organoids could be used to study in depth the plastic nature of the LGR5+ stem cells and their 

ability to contribute to both the hair as well as the epidermis. 

  

To our knowledge, this is the first report of LGR5+ hair follicle stem cells forming organoids 

with all layers of the interfollicular epidermis. While Clevers and colleagues were able to 

develop a method for long term expansion of epidermal stem cells as organoids, their research 

focused instead on the stem cell population marked by Sca-1 in the isthmus (Boonekamp et al. 

2019). These results are among the first to prove the plastic fate of the stem cells within the 

epidermis in vitro. Our results show significantly increased size and formation of LGR5+ 

organoids as compared with LGR5-GFP-low or -negative. While the increased efficiency could 

potentially be accounted for by the large number of terminally differentiated keratinocytes in the 

LGR5-negative population, it cannot explain the lack of organization and poor growth dynamics 

after passage of those organoids that did form. One important aspect of our methods was that we 

cultured our organoids in low oxygen conditions (5%), and healthy organoids would not form in 

atmospheric oxygen conditions. More work must be done to understand the role of oxygen in 

epidermal cell maintenance and organoid differentiation, or wound repair. 

  

In wound repair, the stress signaling from the wound leads to RAS/ERK signaling that initiates 

fate switching by activating “wound epicenters”--regulatory regions in chromatin domains that 

increase lineage plasticity in a wounding response on account of super-enhancer dynamics (Ge et 

https://paperpile.com/c/5x2FOR/UGb8
https://paperpile.com/c/5x2FOR/UGb8
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al. 2017). Furthermore in vitro culture of HFSC has been shown to activate wound signaling 

based on the similarities in super enhancer dynamics (Adam et al. 2015). Both of these studies 

further prove that after wound healing completion, the hair follicle stem cells are then locked into 

an epidermal fate.  

 

While further work needs to be done in our organoids to evaluate the chromatin dynamics of the 

HFSC as they develop into organoids, our results suggest that they are emulating wound-like 

states in their transition from hair follicle to epidermis. Interestingly, our media formulation 

optimization suggests that the key culture ingredient in inducing epidermal differentiation from 

HFSC was the small molecule p38MAPK inhibitor, SB202190, which has also been shown to 

increase the RAS/ERK phosphorylation and signaling pathway in leukemia (Hirosawa et al. 

2009). This could point to importance of the RAS/ERK signaling pathway in the cell fate 

switching of hair follicle stem cells. On the other hand, research in the context of keratinocytes 

and wound healing suggests that p38MAPK inhibition slows keratinocyte migration to a wound 

(Rötzer et al. 2016). More work must be done to understand how this pathway could initiate 

epidermal fate switching. Given that re-epithelialization in wounds is significantly slower 

without HFSC (Langton, Herrick, and Headon 2008; Zawacki and Jones 1967) and is potentially 

inhibited in chronic, non healing wounds (Stojadinovic et al. 2005), future studies can use these 

organoids as a model to further understand the mechanisms of fate switching of the hair follicle 

stem cells toward epidermal fates, and furthermore can endeavor to understand factors that may 

inhibit it.  

https://paperpile.com/c/5x2FOR/swrQ4
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METHODS 

Animals 

The transgenic porcine model expressing LGR5 driven H2B-GFP was generated as previously 

reported (Chapter 2) and animals were bred in house. All experiments were performed in strict 

accordance with the approved Institutional Animal Care and Use Committee of North Carolina 

State University (IACUC 17-028-B).  

  

Single cell isolation and flow sorting 

Single cell isolation and flow sorting was performed as previously described (Chapter 2). 

Briefly, skin  was cut into 5mm2 pieces and incubated with Dispase II (Sigma) at 10mg/mL in 

PBS without calcium and magnesium (Corning) for 1 hour at 37℃ or overnight at 4℃. Hair and 

epidermis were manually removed from dermis and incubated in 0.05% trypsin for 5 minutes at 

37°C with shaking. Suspension was vortexed and strained with 70µm cell strainer (BD Falcon). 

Cells were centrifuged at 1.2RPM for 5minutes and resuspended in PBS with 10% fetal bovine 

serum (Corning) and 1% antibiotic-antimycotic (Corning). 250ng/mL Propidium iodide 

(Biotium) was added to cells and sorting was performed with Beckman Coulter MoFlo XPD. 

Cells were sorted for LGR5-GFP HI, LO, and NEG and data was analyzed using FloJoTM (BD 

Biosciences). 

  

Organoid Culture 

Sorted cells were washed with PBS, 10% FBS, 1% anti-anti, after sorting and counting. 2000 

cells per well were then pelleted and resuspended in a mixture of Growth Factor Reduced 

Matrigel (Corning) and growth factor master mix. 25uL droplets of suspended cells were formed 
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on a prewarmed 48-well plate. After plating, Matrigel domes were allowed to polymerize for 20 

minutes at 37℃. Following polymerization, 250uL of organoid complete media (see 

Supplementary table 2) was added to each well and plates were incubated at 5% CO2 and 5% O2 

balanced with Nitrogen gas. Growth factors and media were replaced every other day. Growth 

factors conditions for M1 (IFE differentiation conditions) are listed in Supplentary table 2. M2 

(hair follicle culture conditions) consisted of all factors in the table except SB202190.  

  

For passaging, on day 14 of culture, media was aspirated and matrigel droplet was washed with 

PBS. After washing, ice cold Matrigel Recovery Solution (Corning) was used to break apart 

Matrigel and dissolve Matrigel by incubating for 20 minutes at 4C. Suspended organoids were 

then washed 2-3 times with ice cold PBS, and incubated again with ice cold Matrigel Recovery 

Solution for 10 minutes at 4C to remove residual Matrigel. Following 2-3 washes with ice cold 

PBS, organoids were incubated with 0.25% trypsin (Corning) for 15-25 minutes at 37C with 

shaking. Organoids were vortexed and pipetted to mechanically dissociate and PBS with 10% 

FBS was added to inactivate trypsin. Remaining organoids were removed using a 70uM cell 

strainer (Falcon) and single cells were then to pellet and washed with PBS. Single cells were 

then split 1:3 and resuspended in matrigel and growth factor mastermix, and overlaid with 

organoid complete media after polymerization. 

Formation Efficiency, Size, and Loss of GFP Assays 

Formation efficiency was measured by counting the number of organoids formed per well at day 

14 and dividing by the total number of cells plated. To measure organoid size at each respective 

time point, representative images of each well were taken. ImageJ (NIH) was used to measure 

the diameter of each organoid in uM. Loss of GFP over time in LGR5-Hi organoids was 
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measured by taking a representative z-stack image of each well (Leica) and calculating the 

percent of organoids positive in each image. A GFP-positive organoid was defined as one with 

greater than 5 GFP-positive cells. To determine statistical differences, mean was calculated and 

then analyzed using one-way ANOVA with Tukey’s post hoc test. 

  

Histological Analysis 

Pig and mouse skin was fixed overnight in 4% PFA at 4C, washed with PBS 3x, dehydrated 

overnight at 4C in 30% sucrose, and embedded in OCT. Organoids were washed with PBS 3x, 

fixed with 4% PFA for 5 minutes. For whole mount organoid staining, fixed organoids were 

washed with PBS 3x. For cryosectioning of organoids, organoids were washed after fixation and 

embedded in OCT. Hematoxylin & Eosin staining was performed on 20uM cryosections, and 

viewed with (LEICA). Sections or whole organoids were blocked with IHC/ICC Blocking Buffer 

with 0.4% Triton X-100 (Invitrogen, Sigma), incubated with primary antibodies; CD200 (ls-

b11638, 1/50), KRT14 (MA1-06323, 1/200), K85 (ab192729, 1/200), CDSN (ab204235, 1/200), 

and KRT10 (ab9025, 1/200) and secondary antibodies (Thermofisher: A-11012, A-21235, and 

A-21450, all 1/500) in IHC/ICC Blocking Buffer with 0.4% Triton X-100 (Invitrogen, Sigma) 

diluted 1:1 with PBS (PBS, Corning). Slides were washed and mounted with Prolong Gold 

Antifade Mount with DAPI (Invitrogen, P36931). Immunostained samples were visualized with 

(Olympus Fluoview FV3000 Confocal Microscope). 

  

 

Reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) 

Total RNA from skin tissue or organoids was isolated using Zymo Quick-RNA Microprep kit 

with on column DNase digest according to manufacturer’s instructions. RNA was eluted into 
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DNase/RNase free water and stored at -80℃ until further use. cDNA was synthesized with 

AffinityScript Multiple Temperature cDNA Synthesis Kit (Agilent), according to the 

manufacturer instructions. For RT-qPCR, iTaq Universal SYBR Green Supermix (BioRad) was 

used with cDNA template and forward and reverse primers were designed as listed in the table 

below for optimal conditions: 2min denaturation, 40 cycles of 95℃ denaturation for 5 s and 

60℃ extension for 30 s, with final extension at 60℃ for 2 min. Each sample was amplified on a 

qTOWER3 thermal cycler (Analytik Jena) with technical duplicates for three biological 

replicates with similar results. Each gene expression was normalized to GAPDH and ACTB. 
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Table S1. Organoid Complete Media  

 Reagent Company/Cat. Number 

25mL Advanced DMEM/F12 Thermofisher/12634010 

25mL 100% L-WRN Conditioned Media ATCC, according to manufacturer’s instructions 

10mM HEPES Buffer Thermofisher/15630130 

2mM Glutamax Thermofisher/35050079 

1X B27 Supplement minus Vitamin A Thermofisher/12587010 

1X N2 Supplement Thermofisher/17502048 

1X Antibiotic-antimycotic Corning/30-004-CI 

  

 

Table S2. Growth Factor formulation for M1 

Reagent Concentration  Company/Cat. Number 

EGF 50ng/mL Peprotech/AF-100-15 

A-83-01 500nM Peprotech/9094360 

CHIR99021 2.5uM Tocris/13122 

SB202190 10uM peprotech/1523072 

Nicotinamide 1mM Sigma-aldrich/N3376-100G 

LY2157299 0.5uM Selleckchem/S2230 

Y-27632 Dihydrochloride 10uM Peprotech/1293823 
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   Table S3. Primers used in this study  

 

Sus Scrofa Gene Forward (5’ -> 3’) Reverse (5’ -> 3’) 

LGR5 CCTTGGCCCTGAACAAAATA ATTTCTTTCCCAGGGAGTGG 

LGR6 CAGGAGGACGGCTTCATGC GTCCTGGGATGTGTGACAGG 

SOX9 CGGTTCGAGCAAGAATAAGC GTAATCCGGGTGGTCCTTCT 

KRT14 GGAGGTGAAGATCCGCGAC TCTGCAGCACGACATTAGCG 

KRT10 TGGTACGACAAGCATGGCAA GGCGCAGGGTTACCTCATTC 

IVL GGCCATCCATCCTACTGTGAG ACTTGCTCCTGCTGGGTATC 

S100A10 ACCTCACGAAAATGCCGTCT GCCCAGCGATTAGCGAAAAG 

CDSN GGCCACACAGTCCAAGATGG GGTCCTTGCAGGGGTCTAAG 

GAPDH ATCCTGGGCTACACTGAGGAC AAGTGGTCGTTGAGGGCAATG 
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Chapter 4 

Two roles for LGR5 in lung development and homeostasis 
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Introduction 

LGR5, a surface receptor for R-spondin, is a known potentiator of Wnt signaling (Barker et al., 

2013).  LGR5 is often involved in developmental processes and regeneration, and generally 

marks key progenitor populations in organ development, such as in the mammary gland, or at 

homeostasis, such as in intestinal crypts, taste buds, and stomach (Barker et al., 2013). In the 

case of the liver, LGR5 was shown to mark hepatic progenitor cells in development (Prior et al., 

2019) but was not expressed in the healthy adult liver at homeostasis. However, upon injury 

LGR5 was again expressed and the LGR5+ cells in the damaged liver were capable of organoid 

generation and organ regeneration (Huch et al., 2013). This shows the dynamic nature of LGR5 

expression,  from development to homeostasis to repair and regeneration. 

 

One organ that has been largely unstudied regarding the role of LGR5 is the lung.  WNT 

signaling has long been known to be vital to lung development (Hussain et al., 2017; Kadzik et 

al., 2014), in addition to repair and regeneration (reviewed here:(Raslan & Yoon, 2020)). 

Furthermore, RSPO2, the ligand for LGR5, was shown years ago to have a vital role in lung 

branching morphogenesis, and the drastically limited lung growth resulting from the knockout 

was correlated with reduced canonical WNT signaling (Bell et al., 2008). Despite these 

important studies, and the inclusion of RSPO2 growth factors in many human lung organoid 

growth media (Nikolić et al., 2017; Sachs et al., 2019), the expression of LGR5 in the developing 

lung has still not been mapped or studied.  

 

In the postnatal lung, a recent study of LGR5 expression in mice beautifully describes a unique 

role for LGR5+ cells centered around the alveolar progenitor cells: orchestrating the alveolar 



   

75 

 

niche (Lee et al., 2017).  However, this research has not been supported by data from human 

cells, and there are many physiological differences between the mouse and the human lungs. To 

begin to study the role of LGR5 and LGR5+ cells in the lung, we elected to use a porcine model, 

which represents a more similar anatomical and physiological model of the human lung 

(Benahmed et al., 2014; Judge et al., 2014; Lunney et al., 2021; Meurens et al., 2012). To 

accurately track the LGR5+ cells in real time, we generated a transgenic porcine model 

expressing nuclear GFP under the control of the endogenous LGR5 promoter (LGR5-H2B-GFP).  

 

In this work, we show that pigs and humans have a drastically different pattern of LGR5 

expression in the lung than the mouse, with LGR5 expression in postnatal lung found in a 

mesenchymal support niche surrounding the airways. This points to a role in the regulation of the 

airway niche by LGR5-expressing mesenchymal cells, which are multipotent stem cells. 

Interestingly, we find a very different role for LGR5 expression in fetal lung morphogenesis, in 

which LGR5 is expressed in developing airway epithelial cells and is tightly coupled with 

elongating bud tips throughout development. Together, these results identify a new lung stromal 

cell population in homeostasis which could have a role in orchestrating airway repair and 

contribution to fibrosis, and furthermore identify transient epithelial LGR5 expression as a 

pathway that could be used to forge lung repair and regeneration.  

 

Results 

LGR5 is expressed consistently in an airway mesenchymal population, and transiently in 

developing bud tips 
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Figure 1. Two populations of LGR5 in development and homeostasis. In the fetal lung (A), LGR5 is 
expressed surrounding the airways in a mesenchymal population, and also in the developing bud tips. In 

the postnatal lung (B) LGR5 expressed only surrounding the airways. Examination of distribution of 

LGRR-GFP with EpCAM (red) or vimentin (purple) based on airway size show that the mesenchymal 

population always expresses vimentin and surrounds the airway epithelium of large, mid and distal 
airways (C-E), while LGR5+ cells in the bud tips are EpCAM+. F-H) Post-natal expression shows that 

the vimentin+ mesenchymal population is present in airways of all sizes, and occupies the sub-basal 

space. 
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To initially understand the distribution of LGR5 expression throughout development and 

homeostasis, we used a transgenic porcine model expressing H2B-GFP under the control of the 

endogenous LGR5 promoter, as reported previously (Chapter 2). For initial mapping of 

expression, we used the tissue clearing technique (Wang et al., 2019) to render the lungs 

transparent and used light sheet microscopy to acquire 3D images of fetal developmental day 80 

(D80) and juvenile porcine lungs. In the fetus, LGR5 expression is robust surrounding both 

proximal and distal airways, in addition to the developing bud tips (Figure 1A), while the 

postnatal lung solely expresses the population surrounding the airways (Figure 1B). In 

cryosections imaged by confocal, co-staining fetal lungs with EpCAM for epithelial cells and 

vimentin for mesenchymal cells shows that the population surrounding the airways is 

mesenchymal, while the distal bud tips are epithelial (Figure 1C-E). Imaging of large, mid, and 

distal airways in juvenile tissue show that the LGR5+ population is present in airways of all 

sizes, and as in the fetus, the LGR5+ mesenchymal population occupies a sub-basal position, 

directly adjacent to the airway epithelium (Fig 1F-H). These initial data suggest that there are 

multiple previously undescribed roles for LGR5 in lung development and homeostasis, and that 

they differ largely from that of the mouse.  

 

First, to determine whether the distribution of LGR5 in the developing and postnatal pig lungs is 

representative of the human, we employed fluorescent in situ hybridization (FISH) with a probe 

against human LGR5 mRNA transcripts in human fetal and adult lung tissue. Like the pig, LGR5 

expression is robust in human developing lung bud tips (Figure 2A), with an almost identical 

pattern of expression as the pig (as in 1E). In addition, LGR5 expression was detected in the 

subepithelial population surrounding maturing airways in the developing lung, as shown with  
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Figure 2. Human lung distribution of LGR5 matches the pig. In situ hybridization with a probe 

detecting human LGR5 transcripts in human fetal day 135 (A) or day 142 (B) shows the presence of 

epithelial LGR5 expression in developing bud tips (A), and the presence of the mesenchymal LGR5+ 
expression in cells surrounding the airways. C) Adult human lung shows robust LGR5 expression in the 

mesenchymal population directly adjacent to the airway epithelium. 
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co-staining with SCGB3A2 (Figure 2B). Finally, robust detection of LGR5 is evident 

surrounding adult airways (Figure 2C). To further examine the molecular distribution of LGR5 

expression in the human, we initially mapped LGR5 to previously established single-cell RNA 

sequencing (scRNAseq) datasets of lung non-epithelial cells (Vieira Braga et al., 2019), and see 

that LGR5 expression is highly upregulated and specific to lung fibroblasts (Figure 3A-C). 

Moreover, in developing human lungs (Q. Yu et al., 2021), LGR5 is detected in both epithelial 

and mesenchymal populations (Figure 3D). Combined, we can conclude that LGR5 expression in 

the human is aligned with expression in the pig, and furthermore that the pattern in the human 

and the pig is significantly different than previously described in the mouse.  

 

For an initial high-resolution comparison between LGR5+ epithelial cells and LGR5+ 

mesenchymal cells, we performed scRNAseq on fluorescence-activated cell sorting (FACS) 

sorted LGR5+ cells in the developing lung. UMAP dimension reduction analysis identifies the 

two populations separated by EpCAM expression (Figure 4A), which can each be broken up to 

subclusters to yield 11 clusters (Figure 4B). Top cluster markers identify key genes that can be 

used to relate each population to established human developmental populations (Figure 4C).  

Separate clusters within the EpCAM+ population could suggest that one represents a more 

differentiated state as cells start to turn on HOPX (cluster 5), a known marker expressed in the 

bud tip-adjacent stalk region (CITE), and lower expression of bud tip marker SFTPB. Due to the 

dilution effect of H2B-GFP, cells that have begun to differentiate still retain a low-level GFP 

expression and could be detected by FACS. Within the EpCAM- mesenchymal population, there 

are several clusters, each with a relatively undescribed set of genes. Recent research (He et al., 

2022) describes how the fetal lung allows for lineage analysis because both the mature,  
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Figure 3. Molecular mapping of LGR5 expression in the human lung confirms the presence of 

LGR5 expression in multiple populations in development, and one at homeostasis. A-C) The Sanger 
lung “Asthma Airway Atlas,” asthma negative control population, identifies presence of LGR5 in 

postnatal lungs in the fibroblast populations. D) The developing human lung atlas webtool from Yu et al 

2021 maps LGR5 showing data from expression to both the developing fetal epithelium and mesenchymal 
populations.  
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Figure 4. Single cell RNA sequencing of fetal porcine LGR5+ populations shows that fetal epithelial 

and mesenchymal populations are unrelated. All LGR5+ cells were FACS sorted from a porcine fetal 

d80 lung, and after quality assessment and filtering 5,284 cells were retained for analysis. A) UMAP 

analysis shows two main groups of cells marked by differential expression of EpCAM. Cell populations 

can be separated into 11 clusters (B), prestoMarkers analysis determines the mostly highly expressed 
markers for each cluster. D) Gene ontology analysis of the EpCAM+ vs EpCAM- populations from plot 

in (A) shows most significantly upregulated pathways in each population.  
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differentiated airways and developing distal bud tips exist at once. This suggests that each 

population in the mesenchymal cluster could represent the developmental state of the airway 

they surround. More research must be done to identify which genes change through the 

development of the airways and to identify the spatial distribution of each cluster. Gene 

Ontology analysis on differentially expressed genes between the mesenchymal and epithelial 

population shows that mesenchymal subsets are highly enriched in the extracellular matrix and 

matrisome terms (Figure 4D).  

LGR5+ mesenchymal population is a stromal cell and airway niche population 

To begin to dissect the role of the LGR5+ mesenchymal population, we focused on postnatal 

lungs. Further 3-dimensional analysis revealed that the LGR5+ mesenchymal cells are aligned 

length-wise down the airways detected by nuclear shape, and form a striated pattern as they 

follow the folds of the airways, remaining in close contact with the basement membrane and the 

epithelial cells (Figure 5A). Confocal imaging of whole mount lung allows examination of cross-

hatch patterns in the larger airways, with a small population of LGR5+ cells in a perpendicular 

orientation (Figure 6A-B). However, in the respiratory bronchioles or distal airways, the pattern 

is more randomly distributed, but nevertheless occupies the same sub-basal position (Figure 6C). 

Closer analysis of other known mesenchymal markers reveals that all LGR5+ cells express 

vimentin (Figure 5B), a subset of PDGFRa+ fibroblasts express LGR5 (Figure 5C), LGR5+ cells 

are directly adjacent to the EpCAM+ epithelial cells, and LGR5 expression is independent of 

alpha-smooth muscle actin (αSMA) (Figure 5E). Since smooth muscle populations have been 

repeatedly described surrounding airways, we decided to define the relationship between LGR5+ 

and αSMA+ fibroblasts from various sized airways (Figure 6D-F). Cryosections reveal that in 

proximal and mid-sized airways, the αSMA forms a band of smooth muscle, and LGR5+ cells  
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Figure 5. LGR5 marks mesenchymal subset surrounding airways throughout the porcine postnatal 

lung. A) Tissue clearing and light sheet microscopy show volumetric rendering of LGR5 distribution 

throughout airways of all sizes. B-E) Confocal imaging of bronchiolar cross-sections, shows co-
expression of LGR5 with known fibroblast markers vimentin and PDGFRα, but not with myofibroblast 

and smooth muscle marker αSMA or epithelial cell marker EpCAM. Scale bar indicates 100 μM unless 

marked otherwise. F) Fluorescence activated cell sorting gates to identify LGR5-GFP+ population from 
postnatal porcine lungs. G) Differential gene expression from adult LGR5- vs LGR5+ cell RNA 

sequencing comparison show significant differentially expressed genes from the KEGG WNT pathway. 

H) Gene ontology biological processes enriched in LGR5+ cells. I) Gene set enrichment analysis for “cell 

type” shows significant enrichment in genes associated with human cell type datasets.  
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Figure 6. LGR5 expression in the mesenchymal population always occupies the sub-basal 

mesenchyme, but pattern and orientation depend on size of airway. A) Whole mount confocal 

imaging of large (A,D,G), mid (B,E), or distal (C,F,H) airways without (A-C) or with (D-H) α-SMA co-

staining shows changes in LGR5+ cell pattern depending on size and shape of its respective airway. G,H) 

Confocal imaging of cross-sections show that LGR5 and α-SMA are not overlapping.  
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reside in the space between the αSMA and the airway epithelium (Figure 6G). In distal or 

respiratory airways, LGR5+ and aSMA populations remain separate, and instead are intercalated 

in the sub-basal space separating the airway from the surrounding interstitia (Figure 6H). This 

suggests separate but co-existing roles for αSMA+ and LGR5+ populations throughout airways 

of all sizes.  

 

For further molecular analysis, we next sorted by LGR5-H2B-GFP, and used RNA sequencing to 

evaluate the differential gene expression between the FACS sorted LGR5+ and LGR5- 

populations from postnatal porcine lung (Figure 5F). Since LGR5 is a known potentiator of 

WNT signaling, we first asked how the WNT pathway genes (KEGG) were differentially 

regulated in the LGR5+ population. Results showed significant upregulation of a select few, such 

as WNT5A and WNT9A, but primarily significant downregulation of WNT genes. Importantly, 

many of the significantly upregulated genes in the LGR5+ population from the KEGG WNT 

pathway are actually negative regulators of WNT signaling, such as SFRP1, SFRP4, PRICKLE1, 

NKD1, and NKD2 (Figure 5G). This suggests a key role for the LGR5+ mesenchymal cells in 

modulating WNT signaling in their niche.  

 

Significantly enriched genes were evaluated by Gene Set Enrichment Analysis (GSEA, Broad 

Institute); the most significantly enriched gene ontology biological process pathways include 

several extracellular matrix binding pathways and several protein co-receptor activities (Figure 

5H). Comparisons to annotated gene sets in the database reveal the ten most significantly 

enriched subsets, seven of which are stromal cell subsets (Figure 5I). Further analysis of one 

specific stromal cell dataset detailing upregulated genes found in adipose-derived mesenchymal 
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stem cells (Boquest et al., 2006) shows that of the significantly differentially expressed genes the 

LGR5+ population shared with the adipose derived stem cells, the majority are significantly 

upregulated (Figure 7).  

 

 

Figure 7. Additional analysis of adult LGR5+ mesenchymal population. A) Heatmap of top expressed 

genes in LGR5+ or LGR5- populations. DEG heatmap of genes in “BOQUEST stem cell upregulated 
genes” dataset. 

 

 

To understand the distribution of LGR5 expression surrounding airways in the fetus, and 

compare it with the adult, we performed confocal-whole mount imaging and see that the pattern 

remains largely the same (Figure 8A-C). By molecular analysis, we determined that while many 

genes are the same, among the most significantly upregulated genes in the fetus were AGTR2 (a 

gene known to be widely expressed in fetal but not adult tissue), FBN3, and TMEM213, 

suggesting slightly different roles due to a developing microenvironment (Figure 8D).  
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Figure 8. Fetal LGR5+ mesenchymal populations appear surrounding mature airways and 

resemble adult patterns of expression. A-C) Whole mount staining of D80 lungs with a-SMA show 

similar pattern of LGR5 expression to adult in large, mid and distal airways.  D) RNAseq differential 

gene expression comparison of LGR5+ mesenchymal populations between fetal and adult. 
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Since the postnatal LGR5+ lung population shared a gene signature with many stromal cell and 

mesenchymal stem cell populations, we next asked whether the LGR5+ lung cells present 

functional properties of mesenchymal stromal and niche cells. When cultured in vitro in 

expansion followed by induction media, LGR5+ mesenchymal lung cells indeed differentiated 

into osteocytes, adipocytes, and chondrocytes, and therefore we concluded that LGR5+ 

mesenchymal cells share the pluripotency that defines mesenchymal stem or stromal cells (MSC) 

(Figure 9A-D). Furthermore, since stromal cells generally define a support niche for other stem 

cell subsets, we hypothesized that these LGR5+ MSC would designate the support niche for 

airway epithelium. To test this, we isolated EpCAM+ cells from lung bronchioles and co-

cultured at a 1:1 ratio with LGR5+ MSC in a matrigel dome with or without growth factors 

(Figure 9H). Remarkably, the LGR5+ cells alone were capable of supporting organoid formation 

with no additional growth factors (Figure 9E-F). Furthermore, we noticed that the organoids in 

the LGR5+ wells took on a round, hollow phenotype, whereas the conditions with growth factors 

represented an irregular, filled shape. To quantify the differences, we used keratin (KRT14), a 

marker of airway basal cells, and pro-surfactant protein C (SFTPC), a marker of AECII alveolar 

cells to distinguish between the round bronchiolar type and the irregular bronchioalveolar type, 

similar to previously described methods (Kathiriya et al., 2022). Bronchiolar organoids were 

classified as those that expressed KRT14 evenly in most cells throughout the round shape, and 

did not express SFTPC. Bronchioalveolar organoids express both SFTPC and KRT14, each 

distributed partially throughout the organoids (Figure 9G). The prevalence of each type was 

quantified for each culture condition, and results show that the presence of the growth factors 

induced a bronchioalveolar fate, but LGR5+ MSC alone in basic media supported the growth of 

bronchiolar organoids, and more specifically KRT14+ basal cells (Figure 9H).  
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Figure 9. Postnatal LGR5+ cells are mesenchymal stromal cells and support airway basal cell niche. 

A) LGR5+ mesenchymal cells were cultured in osteocyte, adipocyte or chondrocyte differentiation 
media. B-D) LGR5+ cells show ability to differentiate into osteocytes, adipocytes, and chondrocytes. 

Porcine bone marrow mesenchymal stem cells were used as a positive control, and porcine dermal 

fibroblasts were the negative control.  E) Airway epithelial cells were seeded in growth factor reduced 

Matrigel alone, with LGR5+ mesenchymal cells only, with LGR5+ mesenchymal cells and a growth 
factor cocktail, or a growth factor cocktail alone. F) Quantification of organoid formation efficiency 

depending on growth conditions.  G) Bronchiolar organoids were characterized by a spherical shape, 

robust expression of KRT14, and absence of SFTPC. Bronchioalveolar organoids had an irregular shape 
and expressed both SFTPC and KRT14. H) Organoids from epithelial cells co-cultured with LGR5+ cells 

only were almost entirely bronchiolar, while conditions containing LGR5+ cells and growth factors or 

growth factors alone yielded primarily bronchioalveolar organoids.  
  



   

90 

 

 

These data support that this LGR5+ population is a multipotent mesenchymal niche population 

supporting the bronchiolar basal cells. This suggests that LGR5+ MSC not only have a role in 

providing the niche signals to the basal cell population, but the fact that added growth factors 

still induce an alveolar fate suggests that the LGR5+ cells may play an active role in blocking 

ambient WNT signaling from lung interstitia from reaching the airway. Combined with the 

RNAseq analysis this suggests a role for LGR5 in the airway fibroblasts: the LGR5-driven 

potentiation of the WNT receptors could allow this population to “soak up” (canonical) WNT 

ligands, such as WNT2, that are expressed highly throughout the lung. Ongoing experiments in 

the lab will test if this transition is solely dependent on WNT signaling.  

 

Transient expression of LGR5 in fetal epithelial population marks developing bud tips 

We next asked what is the role of LGR5+ cells in the developing epithelial population. From our 

scRNAseq data, we know that the epithelial and mesenchymal populations are significantly 

different. Close analysis of the bud tip region in a D80 fetus shows that the mesenchymal 

population (arrow) extends from the developed airways throughout the stalk, but is not present 

surrounding the bud tip population (arrowhead) (Figure 10A). To further analyze the epithelial 

LGR5+ population, we stained the fetal D50 and D80 with known markers of developing 

epithelium, such as EpCAM, SFTPC, KI67 (Figure 10B-G), along with SOX2 and SOX9. Since 

SOX9 represents a well-established marker of bud tips, and SOX2 marks the stalk and more 

developed airways, we used these as a basis for comparison to ask how the expression of LGR5 

changes throughout development. For each time point, we quantified the overlap of epithelial 

LGR5+ populations with SOX2 or SOX9, representative images are shown (Figure 10H-M). 

From quantification of the SOX2 and LGR5, we see that in the pseudoglandular stage (D50)  
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Figure 10. LGR5+ epithelial expression becomes more restricted throughout development. A) 
LGR5+ mesenchymal population (arrow) surrounds distal airways, but not the bud tips (arrowhead), 

where LGR5 is expressed in epithelial population. B-G) Co-detection of LGR5 with known markers of 

development including EpCAM, SFTPC, and Ki67 at fetal D50 and D80 shows consistent staining with 
EpCAM and co-localization with SFTPC, and occasional co-expression with Ki67. H-M) Representative 

images of relationship of LGR5 with SOX9, a known marker of developing bud tips, and SOX2, a marker 

of more differentiated airways. N-Q) Quantification of co-expression of LGR5+ epithelial cells with 

SOX2 at D50 or D80 shows that LGR5 is occasionally co-expressed with SOX2 at D80, but rarely at 
D80. With respect to SOX9, LGR5 is expressed in almost half as many SOX9 positive cells at D80 

compared with D50. Each chart is representative of 10 image from 2 different fetal lungs. R) 3D 

visualization of LGR5 and SOX9 expression at D80 via whole-mount confocal imaging. 
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Figure 11. Molecular analysis of LGR5+ epithelial population. A) Fluorescence activated cell sorting 

by LGR5-GFP or APC-EpCAM shows four distinct populations. B) Median GFP intensity from 

LGR5+/EpCAM+ population compared with LGR5+/EpCAM- populations shows epithelial population 

has a significantly lower intensity of LGR5-GFP expression (n= two fetuses). C) Top 50 most 
significantly differentially expressed genes between the LGR5+/EpCAM+ populations and LGR5-

/EpCAM+ population (n=3 different fetal lungs).  D) LGR5-/EpCAM- vs LGR5+/EpCAM+ differential 

gene expression using a subset of previously described genes upregulated in the developing human lung 
bud tip and stalk. E) Gene ontology terms enriched in LGR5+/EpCAM+ cells. 
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that LGR5 occasionally overlaps with SOX2, as has been shown in human tissue with SOX2 and 

SOX9 in early development (Figure 10N). However, at fetal D80 in the canalicular stage, there is 

almost no overlap between the two populations (Figure 10O). In the case of SOX9, almost 100% 

of LGR5+ epithelial cells also express SOX9, at both D50 and D80 (Figure 10P-Q). However, 

while at D50, approximately 42% of SOX9+ bud tip cells also expressed LGR5, by D80, that 

number is cut almost in half to 22.2%. 3D imaging of bud tips co-stained with SOX9 shows how 

the pattern varies by individual tip, with most tips containing at least 2-3 LGR5+ cells, but some 

containing many more (Figure 10R). Together, these results show that LGR5 expression 

becomes more restricted throughout development as the fate of the developing airway cells 

becomes more defined.  

 

To analyze the transcriptome of fetal cells in more detail and compare with other epithelial or 

parenchymal populations, we sorted D80 fetal lung cells based on EpCAM and/or GFP (Figure 

11A). We also noticed that the GFP fluorescent intensity of the epithelial population based on 

MFI of the epithelial population was significantly lower than the mesenchymal population (n=2), 

which could be a result of the transient nature of LGR5 expression vs permanent (Figure 11B).  

When comparing the significantly differentially expressed genes from the LGR5+/EpCAM+ 

population and the LGR5-/EpCAM+ population, the top significantly differentially expressed 

genes include upregulation of markers of the tip, like SFTPC, and downregulation of more 

differentiated airway basal and club cell markers like KRT5 and SCGB1A1 (Figure 11C). A heat 

map of differential gene expression based on a defined set of bud tip genes shows that compared 

with LGR5-/EpCAM- cells, LGR5+/EpCAM+ cells are highly enriched in markers of bud tips 

(SFTPC, SFTPB, FGFR2), and again significantly downregulate differentiated airways markers 
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(NGFR) (Figure 11D). GSEA GO terms for LGR5+/EpCAM+ include cell-cell junction, 

anchoring junctions, biological adhesion, and homeostatic process, which combined could imply 

a role of this population in being anchored into the niche while maintaining homeostasis, not 

differentiating.  

 

LGR5 is expressed in vitro in a transient state between basal cells and alveoli. 

To further explore the role of LGR5 in the epithelium, we used FACS to sort the 

LGR5+/EpCAM+ or LGR5-/EpCAM+ population from the developing lung. Cells from each 

group were placed in matrigel with growth media and growth factors. Interestingly, at D50, the 

LGR5+ epithelial cells formed at a significantly higher efficiency than the LGR5+/EpCAM+, 

although both populations form big budding organoids that expressed LGR5 (FIgure 12A-B). 

The D50 cell derived organoids expressed SOX2, SOX9, and SFTPC, often in the same pattern 

with LGR5, with minimal expression of mature basal cell marker KRT14 (Figure 12C-D). 

Moreover, organoids from both d50 populations formed at significantly higher efficiency than 

LGR5+/EpCAM+ cells at D80, although neither group from D80 formed many organoids 

(Figure 12E). Overall this suggests significant changes in cell state through development, where 

the LGR5+ bud tip cells are receptive to different signals depending on the stage of development, 

and potentially reflects the restriction in LGR5 expression we see between D50 D80 tips. 

Additionally, it could mean that the LGR5+ cells from D50 organoids have higher lineage 

potential than LGR5- epithelial cells.  
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Figure 12. Characterization of fetal lung epithelial organoids. A) Brightfield and fluorescent 
microscopy images of organoids from D50 fetal epithelium, LGR5- or LGR5+. Both groups show large 

organoids with bright GFP expression, but LGR5- organoids appear to be slightly smaller after 14 days in 

culture. B) By day 21, EpCAM+/GFP+ organoids are GFP bright and have multiple buds. C) 

Immunofluorescent staining of LGR5+EpCAM+ organoids show correlation of LGR5+ cells with SOX2 
and SOX9 expression. D) D50 epithelial organoids show bright expression of SFTPC, dim expression of 

KRT14, and bright expression of LGR5. E) Organoid formation efficiency as number of organoids 

formed per 2 x 103 cells seed after sorting by presence or absence of EpCAM (“E”) and LGR5-GFP 
(“G”).  Comparison of all pairs was performed using a one-way ANOVA by group, and comparison of 

means was performed by Tukey-Kramer HSD for all pairs, n=2 biological and 10 technical replicates for 

each group.  
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Figure 13. Transient LGR5 expression appears in adult epithelial organoids. A) All EpCAM+ 
(LGR5-) cells from adult lungs were seeded in Matrigel with a growth factor cocktail. While organoids 

remained dark after 4 days of culture, by 5-7 days, some organoids began to turn on LGR5 expression. By 

day 10, most organoids were bright with GFP. B) To determine differences between all EpCAM+ cells 

and specifically airway basal cells marked by NGFR, each group was FACS sorted, and organoid 
formation efficiency was quantified (C), showing that while both basal cells and other epithelial cells 

form organoids, the NGFR+ basal cells do so more efficiently. D) After 10 days in culture, organoids 

were dissociated and LGR5+ cells were sorted from LGR5- cells by FACS. E) Brightfield and 
immunofluorescent images of lung organoids formed from sorted D10 LGR5+ or LGR5- organoid cells. 
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The plastic nature of the stem cells in the lung has long been known, with airway basal cells at 

the top of the hierarchy, capable of differentiating a variety of cells, including secretory or club 

cells, a transition that is reversible in some circumstances (Davis & Wypych, 2021; Tata & 

Rajagopal, 2017). For example, secretary cells, after basal cell ablation in vivo or when put into 

basal cell growth conditions in vitro, de-differentiate back into basal cells (Tata et al., 2013). 

Club cells, in turn, are capable of self renewal, or generation of alveolar epithelial type 2 cells 

(Davis & Wypych, 2021). There is discussion in the literature of whether a bronchioalveolar 

stem cell (BASC) state exists in humans, a cell state between AT2 cells and club cells, with 

potential for generation of either. However, there has been some difficulty tracing this cell state 

in humans due to lack of specific markers (Chen & Fine, 2016). Recent research in our 

collaborating lab suggests there is an AT0 state in humans, which would be the equivalent of a 

BASC, that displays both secretary cell and alveolar markers.  

 

Initially as a baseline for comparison to the fetal organoids, we seeded adult epithelial cells in 

matrigel with the same growth factors and growth medium. Surprisingly, after 5-7 days in 

culture, the majority of the organoids displayed at least some level of LGR5 expression (Figure 

13A), and by day ten, approximately 15% of all organoid cells were LGR5+ (Figure 13D). To 

ask more specifically which cells were turning on LGR5 expression and forming organoids, we 

sorted lung cells based on NGFR, a known basal cell marker, or EpCAM only (Figure 13B). The 

NGFR+ basal cell population formed significantly more organoids per well at the same 

concentration (Figure 13C), but there were no significant differences between the phenotype of 

the organoids, and both expressed LGR5, suggesting that the basal cells or secretory cells had the 

same fate in these conditions. We next asked if there were any differences between the behavior 
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of the LGR5+ or LGR5- cells in the organoids, and hence FACS sorted and replated; there were 

minimal differences between the two populations, and organoids from the LGR5- population 

began to express LGR5 (Figure 13E). These two things indicate that in vitro, expression of 

LGR5 is transient, and that basal cells give rise to a cell population that expresses LGR5. We 

hypothesized that the organoid media conditions represented a regenerative state, and therefore 

we next asked what cell types were being generated. As defined above by expression of KRT14 

and SFTPC, these organoids had a bronchioalveolar phenotype (Figure 14A). When co-staining 

with SFTPC, we noticed that LGR5 expression seemed to be correlated with SFTPC expression. 

This led us to ask what was the cell state of the LGR5+ cells, and FACS sorted organoid cells 

based on GFP expression (as in 13D) and subjected each population to RNAseq analysis.  

Among the top significantly upregulated genes were SFTPB, SFTPC, SCGB1A1, and 

SCGB3A2, all markers of club/secretory cells and AT2 cells, which are also co-expressed in 

LGR5+ cells in bud tip development. Among the downregulated genes were AGER (AT1 cell 

marker), IL33 and IGFBP4 (both basal cell markers) (He et al., 2022) (14B, C). Since we 

detected markers of AT2 and AT1 cells by immuno-fluorescence and by RNAseq after starting 

with basal cells or mixed basal and club cells, and since LGR5+ cells were downregulated in 

markers of AT1 and basal cells, we hypothesized that LGR5 was expressed by secretory cells 

undergoing a transition to an AT2 cell. If this is true, then LGR5 would not be expressed in basal 

cells or mixed basal and club cells that maintain a basal cell lineage in culture. To test this, we 

altered the media conditions to favor a basal cell phenotype by removing WNT and WNT 

agonist CHIR signaling.  Indeed, after ten days in culture, none of the bronchiolar organoids 

expressed LGR5, while the bronchioalveolar controls were bright with GFP expression (Figure 

14D). While more experiments need to be done in vivo using lineage tracing after injury and 
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during AT2 regeneration from club cells, LGR5 could potentially represent the marker for a 

transient state between a multi-potential basal stem cell and committed lineage progenitor.  

 
 
Figure 14. LGR5 is expressed in organoids with a bronchioalveolar fate, but not a bronchiolar fate. 

A) Initial immunofluorescent analysis of cryosectioned LGR5+ adult lung organoids imaged by confocal 
microscopy shows distribution of EpCAM, SFTPC, KRT14 and colocalization with LGR5. B) 

Differential gene expression between LGR5+ and LGR5- organoid cells (n=2 biological replicates) of 

select basal, secretory, AT2 and AT1 markers. C) Removal of WNT signaling pathway growth factors 
from the media shows morphological differences between bronchioalveolar and bronchiolar conditions, 

and absence of LGR5 expression in bronchiolar organoids. D) Immunofluorescent whole mount confocal 

imaging comparison of SFTPC, LGR5, and KRT14 expression between bronchioalveolar and bronchiolar 
organoids. Scale bar represents 100 μM. 
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Discussion 

In this work, we have thoroughly identified novel roles for LGR5-expressing cells in 

development and homeostasis. While the two described populations are consistent in humans and 

pigs, it is unclear why the results are not consistent with mice. While LGR5 is reported in 

fibroblasts in mice, the roles of the murine LGR6+ cells seem to be more akin to the LGR5+ 

human and pig populations (Lee et al., 2017), given that they surround and support the airway 

niche, although the LGR6+ population overlaps significantly with the aSMA+ population in the 

mouse whereas the two populations are mutually exclusive in the pig. It is difficult to determine 

if the differences between the species are due to the differences in anatomy and associated 

physiology, or if the redundant function of LGRs allows for interchangeable gene function across 

species. However, since RSPO and WNT signaling have been studied extensively in murine lung 

development, it is quite interesting that LGR expression has not been reported in murine bud tip 

development. If the role of LGR5 in development is to help bud tip progenitors maintain self-

renewing potential throughout development, perhaps the shortened developmental time frame 

and small lung size do not require such protective measures for its progenitor cells, although in 

that case there is a question as to what is the receptor for the necessary RSPO. Or perhaps LGR5 

transcript is expressed at a comparatively low level, especially in the transient state as we have 

shown, and cytoplasmic resolution of murine models has made it difficult to elucidate.  

 

Nevertheless, we report the role of LGR5+ mesenchymal cells in the lung as a stromal cell 

population supporting airways basal cells, in addition to their multi-lineage potential.  There 

have been few reports of airway fibroblasts throughout the literature, but the majority have been 

concerned with the myofibroblast populations or maintenance of myofibroblasts populations 
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(Moiseenko et al., 2020; E. J. Walker et al., 2019), which we know to be separate from the 

LGR5+ population. Recent discussion after the report of a fetal airway fibroblast population has 

suggested that no airway fibroblast population or signaling niche has yet been reported in the 

adult (He et al., 2022). To our knowledge, we are among the first to identify an airway specific 

fibroblast population separate from myofibroblasts that is present at homeostasis, correlate this 

population with LGR5 expression, and define their role as a support niche cell and mesenchymal 

stromal cell.  

 

A growing body of evidence has identified lung tissue resident mesenchymal stem cells (tr-

MSC) (Lama et al., 2007; Rolandsson Enes et al., 2016; Sveiven & Nordgren, 2020). Recent 

publications have identified the lung tr-MSCs as key contributors to pulmonary fibrosis as they 

differentiate into accumulating myofibroblasts (Cao et al., 2018; Lemos & Duffield, 2018; 

Popova et al., 2010). Paradoxically, these populations have been used extensively in anti-fibrotic 

therapeutics and treatment of other lung diseases (Foronjy & Majka, 2012; Klein, 2021). Despite 

broad characterization and identification of key tr-MSC markers such as SFRP (Rolandsson Enes 

et al., 2016), which is expressed in the LGR5+ MSC, to our knowledge there has been very little 

information about where these tr-MSC reside (Klein, 2021), and there not been a connection 

until now identified between the tr-MSC and airway fibroblast populations. Our results suggest 

that if indeed tr-MSC have a role in contributing to fibrosis, LGR5+ MSC may represent major 

contributors, and furthermore LGR5 may represent a preventative or therapeutic pathway for 

restoring dysregulated cells.  
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On the epithelial side, we have identified a transient expression of LGR5 present in development 

and during the transition from basal cells to AT2 cells in vitro.  Bronchioalveolar stem cells 

(BASC) were first identified as a novel population in mice that expresses both AT2 cell markers 

(SftpC) and club cell markers (Sgcb1a1), and have the capability to contribute to both an airway 

lineage and an alveolar population (Kim et al., 2005). While they have a minimal role in a 

healthy lung, they are highly active in repair. Their capability for self renewal has made them a 

hotly pursued topic in the name of regeneration, but also has been cited explicitly as a 

mechanism for adenocarcinoma formation (Jones et al., 2019; Jones-Freeman & Starkey, 2020). 

A major limitation for the study of these cells, cited repeatedly, has been the lack of genetic tools 

or markers that specifically identify the BASC population (Jones et al., 2019; Jones-Freeman & 

Starkey, 2020; Liu et al., 2019; Salwig et al., 2019). For this reason, there has been much debate 

about the existence of this population in vivo, since both putative markers are expressed 

consistently by other populations and cells are restricted geographically (Rawlins et al., 2009). 

Recently, two labs have generated complex lineage tracing strategies to track these populations 

in mice in vivo (Liu et al., 2019; Salwig et al., 2019) and have identified an active role in repair. 

However, to date, BASC have not been identified in human lungs. Since BASC have minimal 

role at homeostasis, and only become active upon injury, is it not possible that the BASC state 

may be transient? After all, it is known that AT2 cells express transient markers as they 

differentiate from AT2 to AT1 (Jones-Freeman & Starkey, 2020; Wu & Tang, 2021), suggesting 

that basal or club cells transitioning to AT2 cells (or maintaining multiple lineage potentials) 

may also take on a transition state. If this transient regenerative state mimics development, as has 

been suggested (Jones et al., 2019; Jones-Freeman & Starkey, 2020), then we would not expect 

murine BASC to express LGR5, which is why it has not been reported henceforth. However, 
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human and porcine both express LGR5 in the transient state in development, and that is repeated 

in in vitro regeneration, and thus our in vitro data supports that LGR5 should be considered as a 

potential marker of BASC in human lungs. Further supporting this, both LGR5 and BASC have 

separately reported roles in adenocarcinoma (Tammela et al, 2017; Zhang et al., 2016), which 

could suggest that LGR5 is upregulated in the case of an injury to maintain lineage potential in 

repair, but these same traits make this population a prime source of cancer cells. Further work 

needs to be done in human and porcine injured airways to evaluate whether LGR5 is expressed 

in BASC in the case of an injury. If so, then we have identified a novel pathway for regeneration, 

and a potential therapeutic target for cancer.  

Methods  

Transgenic porcine tissue 

All experiments were carried out in strict accordance with the Institutional Animal Care and Use 

Committee of North Carolina State University (IACUC protocol 17-028-B), and followed the 

established ARRIVE guidelines (Kilkenny et al., 2010). LGR5-H2B-GFP transgenic pigs were 

generated by somatic cell nuclear transfer as previously described (S. C. Walker et al., 2002). 

Male and female transgenic offspring of the clones were used in these experiments, with no 

detectable differences. Experiments in this study are performed using lung tissue from 6 juvenile 

or adult pigs, 4 fetal D80 fetuses, and 3 fetal D50 fetuses, and data are representative of both 

sexes.  

 Immunofluorescence 

Tissue was fixed in 4% paraformaldehyde and dehydrated in 30% sucrose before being 

embedded in OCT. Organoids were fixed in 2-4% paraformaldehyde and embedded in OCT or 

stained and imaged as whole mounts. Tissue or organoids were sectioned using a cryostat set to 
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20uM. For immunohistochemistry, sections were blocked with 0.4% Triton X-100 and IHC/ICC 

blocking buffer (Invitrogen) followed by incubation of primary antibody in 0.2% Triton-X in a 

1:1 ratio of blocking buffer and PBS, for 1.5 hours at room temperature or 4℃ overnight.  

Primary antibodies were applied at a 1:200 ratio; anti-KI67(Invitrogen #MA5-14520), anti-

EpCAM (Abcam #ab71916), anti-SOX9 (eBioscience #14-9765-82), anti-SOX2 (Abcam 

#ab97959), anti-Alpha-Smooth Muscle Actin (Invitrogen #14-9760-82), anti-Vimentin (Santa 

Cruz #sc-6260), anti-PDGFRa (Bioss #BSM-52829R), anti-Prosurfactant Protein C (Abcam 

#ab90716).  Sections were stained with secondary antibodies (1:500) for 1 hour at room 

temperature and mounted with Prolong Diamond Antifade Mount with DAPI. For whole mount 

imaging, organoids or tissue sections were incubated with block, antibodies, and washes 

sequentially in eppendorf tubes and mounted on a slide immediately before analysis, and the 

addition of incubation with NucBlue (Invitrogen) with the secondary antibody. Slides were 

imaged with an Olympus Fluoview 3000 upright confocal microscope.  

RNAscope in situ hybridization 

RNAscope was performed according to the manufacturer’s instructions (ACD Bio). Briefly, 

paraffin embedded lung tissue from human fetus or adult was sectioned at 7um. Slides were 

deparaffinized with xylene, then heat treated followed by protease digestion. The tissue was 

hybridized with a 10 ZZ probe targeting the 560-1589 region of Homo sapiens LGR5 mRNA. A 

positive control probe against human (139-989 region) cyclophilin B or as a negative control, a 

probe targeting the bacterial gene dapB were tested. After chromogenic development, slides were 

washed and imaged by confocal microscopy. 
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Tissue Clearing 

Here, we used the BoneClear procedure for clearing the porcine lungs; therefore, we will only 

outline differences between our implementation versus the original protocol. Due to the size and 

complexity of pigs, perfusion step was not conducted. We skipped the decalcification step. Also, 

we increased the immunostaining time from 3 to 7 days and skipped the agarose embedding step. 

We then used the custom light-sheet microscopy (Moatti et al., 2020)  to image the cleared lungs. 

The sample was mounted inside a custom chamber (aluminum and glass) to be immersed in 

100% DBE. A silicone membrane was employed in front of the objective lens (10×/numerical 

aperture (NA) 0.6, Olympus; XLPLN10XSVMP-2) to minimize the potential damage to the 

objective lens when immersed in 100% DBE. The working distance of the detection objective 

and the field of view was 8 mm and 1.77 mm2, respectively. 

Cell Isolation and Cell Sorting  

Cells were isolated from lungs of adult or fetal LGR5 pigs. 2cm2 pieces of lung were collected in 

cold PBS and moved into a sterile hood. Lung tissue was then minced using scissors or razor 

blade and then washed twice with cold PBS to remove blood and immune cells. Minced tissues 

were then incubated for 1 hour in a roller incubator at 37℃ in an enzymatic digest buffer 

containing 10mg/mL Dipsase (Invitrogen), 2mg/mL DNase I (STEMCELL Technologies), and 

5mg/mL (adult) or 2mg/mL (fetal) Collagenase Type II (Sigma). The digestion mixture was then 

strained using a 70μM cell strainer and washed with wash buffer (PBS, 5% FBS, 1% antibiotic-

antimycotic) and centrifuged. For adult tissue, pellets were incubated in Red Blood Cell Lysis 

Buffer for 10 minutes at room temperature with gentle inversion. Following washing of cells, the 

pellet was resuspended in freezing media (65% a-MEM, 30% FBS, and 5% DMSO) at a 

concentration of no more than 5 x 106 cells/mL. Cells were then frozen overnight in -80C then 
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transferred to liquid nitrogen for long term preservation. For fluorescent activated cell sorting, 

cells were suspended in MACS buffer (Miltenyi) and incubated with 10μl/ml anti-EpCAM-APC 

(Thermo Scientific 17-5791-83) and/or anti-NGFR-PE (eBioscience #12-9400-41). Propidium 

iodide was added for dead cell exclusion immediately before fluorescence activated cell sorting 

(Beckman Coulter MoFlo XPD).  

Organoid Culture  

For co-culture conditions, LGR5+ mesenchymal cells were mixed at a 1:1 ratio (2,000 cells 

each) of EpCAM+ airway cells and resuspended in a 25 ul droplet of reduced growth factor 

Matrigel (Corning). Droplets were allowed to solidify upside down at 37℃ for 25 minutes and 

then were overlaid with 250uL of organoid media. Basic growth media consisted of DMEM/F12 

(Life Technologies #12634-010), Glutamax (Life Technologies #35050-061), Hepes (Life 

Technologies #15630-106), N2 (Life Technologies #17502-048), B27 (Life Technologies 

#12587-010), 2% fetal bovine serum and 1% antibiotic-antimycotic (Gibco #15240-096).  For 

conditions with growth factors, EpCAM+ cells were seeded at 2,000-5,000 cells per well. For 

bronchioalveolar conditions, LWRN-conditioned media was mixed with basic media at a 1:1 

ratio, and a growth factor master mix was added for final concentrations of  CHIR99021 

(PeproTech #2520691) (5 μM), EGF (PeproTech AF-100-15) (100 ng/ mL), Nicotinamide (Life 

Technologies #17502-048) (2mM), LY2157299 (Cayman Chemical Company #15312) (1 μM), 

A-83-01 (2 nM), Y27632 (20uM),  and FGF10 (16.6ng/mL). For bronchiolar conditions, no 

LWRN was added and the mastermix contained added R-Spondin (R&D Systems # 4645RS/CF) 

(2 μg/mL), reduced CHIR99021(1 μM), EGF (100 ng/ mL), (Nicotinamide (2mM), 

LY2157299(1μM), A-83-01 (2nM), Y27632 (20μM),  and FGF10 (16.6ng/mL).  Media was 

changed every other day, by adding 250 μL of media and 3 μL of growth factor master mix. For 
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dissociation for FACS, Matrigel dome containing organoids was disrupted using pipette tip and 

resuspended in 250μL of ice cold Matrigel Recovery Solution, then incubated for 20 minutes at 

4℃. Once free of Matrigel, organoids were resuspended in TrypLE Select and incubated with 

shaking for 10-15 minutes at 37℃. Wash buffer or warm basic media was added to stop 

enzymatic dissociation and dissociated organoids were filtered through a 40 μM filter to remove 

any clumps before further use. 

RNA sequencing analysis 

For bulk RNAsequencing, each group was Ultra-low input RNA-seq 

Library Preparation, and HiSeq Sequencing RNA library preparations and sequencing reactions 

were conducted at GENEWIZ, LLC. (South Plainfield, NJ, USA). For fetal samples, but not for 

postnatal or organoids, SMART-Seq v4 Ultra Low Input Kit for Sequencing was used for full-

length cDNA synthesis and amplification (Clontech, Mountain View, CA), and Illumina Nextera 

XT library was used for sequencing library preparation. The final library was assessed with 

Agilent TapeStation. The sequencing libraries were multiplexed and clustered on a flowcell. 

After clustering, the flowcell was loaded on the Illumina HiSeq instrument according to the 

manufacturer's instructions. The samples were sequenced using a 2x150 Paired End (PE) 

configuration. Image analysis and base calling were conducted by the HiSeq Control Software 

(HCS). Raw sequence data (.bcl files) generated from Illumina HiSeq was converted into fastq 

files and de-multiplexed using Illumina's bcl2fastq 2.17 software. Sequence reads were trimmed 

to remove possible adapter sequences and nucleotides with poor quality using Trimmomatic 

v.0.36. The trimmed reads were mapped to the Sus scrofa reference genome available on 

ENSEMBL using the STAR aligner v.2.5.2b. The STAR aligner is a splice aligner that detects 

splice junctions and incorporates them to help align the entire read sequences. BAM files were 
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generated as a result of this step. Unique gene hit counts were calculated by using feature Counts 

from the Subread package v.1.5.2. Only unique reads that fell within exon regions were counted. 

After extraction of gene hit counts, the gene hit counts table was used for downstream 

differential expression analysis. Using DESeq2, a comparison of gene expression between the 

groups of samples was performed. The Wald test was used to generate p-values and Log2 fold 

changes. Genes with adjusted p-values < 0.05 and absolute log2 fold changes > 1 were called as 

differentially expressed genes for each comparison. Gene set enrichment analysis was performed 

using GSEA (Broad Institute) (Mootha et al., 2003; Subramanian et al., 2005) and 

ClusterProfiler (G. Yu et al., 2012). 

Single cell RNAsequencing 

Single cell suspensions from D80 fetuses were loaded into a Chromium Controller (10x 

Genomics) for gel beads in emulsion. After scRNA-seq library preparation with the Chromium 

SIngle Cell 3’ Library & Gel Bead Kit, quality analysis was performed using a bioanalyzer. 

Libraries were sequenced using the NextSeq500 (~400M repair pairs). Reads were mapped using 

the Sus scrofa 11.1 assembly, and raw counts were imported into R for analysis with the Seurat 

package. After stringent quality thresholds based on reads per cell, UMI identifiers were 

removed and 52384 cells were retained for analysis. Cell types were clustered by nearest 

neighbor and visualized using UMAP analysis in Seurat. PretsoMarkers was used to identify the 

most significant markers for each cluster. Mapping LGR5 expression using single cell 

RNAsequencing of established human datasets was performed using previously acquired datasets 

in the lung  (Vieira Braga et al., 2019)(Q. Yu et al., 2021), and figures were generated with the 

associated webtools (https://www.lungcellatlas.org/) and (https://github.com/Camp-

Lab/GutTubeR/). 
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