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ABSTRACT OF THE THESIS 
 

Lymphatic Niches Regulate Asymmetric Stem Cell Dynamics in Tissue Regeneration 
 

 
by 

 

Vicky Yu-Wen Han 

 

Master of Science in Biology 
 

University of California San Diego, 2024 
 

Professor Shiri Gur-Cohen, Chair  
Professor Nan Hao, Co-Chair 

 

Adult stem cells (SCs) are defined by their ability to self-renew to maintain a SC pool while 

preserving their potential to differentiate, ensuring tissue homeostasis. Yet, how SC fate decisions 

are dictated and synchronized across a tissue remains poorly understood. SCs are surrounded by 

and communicate with their supporting microenvironments, or “niches,” for tissue regeneration. 

Recent evidence has revealed the lymphatic vascular system as a new niche entity for adult SCs 



x 

across epithelial tissues, including hair follicle stem cells (HFSCs) in the skin. However, whether 

lymphatic vasculature can instruct SC fate decisions in tissue renewal is unknown. Here, we 

investigate how HFSC fate decisions and differentiation potential are guided by their spatial 

proximity to lymphatic niches during homeostatic tissue regeneration. Using deep 3-dimensional 

imaging of the regenerated hair follicles (HFs), coupled with genetic lineage tracing and 

conditional lymphatic ablation models, we identify an asymmetric lymphatic architecture 

surrounding the HFSCs across the horizontal axis of the follicle. Through tracking SC proliferation 

rates and detailed temporal lineage tracing, our findings reveal a clonal imbalance in the 

regenerated HF. We demonstrate the most regenerating SCs exhibit earlier cell divisions and 

originate near lymphatic capillaries. In contrast, SCs from later division waves, which reside 

farther from the lymphatics, primarily maintain self-renewal rather than contribute to 

differentiation and tissue regeneration. This study provides a further direction to understand the 

lymphatic-stem cell duet in tissue regeneration, which could have important clinical implications 

for stem cell transplantation and therapeutic intervention to advance wound response in 

degenerative pathologies.
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INTRODUCTION 
 

Adult stem cell (SC) self-renewal and regenerative capacity empower organisms to extend 

their lifespan despite tissue injury, ensuring the preservation of essential functions and operations 

within their native organs to uphold tissue homeostasis (Mimeault & Batra, 2008; Tian et al., 

2023). These adult stem cells encode tissue-specific identity and cell proliferation in their 

particular environment (Marusyk & DeGregori, 2008). However, the regenerative potential of 

stem cells deteriorates with age (Goodell & Rando, 2015), while excessive stem cell activation can 

fuel tumor initiation and cancer progression by leveraging their inherent stemness properties 

(Aponte & Caicedo, 2017; Batlle & Clevers, 2017; Laplane & Solary, 2019). Unrevealing the 

mechanisms that regulate stem cell activity throughout life is crucial to understanding why tissues 

gradually lose their capability for wound repairs and become increasingly susceptible to tumor 

formation with age. 

In the skin, the hair follicle (HF) exhibits defined regions where SCs are localized in an 

epithelial compartment, the bulge, along with the immediate differentiated progenitors, called hair 

germ (HG), vertically residing below (Fig. 1A; Cotsarelis et al., 1990; Morris et al., 2004; 

Rompolas et al., 2013). A hair follicle stem cell (HFSC) located in the upper bulge is programmed 

to a specific fate including quiescent retention, self-renewal, or identity loss (Rompolas et al., 

2013). Previous work has demonstrated that cells closer to the HG have a higher potential to 

generate precursors or differentiate (Hsu et al., 2011; Jahoda et al., 1984; Rompolas et al., 2012, 

2013). While the behavior of individual SCs in different positions in the SC niche has not been 

fully determined, the varying cell populations in the HFs work in synchrony to fuel hair 

regeneration. 
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HF regeneration is typically performed with a distinct cycle, allowing the precise timing of 

the resting phase (telogen; Tel), activation phase (anagen: Ana), and regression phase (catagen; 

Cat) to be anticipated (Alonso & Fuchs, 2006; Rompolas et al., 2013). It was previously shown 

that during the anagen phase, HFSCs in the bulge region empower hair growth to generate a new 

bulge in a cycle, activated by the mesenchymal cells, called dermal papilla (DP), which are in 

contact with the HG ( Fig. 1A; Hsu et al., 2011). Specifically, HFSCs are activated during Ana II-

III (Gur-Cohen et al., 2019), and resume quiescent after a complete hair cycle ends. The 

distinguished and regular characteristics of HFSCs provide a powerful model to study SC 

regeneration potential within their native environments. 

While most adult SCs are confined to regenerating their specific lineage, some possess the 

unique ability to broaden their tissue-specific fate and functions in response to injury; for instance, 

HFSCs can shift their fate and differentiate into epidermal stem cells to facilitate wound repair in 

skin tissue (Blanpain & Fuchs, 2014; Ito et al., 2005). Interestingly, growing evidence suggests 

the intriguing possibility that stem cell fates can change depending on their close interactions with 

their dynamic surrounding microenvironment, or “niche” (Ferraro et al., 2010; Fuchs & Blau, 

2020; Morrison & Spradling, 2008; Prager et al., 2019). Yet, the precise mechanisms by which 

niche dynamism instructs stem cell bi-potent characteristics, allowing tissue-resident adult stem 

cells to generate both HF and epidermal lineage, remain poorly understood. Equally unclear is 

whether non-skin epithelial lineages, such as those in the lung and intestine, possess the capacity 

to alter their fates and expand their regenerative strategies when exposed to specialized skin niches. 

The adult vascular system has been recognized to play a key role in maintaining and 

expanding SC across various biological systems (Putnam, 2014). Previous studies have 

demonstrated the association of blood endothelial cells with bone marrow homeopathic stem cells 
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(HSC), thereby creating a niche environment that supports the maintenance of HSCs through the 

secretion of angiocrine factors (Kiel et al., 2005; Kusumbe et al., 2016). While the blood 

vasculature network has been widely studied, another vascular system, the lymphatic vascular 

system, has emerged as a new niche for stem cells (Gur-Cohen et al., 2019; Peña‐Jimenez et al., 

2019). Historically, lymphatic vascular systems have been recognized for fluid transport and 

immunosurveillance for a long period (Oliver, 2004; Tammela & Alitalo, 2010); nevertheless, in 

the skin, the lymphatic vasculature network serves as a new and dynamic niche for HFSCs (Gur-

Cohen et al., 2019; Peña‐Jimenez et al., 2019). Furthermore, lymphatics were found to form a hub 

for SC factors to regulate regenerative potential in the intestine epitheliums, representing that 

lymphatic loss of function induced precocious regeneration (Goto et al., 2022; Niec et al., 2022; 

Palikuqi et al., 2022).  

Interestingly, SCs, such as HFSCs, not only receive signals from their niche but also 

provide a cue to their niche to build up a supportive microenvironment for homeotic regeneration 

(Gur-Cohen et al., 2019; Li & Tumbar, 2021). HFSCs express angiopoietin-like protein 7 

(Angptl7), stimulating lymphatic drainage, and Angptl4, inducing lymphatic-HFSCs 

disassociation for drainage reduction during the resting phase and the activated phase, respectively 

(Gur-Cohen et al., 2019). This demonstrates the ability of SCs to reshape their own niches. 

Nevertheless, whether the spatial interactions of lymphatic SC niche and HFSCs can instruct stem 

cell fate decisions is yet to be determined. 

Here, we set to explore how direct communication between HFSCs and the surrounding 

lymphatic vessels influences tissue regeneration. Our goal is to define how the spatial position of 

the lymphatic niche carries out HFSC fate decisions during tissue renewal and determine whether 

lymphatics may direct stem cells' bi-potent cell behavior in the act of tissue repair. Using the 
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CreER/loxp inducible reporter system for tracing stem cell lineage fate and history, coupled with 

EdU tracing for cell proliferation rate and deep tissue imaging, our preliminary studies discover 

that the lymphatic vessel is asymmetrically positioned along each HF. HFSCs that are in close 

contact with lymphatics are more likely to exhibit distinct hair regeneration and differentiation, 

whereas those distant from lymphatics tend to remain within the bulge, contributing less to tissue 

regeneration. Using a conditional iDTR mouse model for lymphatic ablation, we further confirm 

that lymphatic restrict stem cell activation and that their disassociation triggers stem cell activation 

(Gur-Cohen et al., 2019). Our findings define tissue regeneration as an asymmetric event, where 

stem cells unequally contribute to the regenerated organ depending on their association with the 

lymphatic niche, and illuminate how downstream SC niche cues can provide inductive feedback 

to expend SC potency for tissue repair. 
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Chapter 1 ASYMMETRIC STEM CELL ACTIVATION IN THE REGENERATED HAIR 
FOLLICLE  

 

To dissect the properties of bulge SC descendants along the regenerated HF, we first 

performed a detailed temporal cell cycle pulsing and long-term SC chasing by employing label-

retaining assays to trace HFSC proliferation rates and histories using 5-ethynyl-2’-deoxyuridine 

(EdU) incorporation from the first resting state (telogen: ‘Tel’) to the HFSC activation state 

(anagen: ‘Ana’) in the mouse back skin (Fig. 1A -B). EdU is a thymidine analog that can integrate 

into DNA during cell proliferation (Buck et al., 2008). During the ‘pulse’ phase, cells that undergo 

replication will incorporate EdU and be labeled (Fig. 1B, EdU-Pulse). In contrast, during the 

‘chase’ phase, rapidly proliferating cells gradually dilute their EdU labels with each division, while 

slow-cycling cells retain the labels (Fig. 1B, EdU-Chase; Buck et al., 2008; Chen et al., 2014; 

Cotsarelis et al., 1990; Zhang et al., 2015).  

From telogen to early anagen (Ana I-II), the lack of EdU-labeled cells in the bulge regions 

confirmed that HFSCs remained in a quiescent state (Fig. 1C, left). Upon reaching anagen-III, as 

HFSCs became activated, we observed an asymmetric proliferation pattern, with the anterior bulge 

showing greater EdU incorporation compared to the posterior side (Fig. 1C, mid). The unequal 

SC activation was consistently observed in the late Ana-III (Fig. 1C, right), revealing a unilateral 

wave of HFSC activation during the initiation of hair regeneration.  

We next sought to investigate whether the observed differences in HFSC proliferation were 

associated with the proximity of SC to their surrounding lymphatic niches. Notably, the anterior 

region, which showed a faster onset of EdU incorporation, was closely associated with LYVE1+ 

lymphatic vessels (Fig. 1D). In contrast, the posterior side of the follicle, which is spatially distant 

from the lymphatic vessels, exhibited fewer EdU+ cells, indicating a slower HFSC proliferation 
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activity (Fig. 1D). These results suggested the clues of lymphatic niches may play a role in guiding 

HFSCs towards asymmetric regenerative potential. 

 

Figure 1: Hair follicle stem cells have asymmetric proliferation rates instructed by their 
lymphatic niche. 

(A) Stages in the hair cycle, and essential components of the hair follicle (HF) including hair 
follicle stem cells (HFSCs, located in the bulge region), hair germ (HG), and dermal papilla stromal 
cells (DP). (B) Timeline of the experimental model was performed accordingly: EdU Pulse: EdU 
was injected 24h, 12h, and 10 min before analyzing the mice (a total of 3 injections to target cycling 
stem cells). EdU Pulse-Chase: EdU was injected twice a day from 1st telogen until either early 
anagen III or late anagen III, and the mice were chased and analyzed at the end of the 2nd hair cycle 
when stem cells returned to quiescence. (C) Dispase-treated whole mount immunofluorescence 
demonstrating EdU+ proliferating cells (magenta), KRT24 (HFSCs, white), and DAPI along 
different stages in the hair cycle. *2-way ANOVA (+SEM); 1st telogen: ns, n = 3; anagen I-II: ns, 
n = 4; early anagen III: p < 0.0001, n = 2; late anagen: p < 0.0001, n = 2. (D) 2D cryostat-section 
immunostaining of EdU+ proliferating (magenta) and KRT24+ (white) cells and their spatial 
proximity to LYVE1+ lymphatic (green) along the horizontal axis of the HF. *2-way ANOVA 
(+SEM); 1st telogen: ns, n = 2; anagen I-II: ns, n = 3; early anagen III: p = 0.001, n = 2; late 
anagen: p < 0.0001, n = 2. (E-F) 2D cryostat-section immunostaining and quantification of EdU+ 
label-retaining (magenta) and KRT24+ (white) HFSCs when pulsed-chased at either (E) early 
anagen III, *p < 0.0001, one-way ANOVA (+SEM), n = 6; or (F) late anagen III, *p < 0.0001, 
one-way ANOVA (+SEM), n = 4. Note the shared epithelium as SC that originated from SC 
associated with lymphatics in the 1st hair cycle. 
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Fig. 1. Hair follicle stem cells have asymmetric proliferation rates instructed by their lymphatics niche. (A) Critical stages in the hair cycle, and essential 
components of hair follicle (HF) for regeneration include hair follicle stem cells (HFSCs, located in bulge region), hair germ (HG), and dermal papilla (DP). (B) EdU 
Pulse: Timeline of the experimental model for temporal cell cycle pulsing assay of HFSCs in different phases. The experiment model was performed at different time 
points: (1) Day 1: 1 day before 1st telogen, Day 2: 1st telogen; (2) Day 1: 1st Telogen, Day 2: Ana I; (3) Day 1: Ana I, Day 2: Ana I-Ana II; (4) Day 1: Ana II-III, Day 2: early 
Ana III; and (5) Day 1: Ana III, Day 2: Late Ana III. The fundamental scheme of EdU incorporation in pulsing assay. EdU Pulse-Chase: Timeline of the experimental 
model for label-retaining assay for a full hair cycle with initiating injection from 1st Telogen to (1) early Anagen III, or (2) late Anagen III, and traced labeled HFSCs to 
2nd Telogen. The fundamental scheme of label-retaining assay in pulse-chase assay. (C) Dispase-treated whole mount immunofluorescence showing proliferating 
HFSCs (magenta) located on two sides (Anterior and Posterior) of the bulge horizontally have asymmetric proliferation rates during the stem cell activation stage, 
Anagen III. EdU+ proliferating HFSC quantification at 1st telogen, anagen I-II, early Anagen III, and late Anagen III. *2-way ANOVA (+SEM); 1st Telogen: ns, n=3; 
Anagen I-III: ns, n=4; Early Anagen III: p<0.0001, n=2; Late Anagen: p<0.0001, n=2. (D) 2D cryostat-section immunostaining of greater EdU+ proliferating HFSCs 
(magenta) on the LYVE1+ lymphatic (green) associated during Anagen III. EdU+ proliferating HFSC quantification on lymphatic-associated and lymphatic-distant sides 
at 1st Telogen, Anagen I-II, early Anagen III, and late Anagen III. *2-way ANOVA (+SEM); 1st Telogen: ns, n=2; Anagen I-III: ns, n=3; Early Anagen III: p=0.001, n=2; 
Late Anagen: p<0.0001, n=2. (E and F) 2D cryostat-section immunostaining and quantification of EdU+ label-retaining HFSCs (magenta) with (E) EdU Pulse-Chase 
until early Anagen III (*p<0.0001, one-way ANOVA (+SEM), n=6), or (F) EdU pulse-chase until late Anagen III (*p<0.0001, one-way ANOVA (+SEM), n=4) on the 
lymphatic-associated, shared epithelial, and lymphatic-distant sides at 2nd  Telogen. 
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Fig. 1. Hair follicle stem cells have asymmetric proliferation rates instructed by their lymphatics niche. (A) Critical stages in a hair cycle, and essential 
components of hair follicle (HF) for regeneration include hair follicle stem cells (HFSCs, located in bulge region), hair germ (HG), and dermal papilla (DP). (B) Assay 
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1st telogen, anagen I-II, early anagen III, and late anagen III. *2-way ANOVA (+SEM); 1st Telogen: ns, n=3; Anagen I-III: ns, n=4; Early Anagen III: p<0.0001, n=2; 
Late Anagen: p<0.0001, n=2. (D) 2D cryostat-section immunostaining of greater EdU+ proliferating HFSCs (magenta) on the LYVE1+ lymphatic (green) associated 
during anagen III. EdU+  proliferating HFSC quantification on lymphatic-associated and lymphatic-distant sides at 1st telogen, anagen I-II, early anagen III, and late 
anagen III. *2-way ANOVA (+SEM); 1st Telogen: ns, n=2; Anagen I-III: ns, n=3; Early Anagen III: p=0.001, n=2; Late Anagen: p<0.0001, n=2. (E and F) 2D cryostat-
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telogen. Quantification of EdU+  label-retaining HFSCs regarding lymphatic associations at 2nd telogen with the EdU injections terminated at (E) early anagen III 
(*p<0.0001, one-way ANOVA (+SEM), n=6), or (F) late anagen III (*p<0.0001, one-way ANOVA (+SEM), n=4).
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Fig. 1. Hair follicle stem cells have asymmetric proliferation rates instructed by their lymphatics niche. (A) Critical stages in a hair cycle, and essential 
components of hair follicle (HF) for regeneration include hair follicle stem cells (HFSCs, located in bulge region), hair germ (HG), and dermal papilla (DP). (B) Assay 
1: Timeline of experimental model for detailed pulsing assay of HFSCs in different phases. The experiment model was performed at different time points: (1) Day 
1: 1 day before 1st telogen, Day 2: 1st telogen; (2) Day 1: 1st Telogen, Day 2: Ana I; (3) Day 1: Ana I, Day 2: Ana I-Ana II; (4) Day 1: Ana II-III, Day 2: early Ana III; and 
(5) Day 1: Ana III, Day 2: Late Ana III. The fundamental scheme of EdU incorporation. Assay 2: Timeline of experimental model for label-retaining assay for a full 
hair cycle with initiating injection from 1st telogen to (1) early anagen III, or (2) late anagen III, and traced labeled HFSCs to 2nd telogen. The fundamental scheme 
of label-retaining assay. (C) Dispase-treated whole mount immunofluorescence showing proliferating HFSCs (magenta) located on two sides (Anterior and 
Posterior) of the bulge horizontally have asymmetric proliferation rates during the stem cell activation stage, anagen III. EdU+  proliferating HFSC quantification at 
1st telogen, anagen I-II, early anagen III, and late anagen III. *2-way ANOVA (+SEM); 1st Telogen: ns, n=3; Anagen I-III: ns, n=4; Early Anagen III: p<0.0001, n=2; 
Late Anagen: p<0.0001, n=2. (D) 2D cryostat-section immunostaining of greater EdU+ proliferating HFSCs (magenta) on the LYVE1+ lymphatic (green) associated 
during anagen III. EdU+  proliferating HFSC quantification on lymphatic-associated and lymphatic-distant sides at 1st telogen, anagen I-II, early anagen III, and late 
anagen III. *2-way ANOVA (+SEM); 1st Telogen: ns, n=2; Anagen I-III: ns, n=3; Early Anagen III: p=0.001, n=2; Late Anagen: p<0.0001, n=2. (E and F) 2D cryostat-
section immunostaining of EdU+  label-retaining HFSCs (magenta) on the new lymphatic-associated, old lymphatic-associated and lymphatic-distant sides at 2nd 
telogen. Quantification of EdU+  label-retaining HFSCs regarding lymphatic associations at 2nd telogen with the EdU injections terminated at (E) early anagen III 
(*p<0.0001, one-way ANOVA (+SEM), n=6), or (F) late anagen III (*p<0.0001, one-way ANOVA (+SEM), n=4).
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To further investigate the spatial regulation of the lymphatic vascular network and its 

impact on the unequal proliferation dynamics of HFSCs, we EdU-labeled HFSCs from the first 

telogen phase, tracking them through either early Ana-III or late Ana-III. We then pulse-chased 

these proliferating cells into the second resting phase, where a new bulge forms and the HG retracts 

to the newly formed bulge within the complete hair cycle (Fig. 1A-B). Pulse-chase experiments 

during early Ana-III, when lymphatic-associated SCs were first activated, and late Ana-III, when 

lymphatic-distant cells also began to proliferate (Fig. 1D), revealed that slow-cycling cells 

predominantly resided in the middle epithelial layer (the shared epithelial layer), originating from 

lymphatic-associated regions during the pulse of the early cycle (Fig. 1E-F). The asymmetric 

spatial association of lymphatics and differential HFSC proliferation rates suggested the intriguing 

possibility that stem cell-lymphatic communication may instruct distinct cell fate decisions during 

hair regeneration. Our results suggested that lymphatic-associated SCs were activated more swiftly 

than their distant counterparts (Fig. 1C-D), yet maintained EdU labeling. This indicates a slow 

cycling rate, and the direct contribution to forming the new SC bulge through self-renewal, thereby 

sustaining the SC pool (Fig, 1E-F). As SC activation began asymmetrically, lymphatic-distant 

HFSCs exhibited the lowest EdU incorporation during the chase period (Fig. 1E). It is plausible 

that EdU-negative cells observed during the pulse phase represented cells that could never enter 

the cell cycle, or were lost from the SC niche, evidenced by the EdU-pulse assay showing 

lymphatic-distant HFSCs performing a delayed initiation of proliferation in early Ana-III (Fig. 

1C-D). We, therefore, set out to explore the significance of lymphatic niche positioning to SC fate 

by utilizing an in vivo lineage approach. 
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Chapter 2 STEM CELLS CONTRIBUTE UNEQUALLY TO THE REGENERATED 
FOLLICLE 

 

To genetically mark and trace HFSCs and progenitors in the bulge, we use mice harboring 

Sox9-CreER, in addition to Rosa-stop-Brainbow reporter alleles (or Rosa-stop-EYFP reporter 

alleles). In these mice, the Sox9+ HF clones will express muti-fluorescent proteins after the 

administration of tamoxifen (TAM). Upon Cre recombinase activation, each copy of a Brainbow 

construct recombines in a stochastic manner to express either nGFP, EYFP, dTomato, or Cerulean. 

We traced individual HF clones labeled with a HFSC-specific marker keratin 24 (KRT24) from 

Tel to Ana-III-V when HFSCs were activated and initiated HF elongation and regeneration (Fig. 

2A-B). In Tel, both bulge sides represented a single to triple clone labeling in the bulge region, 

suggesting that the labeling efficiency was similar between lymphatic-associated and lymphatic-

distant stem cells (data not shown). In Ana-III, our genetic lineage tracing showed that more than 

80% of the regenerated HFSC clones originated from the lymphatic-associated side, whereas 

HFSC clones from the lymphatic-distant side made a smaller contribution to the regenerated 

follicle (Fig. 2C-D). Notably, retaining HFSC clones were distributed evenly across the bulge, 

suggesting non-regenerating HFSCs were uniformly distributed across the horizontal axis of the 

follicle (Fig. 2C). These results further highlight the unique capabilities of lymphatic-associated 

stem cells in driving both self-renewal and regeneration, as previously indicated by the label-

retaining assays (Fig. 1E-F). 

Previous publications have demonstrated that in the regenerated HF, the slow-cycling cells 

will survive through the catagen phase and give rise to both the differentiated progenitor HG and 

a newly formed bulge, turning into the fuel of SCs for next-cycle performance (Hsu et al., 2011). 

In alignment with our pulse-chase findings, HFSC clones situated near lymphatic niches expanded 
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Figure 2: Hair follicle stem cells have asymmetric fate decisions instructed by their lymphatic 
niche. 

(A) Timeline of the experimental model and Tamoxifen (TAM) induced Sox9+ HF multi-color 
clones during stem cell activation. (B) Scheme of Sox9+ HF multi-color clone fates from 1st telogen 
to anagen. (C) Lineage clone tracing of Sox9-CreER+;Brainbowfl transgenic mouse model at 
anagen III-IV, n = 6 (HF n = 28). (D) Representative image of Sox9-CreER+;YFPfl clones using 
3D deep imaging of HFs at anagen III, demonstrating lymphatic-associated KRT24+ GFP+ clone 
that contributed to the regenerated HF (red arrows) or lymphatic-distant KRT24+ GFP+ clone that 
retained in the bulge and did not contribute to regeneration (yellow arrows). (E-F) representative 
image of a HF clone (circled in red) migrated from the shared KRT24+ epithelium to the lymphatic-
associated side, followed by downward migration for regeneration. Lymphatic-distant RFP+ clones 
retained and did not contribute to the down growth of the HF, n = 2 (HF n = 27). (G) Representative 
3D deep imaging of Sox9-CreER+;Brainbowfl HF clones traced from the 1st telogen to the 2nd 
telogen of the HF. Each color (orange and purple) represents an individual clone: the retained 
clone, marked in orange, is localized to the old bulge (lymphatic-distant), while the migrated clone 
(lymphatic-associated) is highlighted in purple. (H) HFSC embraces asymmetry to regenerate the 
follicle. Summary schema.  
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niches as hair regeneration progresses. Remarkably, HFSC clones on both the shared epithelial 

layer between the old and new bulges and the lymphatic-associated sides contributed to more than 

90% of regenerated HF, while lymphatic-distant clones retained within the bulge without 

contributing to regeneration, but maintaining their stem cell identity (Fig. 2F). We continued 

tracing the HFSC clones to the next telogen phase and observed that the HFSC clone (labeled in 

purple) on the shared epithelial area established a migration pathway to the new bulge at the second 

resting stage, consistent with our pulse-chase observations (Fig. 1E-F; Fig. 2G). These findings 

highlighted that HFSCs in close proximity to lymphatics were uniquely positioned to initiate new 

bulge formation after a complete regeneration cycle. In contrast, stem cells that were distant from 

the lymphatic niche exhibited minimal activity, contributing primarily to self-renewal with limited 

proliferative capacity (Fig. 2H). 
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Chapter 3 LYMPHATIC DISRUPTION RESULTS IN HYPERPLASIA OF HAIR 
REGENERATION BUT MAINTAINS HAIR FOLLICLE STEM CELL ASYMMETRIC 

BEHAVIOR 
 

The unique fate and developmental potential of lymphatic-associated SCs may be shaped 

by molecular asymmetries in gene expression and epigenetic modifications. It may be possible that 

SCs are molecularly heterogeneous, initiating distinct terminal differentiation programs based on 

a spatially pre-determined transcriptional landscape. To distinguish whether SCs are molecularly 

heterogeneous, we analyzed referenced SCs from the bulge at the second resting phase at the 

single-cell level. Consistent with the traditional view, SC markers like KRT24 and transcriptional 

factors such as Sox9 were molecularly homogeneous within the bulge stem cell population (Fig. 

3A; Sox9 data not shown; Gur-Cohen et al., 2019; Yang et al., 2017). This finding raises the 

intriguing possibility that SCs may adopt spatially defined fates based on pre-existing potential, 

rather than being driven by a molecular heterogenous predetermination.  

To comprehend how lymphatic niches regulate HFSCs during regeneration, we conducted 

a Prox1-CreER+;iDTRfl knock-in mouse model to locally perturb lymphatic vessels in the skin 

from telogen to early anagen. The administration of TAM enabled the expression of Cre 

recombinase Prox1 lymphatic endothelium, along with the Cre-inducible diphtheria toxin (DT) 

receptor, leading to lymphatic ablation upon DT introduction (Gur-Cohen et al., 2019). To assess 

HFSC proliferation dynamics in precocious Ana caused by lymphatic perturbation (Gur-Cohen et 

al., 2019), we next adapted the EdU label-retaining assay and traced them to P50 (Fig. 1B; Fig. 

3B). When HF regeneration proceeded with normal lymphatic niche support, the HFs entered the 

regression phase when hair differentiation ceases (catagen; Fig. 3C; Alonso & Fuchs, 2006). The 

EdU+ HFSCs retained the most on the shared epithelial area between the old bulge and the 

emerging new bulge (Fig. 3C-D), consistent with our previous EdU pulse-chase assay (Fig. 1E- 
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Figure 3: Loss of asymmetric fates in hair follicle stem cells when stem cell-lymphatic niche 
communication is perturbed. 

(A) Single-cell RNA sequencing unbiased clustering at telogen of sorted HF cells. HFSCs in 
telogen (solid circled) are indicated by the SC markers Krt24 (GEO: GSE90848; Gur-Cohen et al., 
2019). (B-D) EdU Pulse-Chase assay following lymphatic vessel ablation, induced by diphtheria 
toxin (DT) in Prox1-CreER+;iDTRfl mice, with TAM injections administered during the early 
stage of the hair activation cycle and chased at P50. *p < 0.05, two-way ANOVA (+SEM), control: 
n = 2, experimental: n = 4. (E-G) Lineage tracing of Sox9+ HF multi-color clones in Sox9-CreER+/-
;Brainbowfl/- mice followed by VEGFR3-Fc injections during the early stage of hair activation 
cycle. *p < 0.05, unpair t-test (+SEM), control: n = 1, experimental: n = 1.  
  

C Control P50 (Catagen II-V)

DA
PI

 LY
VE

1 
KR

T2
4 

Ed
U

Lymphatic Ablated

DA
PI

 LY
VE

1 
KR

T2
4 

Ed
U

E
Sox9-CreER+/- ; Brainbowfl/-

TAM 
IP Injections

VEGFR3-Fc/PBS
ID Injections

P20

Analyzed

P24 P26 P30

VEGFR3-Fc/PBS

TAM

Control P30 (Anagen III- IV)

50 µm

DA
PI

 G
FP

 K
RT

24
 LY

VE
1

Dysfunctional Lymphatics P30 (Anagen IV)F

50 µm

DA
PI

 G
FP

 K
RT

24
 LY

VE
1

G

30 µm30 µm

A B Prox1-CreER+ ; iDTRfl

TAM 
IP Injections

DT/PBS 
ID Injections

EdU 
IP Injections

Analyzed 

EdU

D

Nuclei Lymphatics Hair Follicle Stem Cells Label-Retaining Cells

Lymphatics Hair Follicle Stem Cells Hair Follicle Clones

Fig. 3. Loss of asymmetric fates in hair follicle stem cells when the stem cell-lymphatic niche communication is perturbed. (A) Single-cell RNA 
sequencing clustering of Telogen HFSCs (solid circled), Telogen HGs, and Anagen HGs. HFSCs in Telogen (solid circled) are indicated by the stem 
cell marker, Krt24. (B) Timeline of the experimental model, lymphatic vessel ablation induced by diphtheria toxin (DT) injections during the early 
stage of hair activation cycle, and label-retaining assay at P50. (C) Control and experimental groups of label-retaining assay performed using 
Prox1CreER+;iDTRfl knock-in mouse model. (D) Quantification of EdU+ cell counts with respect to lymphatic-distant, shared epithelial and 
lymphatic-distant bulges in Prox1CreER+;iDTRfl mice control and experimental groups. *p<0.05, two-way ANOVA (+SEM), control: n=2, 
experimental: n=4. (E) Timeline of experimental model, Tamoxifen (TAM) induced Sox9+ HF multi-color clones and lymphatics dysfunctional assay 
by VEGFR3-Fc injections during the early stage of hair activation cycle. (F) Control and experimental groups of lymphatics dysfunctional assay 
using Sox9CreER+/-;Brainbowfl/- transgenic mouse model. (G) Quantification of Sox9+ and KRT24+ HFSC migrated clone volume in control and 
lymphatics dysfunctional group. *p<0.05, unpair t-test (+SEM), control: n=1, experimental: n=1. 

Control 

Ablated

Contro
l

VEGFR3-F
c 

0

10000

20000

30000

40000

M
ig

ra
te

d 
C

lo
en

 V
ol

um
e 

(µ
m

3 ) ✱

Distant

Shared

Associa
ted

Distant

Shared

Associa
ted

0

2

4

6

8

10

Ed
U+  C

el
ls

 p
er

 B
ul

ge

✱

✱✱✱✱

ns

✱✱✱✱

ns

✱✱✱✱

✱✱✱✱

✱✱✱✱

nsns

nsns



13 

F). Notably, although lymphatic ablation during the HFSC activation phase led to a significant 

decrease in EdU+-retaining stem cells on all sides, indicating rapid proliferation, the asymmetric 

proliferation choices were still maintained, with the greatest label-retaining cells located in the 

shared area (Fig. 3C-D). The results suggested there were signals originating from lymphatics that 

had already been reimposed to the asymmetric behavior. 

Employing another experimental model for lymphatic disruption, we injected the 

VEGFR3-Fc decoy receptor into TAM-induced Sox9-CreER+;Brainbowfl transgenic mice (Fig. 

3E). The soluble VEGFR3-Fc receptor inhibits VEGFR3 signaling, which is crucial for the 

proliferation and survival of lymphatic endothelial cells (Gur-Cohen et al., 2019; Mäkinen et al., 

2001), leading to dysfunctional lymphatic vessels. Compared to the control group, the HFSC 

clones that contributed to hair regeneration were enlarged in volume in the lymphatic dysfunctional 

group (Fig. 3F), indicating abnormal hyperplasia, consistent with the previous evidence and 

lymphatic ablation model (Gur-Cohen et al., 2019). These results provided further evidence of the 

essential regulation of the HFSC-lymphatic niche communication during tissue regeneration. 
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Chapter 4 LYMPHATIC-ASSOCIATED STEM CELLS SYNTHESIZE MORE PROTEIN 
DURING HAIR REGENERATION 

 

Our data indicated that while SCs are molecularly homogeneous at the mRNA level, 

functional assays revealed that their fate determination varied distinctly along the horizontal axis 

of the HF (Fig. 1-2). To investigate whether lymphatic-associated SCs influence these distinct fate 

decisions by regulating global protein synthesis during the onset of tissue regeneration, we 

measured global protein synthesis rates by quantifying the incorporation of OP-puromycin (OP-

puro) into nascent proteins (Fig. 4A; Liu et al., 2012). During the HF resting state, SCs uniformly 

displayed comparable Op-Puro intensity, indicating a similar protein synthesis rate (Fig. 4B, left). 

However, an asymmetry in protein synthesis emerged between the two sides of the bulge region 

during early Ana, with higher Op-Puro intensity observed in the lymphatic-associated HFSCs (Fig. 

4B, right). These findings suggested molecular-level crosstalk between HFSCs and the lymphatic 

niche during stem cell activation. 
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Figure 4: Hair follicle stem cell-lymphatic niche communication is associated with unequal 
protein synthesis during stem cell activation. 

(A) Timeline of the experimental model for Op-Puro translational rate assay at 1st telogen and 
early anagen. (B) Representative images and quantification of Op-puro incorporation into the 
regenerated HF cells, demonstrates unequal protein synthesis rate along the bulge horizontal axis. 
*p < 0.05, paired T test (+SEM), n = 1 (1st telogen) and n = 1 (early anagen). 
  

Fig. 4. Hair follicle stem cell-lymphatic niche communication promotes protein synthesis during anagen. (A) Timeline of the experimental model 
for Op-Puro translational assay at 1st Telogen and early Anagen. (B) Op-puro reveals that newly synthesized protein within the HFSCs (lined-out 
area) has a higher level during anagen compared to the resting state, telogen. Quantification: Op-Puro intensity within the HFSCs in 1st Telogen 
and early Anagen. *p<0.05, paired T test (+SEM), n=1 (1st Telogen) and n=1 (early Anagen).
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Chapter 5 LYMPHATIC NICHES DRIVE STEM CELL BI-POTENT BEHAVIOR TO 
REGENERATE TISSUE LOST 

 
 

Understanding the essential regulations between the lymphatic vascular network and 

HFSCs during tissue regeneration and fate determination, we sought to explore whether the 

lymphatic vasculature also served as stem cell niches for stem cell fate flexibility during tissue 

regeneration. To investigate the effect of lymphatic niches on the esophageal epithelium plastic 

behavior, we obtained esophageal epithelium from a UBC-GFP mouse which expressed green 

fluorescent protein directed by the human ubiquitin C promoter, and the skin dermis (HFs and skin 

epidermis removed) derived from Prox1-CreER+;iDTRfl control or lymphatic ablated skin. We 

then created an esophageal epithelium-skin dermis co-culture tissue (Fig. 5A; Bejar et al., 2021). 

In the control group, where the lymphatic vasculature system remained intact, we observed robust 

GFP+ HF formation that was positive to the KRT24 HFSC marker (Fig. 5B, left). This finding 

suggested that the GFP+ esophageal epithelium exhibited notable fate flexibility, successfully 

adopting the HF identities. However, when GFP+ esophageal epithelium was cultured on the skin 

dermis with a compromised lymphatic network, the formation of complete GFP+ regenerated HFs 

was markedly absent, indicating a failure in plasticity, likely due to the absence of supportive 

niches during tissue regeneration (Fig. 5B, right). These results revealed the novel role of 

lymphatic niches in directing SC fate decisions much beyond the epidermis, enabling the 

transformation of esophageal identity into HF lineage to repair and replace the loss of epidermal 

tissue. 
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Figure 5: The lymphatic niche promotes esophageal epithelium plastic cell behavior in a novel 
esophagus-dermis co-culture system. 

(A) Experimental model: skin dermis was obtained from Prox1-CreER+;iDTRfl control or 
lymphatic-ablated skin, and esophageal epithelium was sourced from ubiquitous GFP mice. The 
dermis was separated from the epidermis, and the basal esophagus was separated from the 
underlying muscles using dispase + EDTA. The isolated GFP+ esophageal epithelium was then 
placed on top of the control or lymphatic-ablated dermis, and co-culture organotypic models were 
analyzed 10 days after the initial culturing. (B) GFP+ esophageal epithelial cells changed their fate 
and assumed HF identity when cultured on top of the control dermis, but not on the lymphatic-
ablated dermis. 
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DISCUSSION 
 
 

In this study, our data strongly suggests that the spatial proximity between stem cells and 

the lymphatic niche is crucial in directing stem cell fate. We uncovered a novel asymmetric 

lymphatic architecture positioned around the stem cell bulge on the horizontal axis, which dictates 

the unequal fate choices and differentiation potential during tissue regeneration. These findings 

extend beyond homeostatic HF regeneration and may provide fundamental knowledge of how 

asymmetric regulation benefits SC fate decisions and SC flexibility in response to tissue injury, 

cancer progression, and other severe diseases.  

Previous studies have shown that the germ line stem cells (GSCs) in Drosophila, exhibit 

unequal differentiation fates, in which merely GSCs in close contact with their niche, called hub 

cells, have the capacity for maintaining stem cell identity, whereas SC-niche dissociation induces 

differentiation capability (Fuller & Spradling, 2007; Yamashita et al., 2010). Furthermore, in the 

2-cell stage embryo, it has been evident that only one of the 2-cell blastomeres contributes to the 

later progeny, the epiblast cells, while the other blastomere eventually becomes the yolk sac, 

indicating an asymmetric differentiation during the developmental stage as well (Junyent et al., 

2024). Our findings provide significant insights into the asymmetric interactions between SCs and 

their niche, specifically highlighting the role of lymphatics in driving unequal fate decisions and 

regeneration potential. While the precise cues and mechanisms guiding these asymmetric choices 

remain to be fully elucidated, our discovery of lymphatic as a pivotal component of this niche 

opens new avenues for exploring SC behavior. This understanding not only advances the field of 

stem cell biology but also has potential implications for regenerative medicine, where harnessing 

or modulating these asymmetric signals could improve tissue repair and regeneration strategies. 
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Lymphatic development and functions are regulated both by biomedical signals, such as 

VEGFs and Ccbe1 for structural formation, and biomechanical factors, like FAT4, which is 

essential for fluid-flow response in lymphatic elongation (Oliver et al., 2020). While the SC fates 

and tissue regeneration are dictated by the functional lymphatic niche proximity, as suggested by 

our study, it is crucial to understand the dynamics of the lymphatic vascular system function and 

integrity, and angiogenic and lymphogenic factors impact normal lymphatic functions with regard 

to SC asymmetric regenerative potential. External regulation within a native SC-niche 

environment may provide opportunities not only for hair growth induction in hair loss patients but 

also for reprogramming native SC identity to repair tissue wounds, improve aged conditions, or 

inhibit tumor progression. This research extends the foundational understanding of stem cell-niche 

interaction, providing further directions for maintaining and harnessing healthy stem cell 

capabilities. 

Some limitations of this research include the lack of a stem cell-specific tracing model. In 

this research, we conducted genetic lineage tracing using the Sox9-CreER system, in which the 

expressed clones represented all hair follicle cell lineages including the SCs and the differentiated 

progenitors. While we only analyzed the Sox9+ clone that emerged from the bulge within the 

KRT24+ region, this limitation could lead to the possibility of capturing non-SC Sox9+ clone 

pathways originating from other HF progenitors such as HG. For our future proposed studies, we 

will elaborate a HFSC-specific genetic model, such as the Krt19-CreER system for further 

confirmation of stem cell regeneration potential. Additionally, the lack of long-term protein 

incorporation and proteomic sequencing analysis limited further insights into whether an 

asymmetric regulation at the molecular level is presented throughout a complete hair cycle. Further 

studies include a long-term protein synthesis screening in vivo, and a detailed mechanism 
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investigation of how the lymphatic dynamics instruct HFSC fate switches at cellular and molecular 

levels during hair regeneration. 

Taken together, my research positions lymphatic vessels as an asymmetric niche entity 

for the regenerating HFSCs, and suggests that lymphatic cues may provide inductive signals for 

SC fate flexibility and identity throughout normal hair regeneration and tissue repair. Exploring 

how SCs respond to their ever-changing vascular niches could provide insights into questions 

like why it is advantageous for tissue renewal to adopt an asymmetric regenerative program that 

shields against oncogenic stressors accumulating in the SC niche after injury. Understanding 

these mechanisms could enable us to leverage this asymmetry to engineer more resilient tissues 

for transplantation. 
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MATERIALS AND METHODS 

 
Mice strains and housing 

CD1 wild-type, and Sox9-CreER+;Brainbowfl, Sox9-CreER+;YFPfl, Prox1-

CreER+;iDTRfl/fl, and UBC-GFP (C57BL/6 background) were purchased from The Jackson 

Laboratories. Mice used for experiments were maintained by the Animal Care Program of the 

University of California, San Diego (UCSD), and procedures were performed with the Institutional 

Animal Care and Use Committee (IACUC)-approved protocols. All mice were housed in an 

environment with controlled temperature and humidity, on 12-hour light:dark cycles, and fed with 

regular rodent chow. The numbers of animals used for experiments presented in each figure are 

indicated in the legends as n = x mice per group, per time point analyzed. 

Hair cycle timing 

Hair cycles vary regarding mouse strains, sexes, and litter sizes. The stages of hair cycles 

were determined based on the HFSC activation time points and HF morphology instead of exact 

mouse ages. For the timepoint-check purpose, a back skin biopsy of an individual mouse or mice 

within the same litter was acquired and incubated (dermis side down) on 2.5 U/ml dispase II 

(Fisher Scientific) + 19.23 mM EDTA (Fisher Scientific) for at least 2 hours at 37°C on a shaker. 

HFs were separated from the dermis for morphology check to determine the hair cycle stages. 

Temporal cell cycle pulsing 

To determine HFSC proliferation rate, EdU incorporation was performed to label stem 

cells that were undergoing proliferation. Male and female CD1 mice were injected with 5’-ethynyl-

2’-deoxyuridine (EdU) (Sigma & Medchemexpress LLC) intraperitoneally (312.5 µg per 

injection) 24 hours, 12 hours, and 10 min before (total of 3 doses) the analysis. 
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Label retaining assay 

To trace HFSC proliferation history, EdU incorporation was performed to track the label-

retaining stem cells after a full hair cycle. Male and female CD1 mice were injected 

intraperitoneally (312.5 µg per injection) twice a day from 1st telogen to early Ana III or late Ana 

III with 5’-ethynyl-2’-deoxyuridine (EdU) (Sigma & Medchemexpress LLC). Mice were traced 

and analyzed at 2nd telogen.  

Hair follicle stem cell clone lineage tracing 

Mice used for HFSC clone lineage tracing experiments were Sox9-CreER+;Brainbowfl, 

Sox9-CreER+;YFPfl, inducible CreER driven Sox9 promoter with the administration of Tamoxifen 

(TAM) intraperitoneally. Sox9-CreER+/-;Brainbowfl/- and Sox9-CreER+/-;YFPfl/- mice were given 

1 dose of TAM (Sigma) in corn oil (Fisher Scientific) (0.03 mg for Sox9-CreER+/-;Brainbowfl/- or 

0.01 mg for Sox9-CreER+/-;YFPfl/-) at 1st telogen (P19 or P20). Mice were monitored and sacrificed 

between Ana III to 2nd telogen. 

Lymphatic vessels ablation 

Mice used for lymphatics ablation experiments were Prox1-CreER+;iDTRfl/fl, TAM-

inducible CreER driven Prox1 gene of lymphatic endothelium, expressing diphtheria toxin 

receptor (DTR), allowing lymphatic endothelium ablation followed by diphtheria toxin (DT) 

administration. TAM injections were given 1 dose (50 µl of 20 mg/ml) every other two days 

starting at P20 for a total of 3 doses. For lymphatic vessel depletion, mice were injected with 3 

doses (40 ng/mouse) intradermally of DT (Sigma) under anesthesia for 2 consecutive days 

following TAM injections. Mice were monitored post-DT administration and littermates were 

assigned to experimental (with DT injections) and control groups (with 1X PBS injections with 

replacement of DT injection procedure). For acute lymphatic collapse experiments, Sox9-CreER+/-
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;Brainbowfl/- mice were injected intradermally with either VEGFR3-Fc chimera (10 µg in 10 µl 

volume; R&D) or 1X PBS for consecutive 3 days for P24 to P26 under anesthesia after the TAM 

administration at P20. 

Op-Puro translation assay 

CD1 mice were injected with OP-puromycin (Op-Puro; 50 mg/kg; gifted by Signer Lab) 

intraperitoneally 1 hour before euthanasia at P19 (1st telogen) and P21 (Ana III). 

Esophageal epithelium-skin stroma tissue co-culture  

Skin Dermis: Back skin dermis was obtained from the Prox1-CreER+;iDTRfl/fl mice at 2nd 

telogen with lymphatics ablation procedure listed in the previous session as an experimental group, 

or the Prox1-CreER+;iDTRfl/fl mice without DT injection as the control group. To remove the HF 

and skin epidermis, the fixed obtained back skin was incubated (dermis side down) on 2.5 U/ml 

dispase II (Fisher Scientific) + 19.23 mM EDTA (Fisher Scientific) for at least 2 hours at 37°C on 

a shaker and peeled completely with only skin dermis retained. 

Esophageal epithelium: Esophageal epithelium was obtained from the UBC-GFP mice. 

The esophagus was flattened by dissecting from the tube center and placed in 5 mM EDTA at 

37°C for 3-4 hours to remove the esophageal stroma (Bejar et al., 2021). 

Co-culture: Referring to Bejar et al., 2021, the esophageal epithelium was embedded 

directly onto the skin dermis, and then they were placed onto 6.5 mm Transwell® with 8.0 µm Pore 

Polycarbonate Membrane Insert (Corning) in 24 well-plate, and incubated at 37°C for 5 min for 

attachment. Then the co-culture tissues were covered by the 500 µl media containing DMEM (4.5 

g/L D-Glucose, L-Glutamine), 110 mg/L (1 mM) Pyruvate, DMEM/F12 (55 mg/L (0.5 mM) 

Pyruvate), 5 µg/ml 3,3’,5-Triiodothyroacetic acid, 0.18 mM Adenine, 8 µg/ml transferrin, and 5% 
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Penicillin-Streptomycin. The co-culture tissues were grown for 10 days at 37°C and 7.5% CO2, 

and the media was replaced on alternate days. 

Immunofluorescence  

Hair follicle whole mount: Mouse back skin was collected and its subcutaneous fat was 

removed; then the skin was incubated on 2 U/ml dispase II + 19.23 mM EDTA with the same 

procedure used for hair cycle timing to obtain HFs from the skin dermis. The peeled HFs were 

fixed in 4% PFA for 10 min at room temperature (RT). The HFs were then washed 3 times with 

1X PBS before being permeabilized in PBS + 0.3% Triton (PBST) for 1 hour at RT. Primary 

antibodies in PBST were added to the samples and incubated overnight at RT on a shaker. The 

following primary antibodies were used: anti-P-CAD (1:500, R&D AF761), anti-Sox9 (1:500, 

Sigma AB5535), anti-KRT24 (1:3000, gifted by Fuchs Lab). Samples were then washed 3 times 

with 1X PBS for 10 min each at RT the following day. Secondary antibodies in PBST were next 

added to the samples and incubated for 2 hours at RT on a shaker. The following secondary 

antibodies were used: Donkey anti-goat RRX (1:1000, Jackson Immunoresearch 705-295-147), 

Donkey anti-rabbit Alexa 488 (1:1000, Jackson Immunoresearch 711-545-152), Donkey anti-

rabbit Alexa 647 (1:1000, Jackson Immunoresearch 711-605-152), DAPI (1:1000 Sigma D9542). 

Samples were then washed with PBST + 1:1000 DAPI 3 times for 10 min each at RT. EdU Click-

iT reaction was next performed according to the manufacturer’s instructions (InvitrogenTM Thermo 

Fisher), then washed with PBST 3 times for 10 min each at RT. HFs were separated from the 

epidermis on Superfrost™ Plus Microscope Slides (Fisher Scientific) and mounted with ProLong 

Gold Antifade Mountant (Thermo Fisher Scientific). 

Skin sections: Mouse back skin was dissected with its subcutaneous fat removed, and 

placed on Whatman paper in 4% PFA for 1 hour at RT with epidermis side down for fixation. Skin 
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samples were then washed 3 times with 1X PBS for 30 min each. Next, the samples were incubated 

in 30% sucrose for 48 hour on a shaker at 4°C followed by embedding in OCT (Fisher Scientific) 

and stored at -80°C. Frozen tissue blocks were sectioned at 25 µm on a cryostat (Leica), and 

mounted on Superfrost™ Plus Microscope Slides (Fisher Scientific). The sections were then 

blocked for 1 hour at RT in blocking buffer (1% bovine serum albumin (Sigma, A2153- 100G), 

1% fish gelatin (Sigma, G7765- 1L), 2.5% normal donkey serum (Jackson Immunoresearch, 017- 

000-121), 0.3% TritonX-100 (Sigma, T8787- 250ML) in 1X PBS). Sections were then incubated 

in primary antibodies diluted in blocking buffer overnight at 4°C. The following primary 

antibodies were used: anti-P-CAD (1:800, R&D AF761), anti-LYVE (1:600, AngioBio 11-034), 

anti-KRT24 (1:3000, gifted by Fuchs Lab), anti-LYVE (1:600, Thermo Fisher 14-0443-82), anti-

GFP (1:2000, Fisher 501058132), Anti-RFP (1:1000, MyBioSource MBS448122), anti-K5 (1:800, 

Biolegend 905903). Sections were next washed 3 with 1X PBS, followed by secondary antibodies 

incubation for 2 hours at RT. The following secondary antibodies were used: Donkey anti-goat 

RRX (1:1000, Jackson Immunoresearch 705-295-147), Donkey anti-rat RRX (1:1000, Jackson 

Immunoresearch 712-295-153), Donkey anti-rabbit RRX (1:1000, Jackson Immunoresearch 295-

152), Donkey anti-rabbit Alexa 488 (1:1000, Jackson Immunoresearch 711-545-152), Donkey 

anti-chicken Alexa 488 (1:1000, Jackson Immunoresearch 703-545-155), Donkey anti-rat Alexa 

488 (1:1000, Jackson Immunoresearch 545-150), Donkey anti-rabbit Alexa 647 (1:1000, Jackson 

Immunoresearch 711-605-152), Donkey anti-rabbit Alexa 405 (1:1300, Abcam ab175651), DAPI 

(1:1000 Sigma D9542). EdU and Op-Puro Click-iT reactions were next performed according to 

the manufacturer’s instructions (InvitrogenTM Thermo Fisher), then washed with PBST 3 times for 

10 min each at RT, and mounted with ProLong Gold Antifade Mountant (Thermo Fisher 

Scientific). 
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Skin whole mount: Mouse back skin was dissected with its subcutaneous fat removed, and 

placed on Whatman paper in 4% PFA for 1 hour at RT with epidermis side down for fixation. Skin 

samples were then washed 3 times with 1X PBS for 30 min each. Next, the Whatman paper was 

removed from the samples and the samples were incubated in 0.3% PBST overnight at RT on a 

shaker, followed by adding primary antibodies diluted in 0.3% PBST the next day and incubating 

them overnight at RT on a shaker. The following primary antibodies were used: anti-KRT24 

(1:2000, gifted by Fuchs Lab), anti-LYVE (1:300, Thermo Fisher 14-0443-82), anti-GFP (1:1000, 

Fisher 501058132), Anti-RFP (1:500, MyBioSource MBS448122), anti-VEGFR3 (1:300, 

Biotechne AF743- SP). The samples were washed with 0.3% PBST 3 times for 30 min each. Then 

the samples were incubated in secondary antibodies overnight at RT on a shaker. The following 

secondary antibodies were used: Donkey anti-goat RRX (1:500, Jackson Immunoresearch 705-

295-147), Donkey anti-rat RRX (1:500, Jackson Immunoresearch 712-295-153), Donkey anti-

chicken Alexa 488 (1:500, Jackson Immunoresearch 703-545-155), Donkey anti-rabbit Alexa 647 

(1:500, Jackson Immunoresearch 711-605-152), Donkey anti-goat Alexa 405 (1:500, Thermo 

Scientific A48259), DAPI (1:700 Sigma D9542). The samples were washed with 0.3% PBST + 

1:1000 DAPI 3 times for 30 each at RT on a shaker and proceeded to tissue clearing. 

Tissue clearing: The whole mount-stained back skin tissues were placed in increasing 

concentrations of ethanol DI water: 30%, 50%, 70%, and 100% in order with adjected pH 9.0 for 

1 hour each at RT on shaker for dehydration. The 100% ethanol was switched to another round of 

100% ethanol overnight at RT on a shaker. Next, each sample was transferred into an individual 

Eppendorf tube with 1 ml ethyl cinnamate (Sigma) and shaken on a shaker overnight at RT for 

clearing (Gur-Cohen et al., 2019; Klingberg et al., 2017). 

Confocal microscopy and image processing 
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All samples were imaged under the Andor Dragonfly Spinning Disk Confocal. EdU+ label-

retaining cell quantification and clone fate identification were processed using the Imaris software. 

Intensity quantification for Op-Puro was processed using Fiji. 

Statistical significance was measured using paired T-tests for experiments with 2 groups. 

One-way ANOVA and two-way ANOVA with Tukey Comparisons were performed for 

experiments with more than 2 groups for comparison. Alpha values under p < 0.05 were 

determined statistically significant. 
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