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ABSTRACT 

 

Recent studies in the Tumbar Laboratory have identified heterogenous 

domains in the interfollicular epidermis of skin based on gene expression patterns.  

These heterogenous domains are inhabited by two types of stem cells; slow 

cycling label retaining cells (LRCs) and fast cycling non-LRCs.  My work has 

focused on identifying genetic markers for the slow cycling LRCs.  I critically 

investigated previous microarray data obtained from LRCs and nonLRC analysis to 

identify genes that were preferentially expressed in LRC domains.  Two new 

potential markers of epidermal LRCs have been identified, however, based on 

immunofluorescent studies, these two genes were not found to overlap with the 

strongest LRCs.  Instead they overlapped with LRCs that had partially reduced 

label.  These gene expression domains are also spatiotemporally dynamic.  

Therefore, these midrange LRCs may indicate a third epidermal stem cell 

population. This opens the way to further functional studies to elucidate the role 

of gene expression heterogeneity in the epidermis. 
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CHAPTER 1 

Introduction 

The skin is an excellent organ, constantly renewing itself throughout an 

animal’s life.  This renewal is due to stem cells located within the basal layer of 

the epidermis.  As part of the Tumbar Lab, my research has been on 

characterizing gene expression in stem cells within the epidermis, the outer most 

layer of the skin.  Recent studies in our laboratory have identified heterogenous 

domains of gene expression in the skin interfollicular epidermis (Sada A et al, 

2016).  These heterogenous domains are inhabited by two types of stem cells; 

slow cycling label retaining cells (LRCs) and fast cycling non-LRCs.  My work has 

focused on identifying genetic markers for slow cycling LRCs.  Previously, two 

genes Slc1a3 and Dlx1, were identified as being preferentially expressed by either 

basal LRCs or non-LRCs respectively.  However, Dlx1 was not detectable at the 

protein level and the Dlx1-CreER genetic driver marks only rare LRCs within the 

epidermis.  Therefore, I revisited the previous microarray data to investigate 

genes that were preferentially expressed in LRCs to identify better candidates to 

serve as markers and for functional studies.  By identifying genes expressed at 

higher levels (2x or more) in LRC basal and suprabasal populations over non-LRC 

populations in microarray data, we will be able to use these genes as markers for 

stem cells through immunofluorescent (IF) imaging, revealing heterogeneous 

domains that correspond to regions populated with LRCs.  Studying genetic 

markers can reveal pieces to the puzzle of how stem cells operate, e.g. studying 

knock out lines.  While identifying stem cell markers for mouse skin is a useful 

tool, a portion of my goal has been to also identify markers of stem cells in human 

skin.  To that end, collaboration with other laboratories has provided us with 

human skin samples.   
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Through my studies in the Tumbar Laboratory, I have identified two new 

potential markers of epidermal LRCs: Arfgap3 and Vamp1.  Arfgap3 is a GTP-ase 

activating protein, regulating the early secretory pathway of proteins by 

associating with the Golgi apparatus (Arfgap3, 2019).  This protein promotes the 

hydrolysis of ADP-ribosylation factor 1 (ARF1)-bound GTP, which is required for 

the dissociation of coat proteins from Golgi-derived membranes and vesicles.  

Dissociation of the coat proteins is a prerequisite for the fusion of these vesicles 

with target compartments (Arfgap3, 2019).  Within the cell, it is expressed 

strongly in the cytosol, Golgi apparatus, and moderately in the nucleus (ARFGAP3 

localizations, 2019).  Vamp1 is a vesicle associated membrane protein, part of a 

complex that is involved with the docking and fusion of synaptic vesicles (Vamp1, 

2019).  Vamp1 is involved in the targeting and fusion of transport vesicles to their 

target membrane and docking of vesicles at the pre-synaptic membrane.  It is 

found along cell membranes in association with formation of vesicles (Salpietro, 

2017) see also Table 1.  Within the cell, it is strongly expressed in the plasma 

membrane, the cytosol, and mitochondria (VAMP1 localizations, 2019). 

I found that Arfgap3 and Vamp1 are expressed in heterogenous domains 

but not with the slowest cycling stem cells which retain the most label.  Instead, 

these genes are expressed by LRCs which have divided but not enough to 

completely lose the label.  The heterogenous domains also do not completely align 

with midrange LRCs but can include cells immediately adjacent.  Further 

functional studies utilizing knock-out mouse model lines could elucidate the role of 

Vamp1 and Arfgap3 gene expression heterogeneity in the epidermis. 
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CHAPTER 2 

Results 

A. Identifying LRC marker candidates based on microarray data mining.

Previously the Tumbar laboratory has generated gene expression profiles 

by microarrays of sorted LRC and non-LRC cell populations isolated from the basal 

and suprabasal layers of the adult mouse epidermis.  Skin cells were sorted into 

epidermal LRCs with progeny, non-LRCs with progeny, and the uppermost layer of 

living cells regardless of origin.  These were subjected to microarray analysis.  

Sorting criteria removed any stem cells found in the hair follicle (Sada A et al, 

2016).  Previous comparisons of microarray data focused on identifying markers 

uniquely upregulated in the basal layer LRCs relative to all other sorted 

populations for lineage tracing purposes (Sada A et al, 2016).  We reasoned that 

this approach might have left out a number of genes expressed differentially 

between LRC versus nonLRC epidermal domains that span both basal and 

suprabasal layers. To verify this, I compared and sorted gene expression 

microarray values between groups of all epidermal cell populations namely basal 

layer (BL) LRCs and non-LRCs, spinous layer (SL) LRCs and non-LRCs, and 

granular layer (GL). I did this in a step-wise algorithm comparing populations two 

by two to yield probe sets that were expressed two-fold higher in both basal and 

suprabasal LRCs relative to all nonLRCs, whereas the granular layer expression 

was un-restricted.  This comparison resulted in a group of 210 probe sets with a 

distinctive expression pattern when visualized in a heatmap (Fig 1a).  The pattern 

demonstrates the desired result of the compared sorting scheme, with genes up-

regulated in LRC basal and spinous layers and down-regulated in non-LRC basal 

and spinous layers.  The genes with the highest fold change difference between 

epidermal LRCs and nonLRCs, which were also judged as good candidates for  
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sion in LRCs over non-LRCs.  Legend of relative expression levels.  b. Genes selected for analysis.  c. Graph of gene relative 
expression of genes selected for analysis.  Vamp1 had relatively low BL LRC expression but had largest overall di�erence 
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populations and were available as sample aliquots also so were included in the IF examination of protein expression.
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future functional studies based on my literature searches, were selected for 

further analysis (Fig 1b, Table1).  Their actual fold changes in the different sorted 

epidermal populations are shown in Fig 1c. 

To verify that these gene candidates are indeed expressed in the skin I 

isolated RNA from adult mouse skin and tested its quality on a gel followed by 

cDNA synthesis through reverse transcriptase (data not shown).  I then designed 

primers to all 10 candidates that would be suitable for quantitative reverse-

transcriptase qRT-PCR using to capture all isoforms of the genes, and wherever 

possible to span introns to eliminate any potential genomic DNA contamination 

(Table 2).  I measured gene expression in whole skin and sorted cells via qRT-PCR 

(Fig 2).  The CT values obtained in this experiment were high but dependent on 

input concentration (1 ng and 10ng RNA/reaction), suggesting low but detectable 

levels of expression of our gene candidates in the skin.  Since LRCs make up a 

relatively low portion of the whole skin cell populations, the expression of these 

gene candidates is expected to be low in whole skin isolates.   

I repeated the RNA isolation, cDNA synthesis and qRT-PCR analysis using 

RNA isolated from sorted cells Fig 2d, e).  Since cDNA from epidermal LRCs and 

non-LRCs were no longer available in the laboratory, I tested available cDNAs 

from bulge (CD34+/a6-integrin+) and non-bulge (CD34-/a6-integrin+) cells 

previously sorted in our laboratory.  The paucity of RNA constrained the qRT-PCR 

analysis to 0.1ng of cDNA per well, and the CT values are relatively high but still 

indicate detectable gene expression.  This encouraged me to pursue study of 

these gene further, and I was able to move on to IF studies to visualize their 

protein expression in the epidermis. 



Gene name primer direction Primer sequence 

Vamp1 Forward AGAGTTCCGGGTGTTTCGTG 

Vamp1 Reverse CCGCCTGTTACTGGTCATGT 

Nagk Forward GCACAAACCACTGGCTGATT 

Nagk Reverse CGGTGCCTCAACTCCTCAAT 

LIF Forward GGCAACCTCATGAACCAGATC 

LIF Reverse TCTGGTCCCGGGTGATATTG 

Cacul1 Forward AACACCTCCACCTCCAAGTT 

Cacul1 Reverse CTGCTGGCACACACACTTAT 

Arfgap3 Forward TCTAGCTGGGATGATGGTGC 

Arfgap3 Reverse TGAAGAGATGGCCTTGACGT 

Etfdh Forward TGAGCTGGATGGGAGAACAG 

Etfdh Reverse ACTTTGGCATGCAGTTCCAG 

Arhgef28 Forward AGTCTTGGAGTCTCGTGGTG 

Arhgef28 Reverse AGCTGCAGTTCCTCCTTCAT 

Table 2 Primers designed for qRT-PCR analysis of candidate gene expression in whole skin and sorted cell 

analysis. 

7 



Figure 2 qRT-PCR analysis of gene expression in whole skin and sorted cell samples. a. Vamp1 qPCR ampli�cation 
curve showing 0, 1, and 10ng samples.  b. Vamp1 qPCR melt peaks of 0, 1, and 10ng samples. c.  All tested primers qPCR CT 
values at 0, 1, and 10ng. d.  All tested primers (excepting LIF) qPCR CT values at 0.1ng in sorted cell samples.  Samples were 
sorted into bulge and non-bulge (CD34- and alpha6+) populations.  e.  All tested primers (excepting LIF) qPCR values at 0.1ng 
in sorted cell samples. Samples were non-bulge (CD34- and alpha6+) cells.

a. b.

d.

c.

e.

Experiment 1

Experiment 2

Experiment 3

8 
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B. Testing patterns of LRC marker candidate expression by skin

immunofluorescence studies.  

In order to visualize the protein expression in the epidermis of my 

epidermal LRC candidates I performed immunofluorescence studies in parallel with 

the qPCR studies described above. I purchased antibodies for 5 of my 10 

candidate genes described above (Table 3) and stained skin sections at different 

stages and with different dilutions of my primary antibodies. Three of my tested 

candidates (Nagk, Rpap2, Rapgef4) did not show reliable signal nor discernable 

heterogenous expression patterns within the epidermis and their evaluation was 

discontinued. In contrast, two candidates (Vamp1 and Arfgap3) indicated 

heterogenous expression within the epidermal layer and prompted us to examine 

their expression at different time points, with different markers of differentiation 

and with transgenic skin samples, using a tet-repressible Keratin5-driven H2B-

GFP pulse chase to mark LRCs.  Below I will describe in more details the results of 

these immunofluorescence experiments. 

B1.  Vamp1 and Arfgap3 are expressed in distinct domains in mouse back 

skin. 

To understand Vamp1 and Arfgap3 protein expression pattern in the skin 

and examine potential heterogeneity in the epidermis I stained back skin sections 

with a Vamp1 or Arfgap3 antibody.  Mice were sacrificed at different time points 

during adult skin homeostasis including postnatal day (PD) 28, PD39, PD49 PD56, 

and skin tissue was embedded in OCT, sectioned, and stained with antibodies to 

either Vamp1 or Arfgap3.  Various markers of differentiation such as α6-integrin 

and Keratin 14 (K14) for basal layer and Keratin 10 (K10) for spinous layer were 

used as counterstain (Fig 3, 4).  



Gene Supplier Cat. No Source Isotype Dilution 

Arfgap3 Proteintech 15293-1-AP Rabbit IgG 
1:500, 1:300, 1:250, 1:200, 1:150, 
1:100, 1:50 

Epac2 (Rapgef4) Proteintech 19103-1-AP Rabbit IgG 1:400, 1:300, 1:200, 1:100 

Nagk Proteintech 15051-1-AP Rabbit IgG 1:500, 1:250, 1:100 

Rpap2 Proteintech 17401010AP Rabbit IgG 1:500, 1:250 

Vamp1 Proteintech 13115-1-AP Rabbit IgG 
1:800, 1:500, 1:300, 1:400, 1:200, 
1:100 

Table 3 Antibodies used in immunofluorescent analysis.  All dilutions tested are listed.  Effective dilutions in bold. 

10 
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Examination of Vamp1-stained skin sections showed broad expression in 

the basal layer at all the time points analyzed (Fig 3).  These domains varied at 

the different time points observed.  Vamp1 expression in cells of the epidermis 

appears to consistently be in the plasma membrane and cytosol, with clear 

nuclear voids observed in single color channel imaging (Fig 3) as expected for this 

protein (see Table 1).   The Vamp1 expression in the epidermal basal layer was 

somewhat variable, suggestive of potential heterogeneity.   At the earliest 

observed timepoint (PD28) Vamp1 expression displayed the greatest 

heterogeneity, with small domains of three to five highly expressing cells 

clustered in the basal layer flanked by short stretches of epidermis with lower 

expression (Fig 3a).  Intriguingly, basal layer cells with less expression show 

Vamp1 polarized at the basal membrane contacting side (Fig 3b) whereas the 

highly expressing basal cells show Vamp1 more polarized at the apical side (Fig 

3n, t).  Near the infundibulum, there tends to be a larger, consistently high 

expressing group of cells in the basal layer of the epidermis (Fig 3c).  This group 

of cells is linear or non-interrupted by low expressing epidermal basal cells and 

continues down into the outer root sheath of the infundibulum into the hair follicle 

(Fig 3d).  This was interesting since the LRC domains in the tail skin are known 

contain the hair follicles.  

Across all these timepoints, I noticed frequently, that cells which express 

Vamp1 more are shaped differently from other basal layer cells.  Most of the basal 

layer cells expressing Vamp1 at low or background levels are flattened to varying 

degrees (Fig 3j, l).  The cells that express Vamp1 at higher levels often have a 

flame shape, with the basal membrane side wide and the side next to the spinous 

layer forming a point (Fig 3b, f, n).  While this is not true of all cells expressing 

Vamp1 at higher levels, it is a common observation. 
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Arfgap3 stained skin sections also showed heterogenous expression and 

presented some variations at the time points analyzed.  Epidermal cells express 

Arfgap3 throughout the cell body including the nucleus (Fig 4).  The earliest 

observed time point (PD28) displayed Arfgap3 expression in what appear to be 

the granular or cornified layer (Fig 4a-d) pending co-localization with granular 

layer markers such as involucrin and loricrin.  Some of these cells appear 

flattened while others retain round shapes, and many were negative for DAPI 

(were anuclear) suggesting they were part of the cornified envelope.  Arfgap3 

expression was observed to be highly heterogenous in the basal and spinous 

layers.  Some domains were made of groups of high expressing cells while in 

other places there were singular cells.  Background expression in the 

granular/cornified layer is generally higher than in the basal and spinous layers 

and is more consistent throughout the stages.  Near the infundibulum Arfgap3 

expression becomes more homogenous throughout the epidermal layer with 

individual cells difficult to identify (Fig 4d, h, l, p).  Over the subsequent observed 

timepoints (PD39, 49, 56) expression expanded to the basal layer (Fig 4f, i, I, n, 

p).  By PD56, rare individual cells express Arfgap3 more while the epidermis 

continues to show a low level of background expression (Fig 4n), though more 

than at the initial timepoint of PD28. 

In summary, Vamp1 and Arfgap3 are both expressed in the epidermis. 

Vamp1 is mostly a basal layer marker, with some gaps in expression within the 

basal layer at PD28, that are less prominent at later time points.  In contrast, 

Arfgap3 is mostly found in the granular layer or cornified envelope with some 

expression in rare basal cells or clusters of basal cells at the later stages.  

Intriguingly, both proteins showed increased expression in the vicinity of the hair 

follicle infundibulum. 
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B2.  Complex patterns of Vamp1 and Arfgap3 colocalization with LRCs in 

mouse back skin. 

In order to understand where Vamp1 and Arfgap3 are expressed in relation 

to epidermal LRCs, I stained skin isolated from K5-tTA x pTRE-H2BGFP mice 

(Sada A et al, 2016) H2B-GFP subjected to two-week doxycycline chase.  

Interestingly, I found that neither Vamp1 nor Arfgap3 are expressed in the 

brightest LRCs indicative of the fewest divisions.  LRCs that have divided already 

and show a reduced label signal are more likely to contain IF signal for these gene 

products.  In mouse back skin, Vamp1 most regularly shows the greatest degree 

of colocation with some LRCs near the infundibulum (Fig 5a).  The Vamp1 domain 

is often found next to the bright clustering LRCs, overlapping the midrange LRCs 

and expanding into cells without label nearby (Fig 5b, c).  Arfgap3 domains in the 

granular layer overlap with LRC granular expression with some offset (Fig 5g).  

Individual cells that highly express Arfgap3 are more likely to be midrange LRCs 

(Fig 5h, i), but not all midrange LRCs express Arfgap3 more than the surrounding 

background (Fig 5k, l).    

Despite our expectation of Vamp1 and Arfgap3 to specifically be expressed 

in the brightest LRCs, our in-situ analysis suggests that expression may be more 

prominent in the midrange LRCs and absent in the brightest LRCs.  This suggests 

additional heterogeneity in the LRC lineage, which was masked in the microarray 

data based on a mixed population of bright and mid-range LRCs.  Further data 

and quantification will be required to confirm these experiments and fully define 

the expression of these markers relative to LRC populations in the epidermis.  

Single cell RNAseq data of the epidermal LRCs may provide further insight into the 

heterogeneity of gene expression in this lineage. 
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B3.  Expression of Vamp1 in human skin.  

Given the heterogenous expression of Vamp1 and Arfgap3 expression in 

mouse skin, I wanted to see if the pattern held in human skin as well.  Human 

skin structure is different from that of mice; the basal membrane between 

epidermis and dermis undulates creating rete ridges and dermal papillae (Fig 6i).  

Rete ridges are distal to the skin surface while dermal papillae are proximal.  

Previous work has described these structures using epidermal and proliferative 

markers and lead to the conclusion stem cells are located at the dermal papillae 

(Lawlor KT, Kaur P, 2015).  Based on previous studies of proliferation in human 

basal layer we hypothesized that LRCs may be found at the dermal papillae and 

non-LRCs may be near the rete ridges. 

The two human samples I first analyzed, were both from aged individuals 

(over the age of 65) and both genes of interest, Vamp1 and Arfgap3, were co-

stained with K10.  Reminiscent of the results in mouse back skin, Arfgap3 was 

expressed strongly in the granular layer and was indistinct near the dermal 

papillae and rete ridges, appearing weak if present at all throughout the basal 

layer.  Moving upwards from the spinous to granular layers, it started to show 

expression in the nucleus, and was expressed strongly in the granular layer 

showing an intense band of fluorescence (Fig 6 a-d).  Thus, Arfgap3 did not 

display a pattern of heterogeneity between the rete ridges and dermal papillae.  

This may due to the advanced age of the donor samples, and further investigation 

in younger donors may provide more insight into the expression of Arfgap3 in 

human skin.   

Vamp1 expression was also reminiscent of mouse back skin, with strong 

expression in the basal layer.  The skin sample had flattened out somewhat  
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though, and the dermal papillae and rete ridges were not distinct.  I stained 

human samples at ages <1 month, 21 years, 30 years, with Vamp1 and K10 

antibodies (Figure 6e-p).  As with mouse skin, Vamp 1 was strongly and 

exclusively present in the basal layer of the epidermis and was not expressed in 

the supra-basal layers. There may be some evidence from my data of increased 

expression in the dermal papillae relative to rete ridges, but this requires further 

investigation (see for example Figure 6k).  In fact, a follow-up experiment by 

Joydeep Baidya and Sangeeta Ghuwalewala in our laboratory, suing higher 

dilution of the Vamp1 antibody revealed better differences in expression between 

the dermal papillae and the rete ridges (data not shown).  

Finally, I observed that basal layer cells located at the dermal papillae that 

expressed Vamp1 more had morphology similar to that seen in highly expressing 

Vamp1 cells in mouse skin (Fig 6f, g, i, j).  This flame-shape morphology does not 

appear to be quite as consistent though and requires further study and 

quantification.  It may be that higher levels of Vamp1 in epidermal basal cells 

dictate this morphology, but the functional significance of this remains to be 

unraveled by future knockout studies. 
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CHAPTER 3 

Discussion 

Based on the results from the microarray mining, I expected to observe 

clearly expressed genes in heterogenous patterns colocalizing with epidermal 

LRCs.  The five LRC marker candidates analyzed with IF staining seemed ideal 

based on normalized gene expression, however only two of the five candidates, 

namely Arfgap3 and Vamp1, displayed a discernable signal and brought some 

preliminary evidence towards the hypothetical heterogeneity.  Although not all 

epidermal basal layer cells expressed equal levels of Arfgap3 and Vamp1, their 

expression in our hypothesized domains is broader and less distinct that we had 

hoped for initially. Furthermore, the expectation of colocalizing with LRCs was also 

unmet.  I expected to see Vamp1 and Arfgap3 clearly and preferentially expressed 

by cells that most retained the H2B-GFP label.  I expected if Vamp1 or Arfgap3 

was seen in other cells, it would be at a lower level and easily discernable to the 

eye.  I also expected this pattern to be the same throughout adult skin 

homeostasis.  None of these expectations were met, but the preliminary data 

revealed something unexpected and interesting.   

Vamp1 and Arfgap3 seem to be expressed more in some cells that retain 

medium H2B-GFP label but not in the brightest cells.  This indicates epidermal 

stem cells are not binary LRCs or non-LRCs; that LRCs are likely further split into 

brightest LRCs and medium LRCs.  These midrange LRCs could be a separate 

group of stem cells by themselves or they might be progenitor cells derived from 

the brighter LRCs. 

These Vamp1 and Arfgap3 domains also appear temporally dynamic, 

changing with age and potentially the hair cycle.  It is known that epidermal basal 

layer cells proliferate more during anagen, and I observed more expression of 
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both Vamp1 and Arfgap3 in the epidermal basal layer during this stage.  At this 

time, there are not sufficient data to support either age or hair cycle as the 

driving factor for the dynamic heterogeneity observed.  We can only say the 

expression changes over time.  Expression varies within the domains as well, with 

preferential expression polarized within cells or in sub populations.   

My studies were conducted in uninjured mouse back skin, which displays 

scale and interscale regions (Sada A et al, 2016) but is not well defined.  Mouse 

tail skin has a much more defined scale and interscale structure (Sada A et al, 

2016).  Future studies should include defining Vamp1 and Arfgap3 expression in 

mouse tail skin and how dynamic this expression is over time as well.  The initial 

studies in human skin are promising as well, with sufficient promise for further 

studies.  Continuing this line of research future studies could sort LRCs by 

intensity of fluorescent label to create a gradient of LRCs, and then analyze for 

Vamp1 and Arfgap3 expression in each group using the primers and conditions I 

have tested here to quantitatively compare the expression of these markers in 

LRCs and non-LRCs and confirm the microarray results.  I would study the 

expression of these two genes in developing skin, at varying time points between 

PD1 and PD21, using whole skin and sorted cells in qRT-PCR, and whole skin 

samples in IF analysis.  Use of conditional knock-out mouse lines to study Vamp1 

and Arfgap3 could help identify their importance in skin maintenance and healing 

as well and perhaps provide an answer for the biological role of heterogeneous 

domains of gene expression in the epidermis.  I would also attempt to raise mice 

to at least 12 months to observe expression in aged skin homeostasis and wound 

repair (Nishiguchi M et al., 2018).  

Both Vamp1 and Arfgap3 are involved in vesicle transport and targeting 

but have different effects on cell function.  Mutations in Vamp1 lead to spastic 
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ataxia (VAMP1, 2019) and transgenic knock-out lines do not survive weaning due 

to a lethal wasting phenotype (004626 - C3H/HeSnJ-Vamp1lew/GrsrJ, 2019).  

Afgap3 is a member of the Ras superfamily of small GTP-ases, which are 

associated with cell proliferation, differentiation and survival and have been linked 

to cancer, though most often through upstream mutations (Cromm PM et al, 

2015).  Interestingly, extracellular vesicles have been identified as a key method 

of cell-to-cell communication in both stem and cancer cells (French KC et al., 

2017).  This could explain why the microarray indicated both these genes were 

upregulated in the basal and spinous layer LRCs.  There is also the pattern of the 

neural epithelial junction; nerves approach the epidermis at discrete locations.  

There could be coordination or communication between the nerve filaments and 

LRCs, made possible by Vamp1 expression which is a key component of synaptic 

vesicle docking (VAMP1, 2019). 

https://www.jax.org/strain/004626
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CHAPTER 4 

Methods 

A. RNA isolation and qRT–PCR.

Total RNAs were isolated from whole skin and sorted skin cells prepared 

by using RNeasy (Qiagen) and used for reverse transcription by Super script III 

(Invitrogen).  Primers were designed for each gene of interest (Table 2).  

Published literature was searched but did not yield results compatible with goals.  

The Primer3 website (http://bioinfo.ut.ee/primer3/) was used to design all 

primers.  Primers were designed to amplify regions 150 to 250 base pairs in 

length, with ideal length around 150 base pairs.  The primers were also designed 

to align to all known isoforms of each gene and according to Pubmed Primer Blast.  

The primers used were as follows: Gapdh, 5′-ACTGCCACCCAGAAGACTGT-3′ and 

5′-GATGCAGGGATGATGTTCT-3′; Vamp1, 5'-AGAGTTCCGGGTGTTTCGTG-3' and 

3'-CCGCCTGTTACTGGTCATGT-5'; Nagk, 5'-GCACAAACCACTGGCTGATT-3' and 

3'-CGGTGCCTCAACTCCTCAAT-5'; LIF, 5'-GGCAACCTCATGAACCAGATC-3' and 

3'-TCTGGTCCCGGGTGATATTG-5'; Cacul1, 5'-AACACCTCCACCTCCAAGTT-3' and 

3'-CTGCTGGCACACACACTTAT-5'; Arfgap3, 5'-TCTAGCTGGGATGATGGTGC-3' 

and 3'-TGAAGAGATGGCCTTGACGT-5'; Etfdh, 5'-TGAGCTGGATGGGAGAACAG-3' 

and 3'-ACTTTGGCATGCAGTTCCAG-5';Arhgef28, 5'-AGTCTTGGAGTCTCGTGGTG-

3' and 3'-AGCTGCAGTTCCTCCTTCAT-5'. 

B. Mice.

All mouse experiments were carried out according to Cornell University 

Institutional Animal Care and Use Committee guidelines (protocol number no. 

2007-0125).  Samples from K5-tTA x pTRE-H2BGFP mice (Sada A et al, 2016) 

were provided courtesy of Sangeeta Ghulewalewala, who conducted doxycycline 

chase, harvested tissue, and embedded in OCT medium.  Mice were fed with 

http://bioinfo.ut.ee/primer3/
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doxy chow (1 g doxy/1 kg, Bio-serv) for the indicated chase periods, starting at 

1–3 months of age.  All other samples were collected from wild-type mice.  The 

sample size was dictated by availability of mice and need for quality samples.  

Statistical needs were not accounted for. Both male and female mice were used 

for all experiments.  These experiments were not blinded. 

C. Immunostaining of skin sections.

Mouse back skin was collected and embedded in Optimal Cutting 

Temperature (OCT) compound (Tissue Tek, Sakura).  Human skin samples 

arrived embedded in OCT from collaborators.  Samples were cut frozen 10µm 

thick and were fixed in 4% PFA for 10 min at room temperature.  After blocking 

in normal serum for two hours, sections were incubated with primary antibodies 

for one hour at room temperature.  Sections were then washed and incubated 

with secondary antibodies for one hour at room temperature.  Sections were 

washed again and counterstained with Hoeschst then mounted. 

Primary antibody dilutions: rabbit anti-Arfgap3 (1:500, Proteintech no. 

15293-1-AP), rabbit anti-Vamp1 (1:500, Proteintech no. 13115-1-AP 1:500), 

mouse anti-K14 (1:300, Abcam no. ab7800), mouse anti-K10 (1:1000, Abcam no. 

ab9026), rat anti-CD49f (α6-integrin) (1:200, BD Pharmingen no. 555734).  

Rabbit anti-Nagk (Proteintech no. 15051-1-AP), rabbit anti-Rpap2 (Proteintech no. 

17401010AP) and rabbit anti-Ragpgef4 (Proteintech no. 19103-1-AP) were tested 

at varying dilutions without clear resolution (Table 3).  All secondary antibodies 

(TxR, FITC, or Alexa-594, Jackson ImmunoResearch) were used at a 1:500 

dilution. The MOM kit (Vector Laboratories) was used for blocking with primary 

antibodies as needed.   
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D. Microscope images.

Skin samples were examined using a fluorescent microscope (Nikon) and 

digitally imaged using a CCD (charge-coupled device) 12-bit digital camera 

(Retiga EXi; QImaging) and IP-Lab software (MVI).  Images were enhanced in 

Adobe Photoshop by manipulating brightness and contrast only. 

E. Rigor and reproducibility.

The qRT-PCR analysis was conducted with samples obtained from two 

different mice in both whole skin and sorted cell analysis.  As the 

immunofluorescent experiments are preliminary, they were conducted with 

samples from one mouse at each age reported, though samples were collected 

from different regions of the back.  The experiments on human skin were also 

conducted with one sample per age reported.  They must be repeated in a 

minimum of 3 mice per time point and followed up with quantification of images 

using Image J and statistical analysis using JUMP and the t t-test to compare the 

level of expression Vamp1 in LRCs and non-LRCs. For immunostaining multiple 

experiments were performed as follows: ten experiments on wild type mice 

samples testing various dilutions of potential LRC markers and co-staining with 

various epidermal markers were conducted in PD49 and PD56 skin to determine 

best resolution of heterogenous expression; four experiments on K5-tTA x pTRE-

H2BGFP mice samples to identify potential LRC marker colocalization with LRCs; 

four experiments on wild type mice using potential LRC markers and epidermal 

markers; two experiments on human samples using potential LRC markers and 

epidermal markers.  
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