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immunofluorescence studies showed that both Krt6a and Krt17 strictly localized to 

TDKC. Krt6a was mostly present in the HF and in the epidermis where HF appendages 

were connected, but it was also expressed in a small subset of TDKCs (Figure 3.1). On 

the other hand, Krt17 was present throughout the suprabasal layer of the epidermis, but it 

was strongly and strictly expressed in all TDKCs, in a similar pattern as CD200 and 

Tbc1d10c (Chapter III.2) (Figure 3.1). Krt17 was also strongly expressed in the region 

between UI and the bulge of the HF.    

 
 

Figure 3.1. Expression of K6, K17, CRBP, and Gata6 in TD of the murine dorsal 
skin. K8 was used to label epidermal Merkel cells in TD. (scale bar: 20µm)  

 

Lastly, I performed immunofluorescence for Nrtn (Neurturin).  Nrtn is a 

neurotrophic factor that activates the Ret tyrosine kinase in the presence of co-receptors, 

GFRα1 or GFRα2 (Heuckeroth et al., 1999). Large diameter Ret-expressing neurons in 
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DRG are mechanoreceptive neurons that innervate Merkel cells in the skin (Honma et 

al., 2010). Since Nrtn showed a high absolute value as well as a significant fold change in 

the TD population, I postulated that Nrtn might be expressed by TDKCs and serve as a 

neurotrophic factor for afferent nerve fibers that innervate Merkel cells. 

Immunofluorescence studies showed that Nrtn was uniformly expressed throughout the 

epidermis and also in the UI region of the HF. However, the similar Nrtn staining pattern 

was detected in the Nrtn -/- skin, indicating the previous Nrtn staining was non-specific. 

Next, I examined the integrity of TDs in Nrtn -/- and CRBP-/- mice in order to see 

if there was any defect in the morphology and fiber innervation of the TD complex. In the 

case of Nrtn, it has been reported that Ret-ablated mechanoreceptor neurons in RetGFP/GFP 

mice showed impaired axon projection, which was rescued by the ectopic expression of 

Nrtn (Honma et al., 2010). Therefore, I suspected that there might also be a defect in the 

afferent fiber innervation of Merkel cells in Nrtn full knockout mice. In the case of 

CRBP1, although its previous immunofluorescence studies were not informative, its high 

values as one of the most upregulated genes in TD still made it a good candidate to 

examine. Immunofluorescent labeling revealed that the Merkel cell-neurite complex in 

TDs was intact, and the morphology of TDKCs was normal in both Nrtn -/- and CRBP-/- 

mice (Figure 3.2).   



 88 

  
Figure 3.2. Epidermal TDs in NTN-/- and CRBP-/- mice. K8 was used to label the 
epidermal Merkel cells in TD. (scale bar: 20µm)  
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Chapter III.5 

 

Discussion 

 Based on the immunofluorescence studies, the expression pattern of some 

candidate genes from the TD-specific transcript profile correlated with our microarray 

analysis, while others did not. This could be attributed to not-optimized staining 

conditions or non-specific binding of the antibodies I utilized.  

From the list of candidate genes I tested, Krt17 showed the most specific and 

restricted expression in TDPCs (or TDKCs). The ability to target TDPCs under the 

influence of Krt17 promoter will be very useful to study their role in Merkel cell 

homeostasis and Merkel cell carcinoma (MCC) development. MCC is a rare but 

aggressive skin cancer that is thought to arise from Merkel cells in the epidermis. MCC 

commonly involves the skin but can metastasize to distant organs. A newly-described 

polyomavirus called Merkel cell polyomavirus (also known as MCPyV or MCV) that 

expresses a large T antigen (LTA) in tumor cells is suspected to lead to the development 

of the majority of MCC (~80%) (Feng et al., 2008). 20% of MCC tumors are not infected 

with MCV, suggesting that MCC may also develop from other causes. Most people who 

are infected with MCV probably do not develop MCC. It occurs at increased frequency in 

people with immunodeficiency, including transplant recipients and people with AIDS 

(Bichakjian et al., 2007; Heath et al., 2008). Other factors associated with MCC include 

exposure to ultraviolet light. MCC-derived MCV contains premature stop codon 

mutations, and the truncated form of the LTA is the signature of MCC. Our lab has 
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cloned the truncated LTA from human MCC samples, which can be used in the future 

in manipulating TDPCs to determine their contribution to MCC formation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 91 
Chapter III.6 

 

Materials and methods 

Immunofluorescence 

8 week-old FVB (Taconic Farms) or C57BL/6J (Taconic Farms) female murine dorsal 

skin was processed and stained in the same manner as stated in Chapter II.7. Images were 

photographed using a Zeiss inverted Axiovert 200M.  

 

Table 3.2. List of antibodies and staining conditions for immunofluorescence. 
Antibody Cat. # Vendor Dilution used Permeabilization Fixation 

CRBP1 sc-30106 Santa Cruz 1:200 + acetone 

Foxc1 LS-B2996 LifeSpan 

BioSciences 

1:100-1:500 + acetone 

Gata6 ab22600 Abcam 1:100-1:200 + acetone 

Krt17 EP1623 Epitomics 1:10,000 + acetone 

Krt6a PRB-169P Covance 1:10,000 + acetone 

Neurturin AB5404 

AF477 

Millipore 

R&D 

1:20,000 

1:100-1:200 

- acetone 

 

 

Transgenic mice 

Nrtn-/- mouse (stock number 12238) was purchased from The Jackson Laboratory. 

CRBP1 knockout mice were generously given by Dr. Silke Vogel in Preventive Medicine 

& Institute of Human Nutrition Department at Columbia University Medical Center.  
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Chapter IV 

 

 

Generation and characterization of Tbc1d10c mouse models 
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Chapter IV.1 

 

Overview 

 As mentioned earlier, there are multiple progenitor populations in the HF of adult 

murine skin, however, whether each population is independent of one another or whether 

there is any hierarchy is still unknown. I was interested in investigating the origin and 

contribution of UI cells to HF morphogenesis and homeostasis, therefore, I wanted to 

generate a UI reporter mouse model. Tbc1d10c was identified as one of the uniquely 

upregulated genes in UI keratinocytes in adult murine skin by microarray analysis, and 

immunofluorescence studies confirmed its exclusive expression in UI keratinocytes. 

Therefore, I decided to utilize the Tbc1d10c promoter to generate a UI reporter mouse 

model as well as Cre mouse model driven by the Tbc1d10c promoter. I employed 

bacterial artificial chromosome (BAC) clones containing Tbc1d10c to generate 

Tbc1d10c-EGFP reporter mice as well as Tbc1d10c-IRES-CreERT2 transgenic mice, and 

Chapter IV.2 presents the generation and characterization of these mouse models in 

detail. 

Tbc1d10c is a GTPase-activating protein (GAP) that is also known as Carabin 

(calcineurin and Ras binding protein). Carabin contains a putative Ras/Rab GAP domain 

at its N-terminus and a calcineurin-interacting domain at its C-terminus, and it is reported 

to play a role as a negative feedback regulator of calcineurin and Ras in T cell receptor 

signaling (Pan et al., 2007). Because Tbc1d10c was exclusively present in both UI and 

TD progenitor niches, I wanted to investigate whether Tbc1d10c played a role during 

skin development and homeostasis. Therefore, I generated Tbc1d10c knockout mice by 
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knocking out exons III through VI and performed an initial characterization. Chapters 

IV.3 and 4 present the generation and characterization of Tbc1d10c knockout mice in 

detail. Chapter IV.5 contains a discussion, in which I propose experiments to be carried 

out in the future utilizing Tbc1d10c knockout mice, followed by materials and methods in 

Chapter IV.6.    
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Chapter IV.2 

 

Generation and characterization of Tbc1d10c transgenic mice 

 I designed a construct containing the putative Tbc1d10c promoter (1.375 kb) 

followed by EGFP reporter in order to generate Tbc1d10c-EGFP reporter mice, which 

are expected to express EGFP in Tbc1d10c-positive UI cells in the HF. The putative 

Tbc1d10c promoter is the upstream region between ATG (a start codon) of Tbc1d10c and 

the end of Rad9, an upstream gene (Figure 4.1.A). I amplified the putative promoter by 

PCR from a BAC clone containing Tbc1d10c and subcloned into a vector containing 

EGFP. Next, I tested the functionality of pTbc1d10c-EGFP by transient transfection into 

cultured primary keratinocytes. Compared to mock-transfected keratinocytes, I detected 

EGFP expression in pTbc1d10c-EGFP transfected cells, suggesting the putative 

Tbc1d10c promoter had functional promoter activity (Figure 4.1.B). The transgenic core 

facility pronuclear-microinjected pTbc1d10c-EGFP, which resulted in six transgenic 

founder lines (Figure 4.1.C). One line (1M5) out of six founder lines expressed EGFP in 

the skin, however, EGFP expression was randomly distributed in the IFE and HF instead 

of strictly localizing to UI, suggesting that its expression was not tightly regulated by the 

promoter (Figure 4.1.D). This also indicates that the putative Tbc1d10c promoter might 

be missing some critical regulatory components, and a larger promoter might be required 

for more strict regulation of Tbc1d10c expression.   
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D. 1M5 founder line 

    

 
 

 
 
 
 
 

        
 
 
 
 
 
 
 

 
 
 
 
 

 
 
 

 
 

    
Figure 4.1. Generation and characterization of Tbc1d10c-EGFP mouse model.  
A. The putative Tbc1d10c promoter (1.375kb) is shown in red.  
B. Normal keratinocytes in culture were transfected with lipofectamine (mock), pCMV-
EGFP (positive control), or pTbc1d10c-EGFP and were subjected to FACS-scan for 
EGFP expression. 
C. Southern blot analysis of Tbc1d10c-EGFP transgene. Six Tbc1d10c-EGFP founders 
are boxed.  
D. FACS-scan for EGFP in the dorsal skin and immunofluorescence for EGFP in the tail 
skin of Tbc1d10c-EGFP 1M5 founder line (bottom) vs wildtype littermate (top). EGFP-
positive cells are boxed in red. (EPI: epidermis; HF: hair follicle)  

 

As an alternative approach, I decided to generate Tbc1d10c-IRES-CreERT2 BAC 

transgenic mice by homologous recombination, which are expected to express an 
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inducible Cre recombinase in Tbc1d10c-expressing cells that can be activated by 

tamoxifen treatments. Tbc1d10c-IRES-CreERT2 mice can be crossed to a reporter mouse 

such as R26R-EYFP, and the resulting double transgenic mice allows for lineage tracing 

of UI cells (Figure 4.2.A). In Tbc1d10c-IRES-CreERT2;R26R-EYFP mice, I can label UI 

cells with EYFP by tamoxifen treatments and trace EYFP-positive UI progeny for a long 

period of time to study the contribution of UI cells during skin homeostasis. This 

alternative strategy ensures the expression of Cre protein since the endogenous Tbc1d10c 

promoter is already present in the BAC clone.   

In order to generate Tbc1d10c BAC transgenic mice, I subcloned IRES-CreERT2 

into the unmodified pL451 vector (Liu et al., 2003). pL451 plasmid already contains the 

Neo cassette flanked by two frt (flippase recognition target) sites, and I inserted IRES-

CreERT2 upstream of frt-Neo-frt. Then, I amplified IRES-CreERT2-frt-Neo-frt by PCR, 

and the final PCR product contained IRES-CreERT2-frt-Neo-frt plus the additional 75 bp-

long homologous arms (HA) on each side of IRES-CreERT2-frt-Neo-frt (Figure 4.2.B). 

The homologous arms contain nucleotide sequences of the region where I want to target 

my construct in the BAC, and they facilitate site-specific insertion of the construct (a 

detailed method will be addressed in Chapter IV.5). Next, I employed the homologous 

recombination method to introduce IRES-CreERT2-frt-Neo-frt PCR fragment into 

Tbc1d10c BAC clone, specifically 65 bp downstream of a stop codon (TAA) of 

Tbc1d10c, ensuring that CreERT2 would be processed and expressed in the same manner 

as Tbc1d10c by the endogenous Tbc1d10c poly A signal (Figure 4.2.B).  

Neo-resistant, recombined colonies were screened by PCR for proper insertion, 

and a positive colony was selected (Figure 4.2.C). Next, the Neo cassette was removed 
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Chapter IV.4 

 

Generation and characterization of Tbc1d10c conditional knockout model 

Tbc1d10c conditional knockout construct design and generation 

 As previously mentioned, Tbc1d10c is a GAP protein that is able to interact with 

both calcineurin and Ras proteins. It has a putative Ras-interacting domain at its N-

terminus (residues 89-294) and a calcineurin-interacting domain at its C-terminus 

(residues 406-446) (Figure 4.3.A). Tbc1d10c contains 10 exons: 1 non-coding exon in the 

5’UTR region and 9 coding exons. I designed a conditional Tbc1d10c knockout 

construct, in which exons 3 through 6 are floxed. A deletion of exons 3 through 6 causes 

a frameshift mutation, and an early stop codon is introduced (Figure 4.3.B). The 

truncated Tbc1d10c will consist of 84 amino acids, and it will lose both Ras- and 

calcineurin-interacting domains (Figure 4.3.B).  

A. 
START A Q A L G E D L L S E L Q D D S S S L G S D S E L S G P S P Y R Q A D R Y G F I G G N S 
G E L R L C Q P S A D L I R Q R E M K W V E M T L H W E K T M S R R Y K K V K I Q C R K G I P 
S A L R A R C W P L L C G A R M C Q K N N P G T Y Q E L A A A P G D P Q W M E T I G R D L H 
R Q F P L H E M F V S P Q G H G Q Q G L L Q V L K A Y T L Y R P E Q G Y C Q A Q G P V A A V 
L L M H L P P E E A F W C L V Q I C E V Y L P G Y Y G P H M E A V Q L D A E V F M A L L R R Q 
L P R V Y K H L Q Q V G V G P L L Y L P E W F L C L F T R S L P F P T V L R I W D A F L S E G A 
K V L F R V G L T L M R L A L G T V E Q R T A C P G L L E T L G A L R A I P P T Q L Q E E V F M 
S Q V H S V T L S E R V L Q Q E I R I Q L A Q L S K S L P G P A P L P Q A R L P G A Q A I F E S Q 
Q L A G V R E S T K P E I P R I V V Q P P E E P K P P R R K P Q T R G K T F H G L L I R A R G P P 
I E G P S R S Q R G S A S F L D T R F STOP 
 
B.  
START A Q A L G E D L L S E L Q D D S S S L G S D S E L S G P S P Y R Q A D R Y G F I G G N S 
G E L R R P S G A W C R S A R S T S L A T M G P T W R P Y S W M L K C S W P F STOP 
 
Figure 4.3. Amino acid sequences of the full length and truncated Tbc1d10c. 
A. Full length Tbc1d10c protein (444 AA). The yellow-boxed area represents a putative 
Ras-interacting domain, and the green-boxed area represents its calcineurin-interacting 
domain.  
B. Truncated Tbc1d10c (84 AA) after the excision of exons 3 through 6. 
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Figure 4.4 shows a flow chart of the floxed Tbc1d10c construct generation, 

which can be broken down to six steps. First, I introduced loxP1 in the upstream region 

of exon 3 by inserting frt-Neo-frt-loxP1 sequence into the unmodified Tbc1d10c BAC in 

SW105 cells by homologous recombination (step 1). frt-Neo-frt-loxP1 was obtained from 

pL451 by PCR-amplification. Neo cassette served as a selection marker, which was 

needed to screen SW105 colonies that successfully recombined frt-Neo-frt-loxP1 into 

Tbc1d10c BAC. A colony containing frt-Neo-frt-loxP1 in Tbc1d10c BAC was selected 

and treated with L-arabinose to delete the Neo cassette. SW105 cells contain the ara-

inducible Flippase (Flp) gene, which is expressed when induced with L-arabinose 

(Warming et al., 2005). Flp/frt (Flp recognized target) system is analogous to Cre/lox 

system, so when frt sites are oriented in the same direction on a gene, Flp mediates a 

deletion of the frt-flanked segment. Therefore, the Neo cassette would be excised, leaving 

one frt and loxP1 behind, when the colony is induced with L-arabinose (step 2).   

Next, I introduced loxP2 and loxP3 in the downstream region of exon 6 by 

inserting loxP2-Neo-loxP3 sequence into the Tbc1d10c BAC already containing Frt-

loxP1 by homologous recombination (step 3). loxP2-Neo-loxP3 was obtained from 

pL452 by PCR-amplification. The Neo cassette was used as a selection marker to screen 

SW105 colonies that recombined loxP2-Neo-loxP3 into Tbc1d10c BAC. 
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Figure 4.4. Flow chart of Tbc1d10c conditional knockout construct generation 

In step 4, I introduced the DTA/Ampr cassette ~2 kb downstream of loxP3 

(between exon 8 and 9), which will serve as a negative selection marker later. Diptheria 

toxin A chain (DTA) coding region with Ampicillin resistance gene (DTA/Ampr) was 

inserted in such a way that when it homologously recombined into Tbc1d10c BAC 

between exon 8 and 9, a 1 kb fragment at the insertion site was simultaneously removed. 

SW105 colonies containing Tbc1d10c BAC with 3 loxPs and DTA/Ampr were selected by 

Ampicillin. A positive colony containing all loxPs and DTA/Ampr was then 

homologously recombined into ES cells (step 5). Properly recombined ES clones no 

longer contain DTA/Ampr, and the 1kb deleted region is recovered. The utilization of the 

DTA/Ampr cassette allows for an easier screening of ES clones since the clones that have 

undergone random integration will still retain the DTA/Ampr cassette, which is toxic to 

the cells. Finally, the ES clone that contained all 3 loxPs was microinjected into a 

blastocyst by the transgenic facility (step 6).  

 

Insertion of Tbc1d10c BAC into SW105 cells 

As a first step, I purchased Tbc1d10c BAC (clone RP23-240D12) that entirely 

covered the whole Tbc1d10c gene and also contained a substantial amount of upstream 

and downstream regions of Tbc1d10c and inserted it into the unmodified SW105 cells by 

electroporation. Cells were selected with chloramphenicol (CAM), and a colony PCR 

was performed to confirm the insertion of Tbc1d10c BAC in SW105 colonies (Figure 

4.5).  
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Figure 4.5. A colony PCR to confirm Tbc1d10c BAC insertion into SW105. 
Forward and reverse primers annealed to Tbc1d10c exons 3 and 4 respectively, resulting 
in 550 bp PCR product. All four SW105 colonies contained Tbc1d10c BAC. 
 

 

Insertion of frt-Neo-frt-loxP1 

In order to introduce loxP1 in the upstream region of exon 3, I PCR-amplified frt-

Neo-frt-loxP1 from pL451 and electroporated it into 42°C-induced SW105 cells 

containing Tbc1d10c BAC. The PCR-amplified insert contained homologous arms (75 bp 

BAC DNA sequence upstream and downstream of the insertion point) on both its ends to 

mediate homologous recombination. Chloramphenicol (CAM) and kanamycin (Kan) 

double-resistant colonies were selected and screened for proper recombination by the 

PCR amplification strategy shown in Figure 4.6.    
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Figure 4.6. PCR strategies to confirm homologous recombination of frt-Neo-frt-
loxP1 (FNFL) fragment in the upstream region of exon 3. 
PCR amplification was performed in 8 SW105 colonies to check for the insertion of both 
side A and B. For side A, the forward primer annealed to the BAC DNA further upstream 
of the 5’ side homologous arm, and the reverse primer annealed to the start of Neo. The 
only way of obtaining a correct PCR product (866 bp) would be when frt-Neo-frt-loxP1 
has been homologously recombined into the BAC. For side B, the forward primer 
annealed to the end of Neo, and the reverse primer annealed to the BAC DNA further 
downstream of the 3’ side homologous arm. A correct PCR product (701 bp) would be 
obtained only when the insert has been properly recombined. Out of 8 colonies tested, 4 
colonies (# 1, 3, 4, 5) showed homologous recombination. Clone #5 (*) was selected for 
the subsequent modifications.       
 

Clone #5 containing frt-Neo-frt-loxP1 was subjected to L-arabinose induction, 

which activated Flp recombinase and resulted in the deletion of the Neo cassette along 

with one frt site. L-arabinose-treated cells were selected with CAM, and the excision of 
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Neo was confirmed by two different PCR strategies (Figure 4.7.A and 4.7.B).  

 

 
 
 

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7. PCR strategy 1 to confirm the excision of frt-Neo in clone #5. 
A. Clone #5 from figure 4.8 was treated with L-arabinose in order to remove the Neo 
cassette, and its clones were tested by PCR for the absence of Neo. The same PCR 
strategy used to check side B in figure 4.8 was performed. Since Neo was deleted, the 
forward primer could no longer anneal, and the PCR product could not be obtained. 7 
colonies were tested, and none of them retained Neo.  
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Figure 4.7. PCR strategy 2 to confirm the excision of frt-Neo in clone #5. 
B. The second PCR strategy involved the forward primer for side A and the reverse 
primer for side B (from figure 4.8). In case of the unmodified BAC, 395 bp PCR product 
would be obtained using this primer pair. If the Neo cassette were still present in the 
modified BAC, 2317 bp PCR product would be produced. If Neo were deleted from the 
modified BAC, 505 bp PCR product would be obtained due to the presence of one frt and 
loxP1. 7 colonies were tested, and all of them gave 505 bp products (the unmodified 
BAC was used as a control). Clone #7 (*) was chosen for the subsequent modification. 
 
 

 

Insertion of loxP2-Neo-loxP3 

Clone #7 containing frt-loxP1 was subjected to the second homologous 

recombination. I PCR-amplified loxP2-Neo-loxP3 from pL452 and electroporated it into 

42°C-induced SW105 cells containing Tbc1d10c BAC with frt-loxP1. PCR-amplified 

loxP2-Neo-loxP3 also contained homologous arms (75 bp BAC DNA upstream and 

downstream of the insertion point, which is the region between exon 6 and 7) on both its 
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ends to mediate homologous recombination. CAM and Kan double-resistant colonies 

were selected and screened for the proper recombination by the PCR amplification 

strategy as shown in Figure 4.8. 

 

 

 

 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 

 
 
Figure 4.8. PCR strategies to confirm homologous recombination of loxP2-Neo-
loxP3 (LNL) fragment in the downstream region of exon 6. 
PCR amplification was performed in 8 SW105 colonies to check for the insertion of both 
side A and B. The same strategy used in figure 4.8 was also applied here, and the only 
way of obtaining desired PCR products (827 bp for side A and 526 bp for side B) would 
be when loxP2-Neo-loxP3 has been homologously recombined into the BAC. Out of 8 
colonies tested, 6 colonies showed homologous recombination. Clone #1 (*) was selected 
for further modifications. 
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Insertion of DTA/Ampr 

Clone #1 containing all 3 loxPs was subjected to a third homologous 

recombination. I PCR-amplified DTA/Ampr from DTA/Ampr vector (generously given by 

Dr. Victor Lin) and electroporated it into 42°C-induced SW105 cells containing 

Tbc1d10c BAC with 3 loxPs. PCR-amplified DTA/Ampr contained homologous arms (75 

bp BAC DNA upstream and downstream of the insertion point, which is ~2 kb 

downstream of loxP3, between exon 8 and 9) on both its ends to carry out homologous 

recombination. CAM and Amp double-resistant colonies were selected and screened for 

the proper recombination by the PCR amplification strategy as shown in Figure 4.9. 

 
 

 
 

 
 
 
 
 
 
 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 4.9. PCR strategies to confirm homologous recombination of DTA/Ampr 
fragment between exon 8 and 9. 
PCR amplification was performed in 7 SW105 colonies to check for the insertion of both 
side A and B. A 682 bp product for side A and a 499 bp product for side B were expected 
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for homologously recombined clones. Out of 7 colonies, 4 colonies (#1, 2, 3, 4) 
showed homologous recombination. Clone #1 (*) was selected for further modifications. 
 
 

Generation of ES clones containing Tbc1d10c with 3 loxPs  

 Clone #1 containing Tbc1d10c BAC with 3 loxPs as well as DTA/Ampr was 

submitted to the transgenic facility. Dr. Victor Lin at the transgenic facility prepared the 

final modified Tbc1d10c BAC for its electroporation into ES cells. As previously 

mentioned, the DTA/Ampr cassette was introduced in the BAC in a unique way so that its 

insertion between exon 8 and 9 simultaneously caused 1 kb fragment deletion at its 

insertion site. As the final modified Tbc1d10c BAC undergoes homologous 

recombination into ES cells, in some cases, the recombination will occur in the area 

immediately upstream of the DTA/Ampr cassette (Figure 4.10). In that case, the 

DTA/Ampr cassette will be lost, and the 1kb deleted region will be recovered (Figure 

4.10). ES clones containing 3 loxPs but not DTA/Ampr are my desired clones. 

 

 

 

 

 

 

 

 
 
Figure 4.10. A schematic diagram of homologous recombination in ES cells. 
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Dr. Lin screened the recombined, neomycin-resistant ES clones for the 

targeted insertion of Tbc1d10c containing 3 loxPs by PCR. He designed a primer pair that 

would amplify between Neo and 1kb recovered region in the recombined ES clones 

(Figure 4.11). This PCR strategy would yield a PCR product only when the modified 

Tbc1d10c BAC was homologously recombined into the genome of an ES clone (Figure 

4.11). About 50% of ES clones screened demonstrated homologous recombination of 

Tbc1d10c BAC containing 3 loxPs by PCR. 12 clones, verified by PCR, were selected for 

further evaluation.    

 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11. PCR strategy to confirm homologous recombination of Tbc1d10c BAC 
with 3 loxPs into ES cells. The primer pair amplified the region between Neo and and 
1kb recovered area (shown by a red line), and the only way of obtaining a PCR product 
(~2.2 kb) was when the Tbc1d10c insert was homologously recombined into the ES cell 
genome. About 50% of ES clones screened showed homologous recombination of 
Tbc1d10c with 3 loxPs insert.  
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With Dr. Lin’s PCR strategy, the targeted insertion of loxP2-Neo-loxP3 into 

the ES cell genome was confirmed. However, the insertion of loxP1 still had to be 

confirmed since homologous recombination could have also occurred downstream of 

loxP1, by utilizing the region between loxP1 and loxP2 as the homologous arm. 

Therefore, I checked the targeted insertion of loxP1 by another PCR approach. I designed 

a primer pair that spanned the area where frt-loxP1 was inserted and screened 12 ES 

clones. For a wildtype allele, 412 bp PCR product was expected, whereas with a presence 

of frt-loxP1, 522 bp product was expected (Figure 4.12). Surprisingly, only 50% of the 

clones contained loxP1. Clone #1 and 3 were chosen for the microinjection into 

blastocysts.   

  

 

 

 
 

 
 

 
 
 
 
 
 
 
 
 
Figure 4.12. PCR strategy to confirm the targeted insertion of loxP1 in 12 ES clones. 
The primer pair spanned frt-loxP1. In the wildtype allele, 412 bp product was expected, 
whereas in the presence of frt-loxP1, 522 bp product was expected. Only 6 ES clones out 
of 12 contained frt-loxP1. The unmodified Tbc1d10c BAC (wt) and the final modified 
BAC (mod) were used as controls. Clones 1 and 3 were selected for the blastocyst 
microinjection.  
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Generation of Tbc1d10c knockout mice  

 Chimeric male mice were generated from the blastocyst injection of the ES clone 

selected above. These males were crossed to C57BL/6J wildtype females to generate a 

progeny containing the floxed Tbc1d10c allele (carrying 3 loxPs) (Figure 4.13). In order 

to generate a proper Tbc1d10c floxed allele (2 loxPs flanking exons 3-6), the Neo cassette 

from the 3 loxP system had to be removed. The bacterial Neo gene contains cryptic splice 

sites that disrupt RNA splicing in eukaryotes, and this might decrease mRNA levels of 

the target gene, generating a hypomorphic allele (Jacks et al., 1994; Meyers et al., 1998; 

Nagy et al., 1998). When the hypomorphic allele is transmitted in the germline, the 

resulting progeny might show a knock down phenotype (Liu et al., 1998; Yakar et al., 

1999; Holzenberger et al., 2000).  

The Neo cassette can be selectively removed by utilizing EIIa-Cre transgenic 

mice (Holzenberger et al., 2000). EIIa-Cre transgenic mice produce in vivo partial and/or 

total excision of loxP-flanked sequences in the targeted loci (Figures 4.14 and 15). 

Without EIA co-activator, Cre expression driven by the adenoviral EIIa promoter is 

known to be limited to oocytes and preimplantation stages of the embryo (Lakso et al., 

1996) (Figure 4.16). Therefore, the EIIa-Cre transgene has been used for general deletion 

and for mosaic recombinations in early embryos (Williams-Simons et al., 1999; Tremml 

et al., 1999; Keller et al., 1999). 

To remove the Neo cassette, females carrying the floxed Tbc1d10c allele (3 

loxPs) were crossed to EIIa-Cre males. As shown in figure 4.16, EIIa-Cre of maternal 

origin is strong enough to complete recombination of floxed allele, and it is unlikely to 

produce mosaic mice with partial excision patterns. This is why EIIa-Cre males were 
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used instead because paternal EIIa-Cre will be expressed in the later developmental 

stages during which mosaicism occurs (Figures 4.13 and 4.16). 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 4.13. A flowchart of Tbc1d10c knockout mouse generation.  
 
 
 

 
 
Figure 4.14. Production of mice with mosaic partial Cre-loxP deletions. (Figure 
adapted from Holzenberger et al., 2000)  
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Figure 4.15. The possible outcome from a cross of a floxed Tbc1d10c female carrying 
3 loxPs and an EIIa-Cre male.   
 
 

                  

Figure 4.16. Cre-recombinant activity and developmental stage. EIIaCre of maternal 
origin produced excision patterns suggesting that the transgene is expressed during 
mature oocyte stages, and, to a much lesser extent, after ovulation. This Cre-activity is 
strong enough to complete recombination of floxed segments when they are also 
maternally transmitted. EIIaCre is re-expressed from maternal and paternal transgene 
copies during the morula and blastocyst stages. In the presence of multiple loxP sites, this 
late EIIaCre expression is able to produce mosaic mice with partial excision patterns. 
(Figure adapted from Holzenberger et al., 2000)  
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From the cross mentioned above, mosaic mice were obtained, which were 

then mated to wildtype mice to segregate recombinant alleles and generate Tbc1d10cfl/+ 

mice lacking Neo (Figures 4.13, 14, and 15). I then screened their progeny by several 

PCR strategies to identify Tbc1d10cfl/+ mice (from the partial excision) and Tbc1d10c+/- 

mice (from the complete excision) (Figures 4.17, 18, and 19).   

 

 
 
 

 
 
 

 
 
 
 

 
 
 
 
Figure 4.17. 1st PCR strategy to identify floxed Tbc1d10c mice. The primer pair 
spanned frt-loxP1. In the wildtype allele, 412 bp product was expected, whereas in the 
floxed Tbc1d10c allele, 522 bp product was expected. No PCR product was expected in 
case of the Tbc1d10c knockout allele. Both 412 and 522 bp products were detected in 
heterozygous floxed mice as shown in the gel.  
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Figure 4.18. 2nd PCR strategy to identify floxed Tbc1d10c mice. The primer pair 
spanned loxP2. In the wildtype allele, 284 bp product was expected, whereas in the 
floxed Tbc1d10c allele, 360 bp product was expected. No PCR product was expected in 
case of the Tbc1d10c knockout allele. 
 
 
 
 

 
 

 
 

 
 
 
 

 
 
 
 
Figure 4.19. A PCR strategy to identify mice carrying the completely excised allele. 
The forward primer annealed to a region upstream of frt, and the reverse primer annealed 
to a region downstream of loxP3. In the Tbc1d10c knockout allele,  ~550 bp product was 
expected. In the wildtype and floxed Tbc1d10c alleles, ~1.8 kb and 2.0 kb products were 
expected, respectively, which could not be amplified due to a short PCR extension time. 
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A total of 8 litters were screened for either Tbc1d10cfl/+ mice or Tbc1d10c+/- 

mice, and I was able to generate only Tbc1d10c+/- mice. Although paternal EIIa-Cre was 

known to be able to generate partial excision patterns in mosaic mice, it still seemed to 

favor the complete excision. Currently, I am in the process of generating Tbc1d10cfl/+ 

mice by crossing mosaic mice to wildtype mice. Once Tbc1d10cfl/+ mice are generated, 

Tbc1d10cfl/fl mice will be subsequently produced, which can then be used as a wildtype 

control for Tbc1d10c-/- mice.    

In order to generate Tbc1d10c-/- mice, Tbc1d10c+/- females were crossed to 

Tbc1d10c+/- males. Their progeny were screened by two PCR methods as previously 

shown in figures 4.5 and 4.19. The first PCR method targeted exons 3 and 4. In the case 

of Tbc1d10c-/-, no PCR product would be obtained, while Tbc1d10c+/+ and Tbc1d10c+/- 

mice would generate 550 bp PCR product (Figure 4.20). The second PCR method 

spanned the region between exon 2 and exon 7, and ~550 bp PCR product would be 

obtained for both Tbc1d10c+/- and Tbc1d10c-/- mice, while no product was expected for 

Tbc1d10c+/+ mice.    

 

                       

 

 

                 

 
Figure 4.20. A PCR strategy to identify Tbc1d10c-/- mice.  
Using a combination of two PCR approaches, Tbc1d10c+/+, Tbc1d10c+/- and Tbc1d10c-/- 

mice were identified.  
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Characterization of Tbc1d10c knockout mice 

 Initial characterization of Tbc1d10c-/- mice included RT-PCR and Western 

blotting for Tbc1d10c. For RT-PCR, RNA samples from the tail epidermis of 

Tbc1d10c+/+ and Tbc1d10c-/- mice were isolated and subjected to RT-PCR for Tbc1d10c 

exons 3 and 4. RT-PCR analysis showed that in Tbc1d10c-/- tail epidermis, exons 3 and 4 

were absent in Tbc1d10c message (Figure 4.21).  

 

 
 
 
 
 
 
 

 
Figure 4.21. RT-PCR for Tbc1d10c in the tail epidermis of Tbc1d10c+/+ and 
Tbc1d10c-/- mice. Exons 3-4 were targeted for RT-PCR in the tail epidermis of both 
wildtype and knockout mice. 199 bp product was generated in the wildtype tail RNA, 
whereas in the knockout tail epidermis, no product was obtained. RT-PCR for GAPDH 
was performed for RNA quality control.   
  
  
 Tbc1d10c is expressed at a high level in spleen. Therefore, spleen lysates were 

prepared from Tbc1d10c+/+, Tbc1d10c+/- and Tbc1d10c-/- mice and subjected to Western 

blotting for Tbc1d10c. Using the antibody that recognized C-terminus of Tbc1d10c, 50 

kDa Tbc1d10c was detected at a high level in Tbc1d10c+/+ spleen. It was also detected in 

Tbc1d10c+/- spleen at a reduced level; however, it was absent in Tbc1d10c-/- spleen 

(Figure 4.22). These data collectively confirmed that I successfully generated Tbc1d10c 

knockout mice, in which the deletion of exons 3 through 6 indeed resulted in a frameshift 

and introduced an early stop.     
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Figure 4.22. Western blot for Tbc1d10c in spleen samples of Tbc1d10c+/+, 
Tbc1d10c+/- and Tbc1d10c-/- mice. 50 kDa Tbc1d10c was detected in the wildtype spleen 
and also in Tbc1d10c heterozygous knockout spleen at a lower level. It was absent in the 
homozygous knockout spleen. Western blotting for B-tubulin was performed for a 
loading control.   
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Chapter IV.5 

 

Discussion 

The initial characterization of Tbc1d10c knockout mice showed that Tbc1d10c 

protein was successfully knocked out in these mice. As future directions, there are many 

studies to be performed for a detailed characterization of these mice. I want to closely 

examine the hair growth cycle and the overall integrity of the skin in Tbc1d10c-/- mice to 

investigate whether Tbc1d10c plays a role during skin development and homeostasis. I 

also want to examine whether there is any abnormality in the UI and TD niches. The 

integrity of the PN complex, the innervation of UI cells by the nerve endings, the 

organization of the TD and its associated Schwann cells and nerve fibers will be 

extensively examined for any irregularity in Tbc1d10c-/- mice.        

As previously mentioned, Tbc1d10c is a GTPase-activating protein that is known 

to inhibit both calcineurin and Ras. Previous work has demonstrated that calcineurin and 

Ras are key players in T-cell activation as part of adaptive immunity, and the inhibition 

of both calcineurin and Ras signaling pathways might be critical during the termination 

of T-cell receptor (TCR) signaling (Pan et al., 2007). Therefore, I am interested in 

investigating whether Tbc1d10c ablation has any effect on immune response in murine 

skin. I want to challenge the skin with 12-O-tetradecanoylphorbol-13-acetate (TPA) and 

compare immune responses between Tbc1d10c knockout and wildtype mice. The degree 

and the duration of immune response can be assessed and compared by examining 

histological sections of the TPA-treated skin samples (eg. a quantification of immune cell 

infiltration). 
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Moreover, I also want to investigate whether Tbc1d10c depletion has an effect 

on the wound-healing process. A small incision can be made on the back skin of wildtype 

and knockout mice, and the healing process can be observed. At a desired time point, the 

wounded area can be harvested for histology. By examining histological sections of the 

wound, the degree of inflammation and the progress of the wound repair can be 

compared between the wildtype and knockout mice.  

Tbc1d10c knockout mice have never been generated previously, and this is the 

first study to report a functional Tbc1d10c knockout mouse model. It can certainly be a 

great tool to elucidate how the TCR signaling pathway is regulated during T cell 

activation. Moreover, based on the popularity of both calcineurin and Ras signaling 

pathways in other biological systems such as cell proliferation and differentiation, 

Tbc1d10c knockout mice may be a useful resource to study the role of Tbc1d10c in other 

critical cellular processes.       
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Chapter IV.6 

 

Materials and methods 

Generation of pTbc1d10c-EGFP 

BAC clone RP23-240D12 containing Tbc1d10c was purchased from CHORI (Children’s 

Hospital Oakland Research Institute). BAC DNA was isolated following protocols 

provided by CHORI and was used as a template for PCR amplification. The putative 

Tbc1d10c promoter (1.375kb) was amplified with primers having EcoRI and BanI 

restriction sites at both ends. One BanI restriction site was already present within 1.375kb 

promoter, so EcoRI and BanI digestion of Tbc1d10c PCR fragment resulted in two 

promoter inserts. Both EGFP insert and an empty vector were obtained from pCMV-

EGFP (Clonetech). Three individual inserts and the empty vector were ligated 

simultaneously using T4 ligase (New England BioLabs Inc.):  

EcoRI –pCMV empty vector– NotI (2.9kb)  

EcoRI –Tbc1d10c promoter piece 1– BanI (~550bp)  

BanI–Tbc1d10c promoter piece 2– BanI (~820bp)  

BanI –EGFP– NotI (720bp)  

 

Transient transfection and FACS-scan analysis 

Primary keratinocytes isolated from the dorsal skin of a 8-week old C57BL/6J female 

(Taconic Farms) were transiently transfected with pTbc1d10c-EGFP, pCMV-EGFP 

(positive control), or lipofectamine reagent (Invitrogen) alone. In a 35mm culture dish, 

keratinocytes were freshly plated at 30% confluency in a regular medium without 
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antibiotics, and the next day, they were transfected with 6µg maxi-prep plasmids. 

Prior to transfection, 6µg plasmids in 150µl DMEM (GIBCO®) were mixed with 6µl 

lipofectamine reagent (Invitrogen) in 150µl DMEM (GIBCO®) and incubated for 30min 

at ambient temperature. The next day, transfected cells were given a fresh medium and 

cultured for 48 hours. 48 hours post transfection, the cells were trypsinized and 

suspended in a fresh medium. DAPI was added, and cells were subjected to FACS 

analysis using a LSRII Cell Analyzer and FACS DiVa 4.1 software (BD Biosciences). 

 

Epidermal keratinocyte extraction and FACS-scan analysis 

Epidermal keratinocytes were freshly isolated from the dorsal skin of a 7.5 week-old 

Tbc1d10c transgenic mouse and a non-transgenic littermate as previously described 

(Morris, 1994). Isolated keratinocytes were suspended in the complete FAD medium and 

stained with FITC-conjugated CD49f (for α6 integrin) at 1:200 for 30 min on ice. After 

washing, cells were filtered through a 70µm cell strainer (BD Falcon™), stained with 

DAPI, and then subjected to FACS analysis using a LSRII Cell Analyzer and FACS 

DiVa 4.1 software (BD Biosciences).    

 

Generation of Tbc1d10c-IRES-CreERT2 BAC transgenic mice 

Generation of pL451-IRES-CreERT2 

IRES (from pL452-IRES-CreERT2, generously given be Dr. Victor Lin from transgenic 

facility) and CreERT2 (from pCreERT2, generously given be Dr. Pierre Chambon) were 

cloned into pL451 using EcoRI, EcoRV, and SalI restriction sites to generate pL451-

IRES-CreERT2. Three-piece ligation was performed using T4 ligase (New England 
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BioLabs Inc.):  

SalI –pL451 empty vector– EcoRI (4.8kb)  

SalI –IRES– EcoRV (~1.15kb)  

EcoRV–CreERT2– EcoRI (~1.43kb)  

 

Then, IRES-CreERT2-frt-Neo-frt-loxP was PCR-amplified from pL451-IRES-CreERT2 

using Easy-A High-Fidelity PCR Cloning Enzyme (Strategene). Forward and reverse 

primers (25bp-long) contained additional 75bp Tbc1d10c homologous arms as part of a 

primer (100bp total/primer). The PCR product (~6kb) was gel-purified, DpnI-digested for 

2 hours at 37°C, and gel-purified again.  

 

BAC preparation 

100-200ng of isolated BAC DNA containing Tbc1d10c (clone RP23-240D12) was 

electroporated into SW105 bacteria as previously described by Dr. Soren Warming 

(Biological Resources Branch, NCI-Frederick) (Liu et al., 2003; Warming et al., 2005). 

SW105 colonies bearing Tbc1d10c BAC DNA were selected on an agar plate containing 

12.5ng/µl Chloramphenicol (CAM) at 32 °C. A single colony resistant for CAM was 

innoculated in 5ml Difco™ Terrific Broth (BD) containing CAM and grown overnight at 

32 °C.  

 

Homologous recombination  

5ml overnight culture of SW105 cells bearing Tbc1d10c BAC DNA from above was 

spun down at 13,200 rpm for 30 seconds at ambient temperature and was suspended in 
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750µl Terrific Broth (TB) containing CAM. SW105 cells were heat-induced for RED 

gene expression in the 42°C water bath for 20 min. Then, SW105 cells were spun down 

at 13,200 rpm for 30 seconds at 4°C, and the cell pallet was gently washed with 750µl of 

ice-cold water three times as described by Drs. Soren Warming and Pentao Liu (Liu et 

al., 2003; Warming et al., 2005). After the third wash, SW105 cell pallet was suspended 

in 40µl ice-cold water, and 200ng purified PCR product (IRES-CreERT2-frt-Neo-frt with 

homologous arms) was added and incubated for 1 min on ice. The SW105 cell-DNA 

mixture was then transferred into a pre-chilled electroporation cuvette, and was 

electroporated at 1,750V as described by Drs. Soren Warming and Pentao Liu (Liu et al., 

2003; Warming et al., 2005). Electroporated cells were recovered in 1ml TB without 

antibiotics and incubated for 1 hour at 32°C with gentle shaking. Cells were selected on 

an agar plate containing Kanamycin (KAN) (30nglµl) and Chloramphenicol (CAM) 

(12.5ng/µl) at 32°C overnight. 

 

Checking homologous recombination by PCR  

KAN/CAM resistant colonies were picked and suspended in 10µl water. 1µl was used for 

PCR amplification. To check the insertion of 5’ side, a forward primer annealing to 

Tbc1d10c BAC DNA upstream of the homologous arm and a reverse primer annealing to 

IRES were used for PCR amplification. The only way of obtaining a PCR product would 

be when the homologous recombination occurred. The insertion of 3’ side was checked 

by the same strategy (a forward primer annealing to Neo and a reverse primer annealing 

to the BAC DNA downstream of the arm). A colony with proper insertion on both sides 

was selected and grown up in 5ml TB containing KAN/CAM at 32°C overnight. 
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Excision of Neo  

In order to induce Flippase (Flp) in SW105 cells containing the recombined BAC, 1µl out 

of 5ml overnight culture from above was added to 1ml TB containing 12.5ng/µl CAM, 

0.045% L-arabinose, and 1mM MgCl2. The mixture was incubated overnight at 32°C 

without shaking (Liu et al., 2003; Warming et al., 2005). L-arabinose-induced Flp would 

excise Neo cassette in the recombined BAC. 1µl of the overnight culture was then 

streaked on an agar plate containing CAM. Next day, CAM resistant colonies were 

screened for the excision of Neo cassette by PCR (the primer pair used to check the 

insertion of 3’ side (or side B) was utilized to confirm the excision of Neo). A colony 

lacking Neo was selected and expanded for the subsequent pronuclear microinjection.  

 

Generation of Tbc1d10c conditional knockout construct 

The same SW105 cells bearing Tbc1d10c BAC DNA (as mentioned above) were used for 

the generation of the Tbc1d10c conditional knockout construct. The same methods 

described above were used for all homologous recombination cases, the excision of the 

Neo cassette, and checking the targeted insertion by PCR. For the insertion of frt-Neo-frt-

loxP1, the unmodified pL451 was used as a template for the PCR amplification. For the 

insertion of loxP2-Neo-loxP3, the unmodified pL452 was used as a template for the PCR 

amplification. DTA/Ampr plasmid was generously given by Dr. Victor Lin in the 

transgenic facility.      

 

Reverse Transcriptase (RT)-PCR 

A small piece of tail was obtained from a 3 wk-old mouse, and the tailbone was removed. 
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The rest of the tail tissue was then homogenized in Trizol reagent (Invitrogen). Total 

RNA was isolated, treated with DNase 1 (New England BioLabs Inc.), and reversely 

transcribed into cDNA using Superscript III (Invitrogen). cDNA was then used for PCR-

amplification for Tbc1d10c (exons 3-4) and GAPDH. PCR products were separated by 

agarose gel electrophoresis and visualized by ethidium bromide stain.  

 

Western blot 

A whole spleen was freshly isolated and homogenized in a tissue lysis buffer with 

protease inhibitors. Spleen lysate was spun at max speed at 4°C for 5 min, and the 

supernatant was saved for protein assay. 20µg protein sample was loaded per lane in 

Novex® 4-20% Tris-Glycine Mini Gel (Invitrogen). After the transfer, the membrane 

(Amersham Hybond™-C) was blocked in 5% milk in TBST for 1 hour, followed by 

primary antibody incubation (anti-Carabin antibody (1:500 in 5% milk in TBST), ProSci 

Inc. 4267) at 4°C overnight on a rotator. Next day, the membrane was washed three times 

with TBST, and was incubated with secondary antibody (Peroxidase-conjugated 

AffiniPure Goat Anti-Rabbit IgG (1:10,000 in 5% milk in TBST), Jackson 

ImmunoResearch) for 1 hour on a rotator at room temperature. The membrane was 

washed three times with TBST, and Amersham ECL™ Western Blotting Detection 

Reagents were applied. 
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Primers used to insert IRES-CreERT2 Frt-Neo-Frt 

Tbc-IRES-CreERT2 

-pL451-F  

 

Tbc-IRES-CreERT2 

-pL451-R 

5’ CCCGATTCT AAGTGCACCA TACACTTAGT GCCACCATAT 
CTCAATCATC TGAGCAGTGA TGCCAGCCCC AGGCAT 
gtcgacgggatccgcccctctccct 3’ 
 
5’ TGAGGAGACAC TCCACTCCTC ACGGTGGTCC TTGCTGGAAA 
CAGCATTGTCACATAGCACA GCAATAGAGG ATAC 
ATTATGTACCTGACTGATGAAGTT 3’ 

Primers used to check the insertion of IRES-CreERT2 Frt-Neo-Frt 

BAC DNA 5’ F 
 
IRES Start R 

 
5’ AGTCCTGCAA CAGGAAATCA 3’ 
 
5’ tggtggaaaataacatataga 3’ 

 

Side A 

 

Neo End F 

BAC DNA 3’ R 

 
5’ gcagcgcatcgccttctatc 3’ 
 
5’ ggagagtggaggaatatttg 3’ 

 

Side B 

 
 

Primers used to insert Frt-Neo-Frt-loxP1 
 
Tbc-Frt-Neo-Frt-
loxP1-pL451-F  
 
Tbc-Frt-Neo-Frt-
loxP1-pL451-R  

5’ Gattcagact caggacttca ggcttccagt ccagggcact atccacccag cttcccctat 
gagttagctc tgtct ATAAGCT TGATATCGAA TTCCGAAG 3’ 
 
5’Agggatagaagctggaaagactaatgggatgaggaggtatttagggtaggtctatttggctgtcccctaaaa
cag tagaa ctagtggatc caccta ATaa 3’ 

Primers used to check the insertion of Frt-Neo-Frt-loxP1 

BAC DNA 5’ F 
 
Neo Start R 

 
5’ tcc ctt aca cag tta atc aca 3’ 
 
5’ gca atc cat ctt gtt caa tg 3’ 

 

Side A 

 

Neo End F 

BAC DNA 3’ R 

 
5’ gcagcgcatcgccttctatc 3’ 
 
5’ agaaactggccaggcgtggt 3’ 

 

Side B 

 
Primers used to insert loxP2-Neo-loxP3 
 
Tbc-loxP2-Neo-
loxP3-pL452-F 
 
Tbc-loxP2-Neo-
loxP3-pL452-R 

5’ ttttt ttttttttaa atctgttatg  cttgatcttg acttttaccg cagtgatcta ggagtctgga acattttccc 
TCATATT CAATAACCCT TAATATAA 3’ 
 
5’aaagccaatgcgaggggtgctcctggcaagcctggccttagtacagagttcagggtcaacatgcaaaatgtt
aaa tggatc ccctcgaggg acctaataa 3’ 

Primers used to check the insertion of loxP2-Neo-loxP3 
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BAC DNA 5’ F 
 
Neo Start R 

 
5’ cca cca atc tca gta acc att 3’ 
 
5’ gca atc cat ctt gtt caa tg 3’ 

 

Side A 

 

Neo End F 

BAC DNA 3’ R 

 
5’ gcagcgcatcgccttctatc 3’ 
 
5’ aac cca gaa tcc taa ggt cattt 3’ 

 

Side B 

 
Primers used to insert DTA/Ampr 

 
DTA/Amp-F 

 
DTA/Amp-R 

5’ cagaacttaa aaaataagcaagaaaatcat gtaccaagta tccaaagcat gtgtgtcacc 
tccccctctagcctcaaacc CGGTCCGCTCTAGAACTACG 3’ 
 
5’Agagctggatagcaggcgtgtgacatcacaagtggcttggtgttgttttgttttgagatagtcttactttgtagct
cagg GAGTAAACTTGGTCTGACA 3’ 

Primers used to check the insertion DTA/Ampr  

BAC DNA 5’ F 
 
DTA/A Start R 

 
5’ caa gtt tgg gct ggt aat gt 3’ 
 
5’ Tgt gca gga aat cgt gtc ag 3’ 

 

Side A 

 

DTA/A End F 

BAC DNA 3’ R 

 
5’ Agtcaggcaactatggatga 3’ 
 
5’ cat gct gtg cgc tgt tc 3’ 

 

Side B 

 
 
Table 4.1. Primers used in the generation of Tbc1d10c BAC transgenic and 
Tbc1d10c conditional knockout mice.  Nucleotides in blue indicate homologous arms. 
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General discussion 

The skin is an ideal organ to study stem cells because it is a home to many 

different cell lineages, including epithelial keratinocytes, fibroblasts, myeloid and 

lymphoid lineage leukocytes, neuronal cells involved in detecting mechanosensation and 

pain and more. Among these various cell lineages, epithelial and mesenchymal lineages 

are thought to be maintained by stem cells in the skin. Epithelial stem cells are permanent 

residents of the skin with unlimited proliferative and self-renewing capacities. They are 

multipotent cells that are responsible for maintaining all epithelial lineages, which 

include the IFE, HF, SG, and epidermal Merkel cells. Current studies suggest the 

existence of a highly regionalized stem and progenitor cell niche system in the skin, 

where a particular epithelial progenitor population primarily displays unipotent or 

bipotent behavior by contributing to their local niche under homeostatic conditions 

(Braun et al., 2006; Yan et al. 2008; Ambler et al., 2009; Watt et al., 2009). Interestingly, 

some of these populations can also contribute to lineages beyond their local niche in 

response to wounding or other traumas. There has been an increasing implication for 

stem cells being the target cells for skin cancers, due to their inherent properties shared 

by tumor cells (Malanchi et al., 2008; Lapouge et al., 2011). A better understanding of 

the organization of this multi-niche system, as well as the discrete signals that regulate 

this organization, will greatly enhance our ability to treat skin diseases that may rise from 

a distinct epithelial compartment, including skin cancers.  

The fundamental goal of my thesis studies was to identify and characterize 

epithelial progenitor niches in skin. As mentioned above, a particular epithelial 

progenitor population only contributes to their local niche during homeostasis, and 
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therefore, it is likely that there are additional epithelial progenitor populations yet to 

be discovered. As a starting point, our lab performed immunofluorescent labeling for α6 

integrin, Sca-1, and CD34 surface proteins in adult murine dorsal skin to profile their 

expression patterns. Immunofluorescence studies led to the identification of UI cells, 

located directly above the bulge region of the HF, based on its unique expression profile 

of α6low Sca-1- CD34- cells. FACS-purified primary UI cells from adult murine skin were 

subjected to in vitro and in vivo assays to examine their potential as an epithelial 

progenitor population. Our results collectively suggested that UI cells were epithelial 

progenitors that were highly clonogenic in vitro and multipotent in vivo under 

regenerative conditions. We also examined the transcriptional profile of UI cells by 

subjecting them to microarray analysis, and identified a uniquely upregulated gene, 

Tbc1d10c, which we selected to utilize as a UI marker to further characterize UI cells.  

My thesis studies began with validating our transcriptional profile of UI cells. 

Immunofluorescent labeling for Tbc1d10c confirmed its exclusive expression in UI 

keratinocytes of the HF. In order to further characterize UI cells in vivo, I generated UI-

specific EGFP reporter mice, as well as UI-specific Cre transgenic mice, both of which 

were driven by the Tbc1d10c promoter (Chapter IV).  

In addition, with help from our collaborator, Dr. Ellen Lumpkin, I unexpectedly 

identified the presence of a neural complex, called palisade nerve endings (PN), which 

completely surrounded UI keratinocytes in the HF. The structure of PN was previously 

described by electron microscopic studies, and was thought to function in detecting hair 

deflection in skin; however, their exact role or any mechanism involved still remains 

elusive. I performed comprehensive immunofluorescence studies to characterize the PN 
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complex and to investigate if there was any relationship between UI cells and PN. My 

immunofluorescence studies confirmed previous ultrastructural studies and additionally 

revealed a new piece of information. Within well-organized palisades of nerve fibers that 

wrapped around UI, glutamate-containing vesicles were present. Moreover, the terminal 

Schwann cell ring of the PN complex expressed specific glutamate receptors. Next, I 

attempted to elucidate the directionality of glutamate flow and its role in PN by 

abolishing glutamate transport within these nerve fibers in Wnt1-Cre;Vglut2-/- transgenic 

mice (Chapter II).  

In Chapter III, I identified and characterized another epithelial progenitor 

population, located within touch domes (TD) of the IFE, in collaboration with Magda 

Stumpfova, a graduate student who studied CD200 surface marker in our lab. We 

unexpectedly found that both Tbc1d10c and CD200 were exclusively expressed in the 

columnar-shaped keratinocytes in TD, which were positioned directly above 

neuroendocrine Merkel cells in the epidermis. In the remainder of the IFE, Tbc1d10c and 

CD200 expression was absent. Epidermal Merkel cells descend from epithelial 

progenitors, but the identity of their progenitor was yet to be discovered (Morrison et al., 

2009; Van Keymeulen et al., 2009). We speculated that the columnar keratinocytes 

overlying Merkel cells in TD might be Merkel cell progenitors. Therefore, we purified 

touch dome keratinocytes (TDKCs) by FACS, based on their expression profile of α6 

integrin+ Sca-1+ CD34- CD200+, and subjected them to various assays to test our 

hypothesis. Our results indicated that TDKCs were bipotent progenitors in the IFE that 

gave rise to both Merkel cell and squamous cell lineages under regenerative and 

homeostatic conditions. The TD progenitor population was further subjected to 
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microarray analysis, which revealed ~1,500 differentially regulated genes in the TD 

progenitors, compared to the remainder of the IFE. For the second part of Chapter III, I 

validated our microarray analysis by immunofluorescence studies. I selected six 

candidates from TD-specific upregulated genes, and performed immunofluorescent 

labeling. Upregulation of two candidates (Krt6 and Krt17) out of the six was validated.   

In Chapter IV, in addition to the Tbc1d10c transgenic mouse models briefly 

mentioned above, I also generated Tbc1d10c complete knockout mice, in which 

Tbc1d10c exons III through VI were excised. I wanted to investigate if Tbc1d10c played 

a role during skin development and homeostasis, as it was exclusively present in UI and 

TD progenitor cells in skin. The ablation of Tbc1d10c was validated at both RNA and 

protein levels in Tbc1d10c complete knockout mice.    

 

UI progenitors and palisade nerve endings  

My detailed immunofluoresence studies in Chapter II revealed the unexpected 

presence of the PN complex around the UI region of the HF. It is specifically positioned 

outside of UI keratinocytes, and its nerve fibers and terminal Schwann cells innervate UI 

keratinocytes. The structure of PN is already described by electron microscopic studies; 

however, its function in the HF is still unclear. My immunofluorescence studies 

uncovered a critical aspect of PN: the presence of glutamate in NF-H+ nerve fibers. I 

further discovered that NMDAR was expressed by terminal Schwann cells (both type I 

and II) in PN. Moreover, by investigating P0 skin of Wnt1-Cre;Vglut2-/- mice, I also 

revealed that glutamate was being transported to the HF via NF-H+ nerve fibers, and its 

secretion was critical for the organization of Schwann cells in the developing HF. 
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Although the relationship between UI keratinocytes and PN still needs to be studied, 

the presence of PN in UI implicates that there is more function ascribed to UI cells in 

addition to being epithelial progenitors.  

 

TD keratinocytes as Merkel cell progenitors 

The confined expression of Tbc1d10c and CD200 in TD keratinocytes suggested 

that TD keratinocytes were phenotypically distinct, compared to the remainder of the 

epidermis. Moreover, their position overlying Merkel cells made them an attractive 

candidate for epidermal Merkel cell progenitors. In Chapter III, in collaboration with 

Magda Stumpfova, I purified TD keratinocytes by FACS and subjected them to skin 

reconstitution assay to test their multipotency. We also performed in vivo lineage tracing 

for TD keratinocytes by EdU incorporation. Our results collectively suggested that TD 

keratinocytes were bipotent progenitors that gave rise to both squamous and 

neuroendocrine epidermal lineages.  

It is reported that an abundance of CD200 expression provides immune privilege 

to the host, and CD200 is also a hallmark of metastatic squamous cell carcinoma 

(Stumpfova et al., 2010). In the future, it is worth investigating whether CD200-

expressing TD progenitors contribute to MCC development when they are transformed 

by MCV.   

 

Tbc1d10c transgenic and knockout mouse models and their future directions   

In Chapter IV, I generated a Tbc1d10c-driven Cre transgenic mouse model 

construct by employing the BAC recombineering method. This Tbc1d10c-IRES-CreERT2 
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BAC construct has been submitted to the transgenic facility for microinjection, and I 

am waiting to obtain Tbc1d10c-IRES-CreERT2 founders. Once the founders are identified, 

their functionality will be tested by crossing them to R26R-EYFP or R26R-LacZ reporter 

mice. In Tbc1d10c-IRES-CreERT2;R26R-EYFP (or LacZ) double transgenic mice, I 

expect UI and TD keratinocytes to be EYFP+ (or LacZ+) following tamoxifen treatment. 

In vivo lineage tracing for UI cells will be conducted in Tbc1d10c-IRES-CreERT2;R26R-

EYFP (or LacZ) double transgenic mice to determine the contribution of UI cells during 

skin development and homeostasis.  

In addition to this Tbc1d10c transgenic mouse model, I also generated Tbc1d10c 

complete knockout mice, in which exons III through VI were deleted. This deletion was 

expected to cause a frameshift mutation and introduce an early stop. Truncated Tbc1d10c 

would no longer contain calcineurin- and Ras-interacting domains, and would be unable 

to mediate its function as a GTPase-activating protein. I have validated the excision of 

exons III-VI in Tbc1d10c complete knockout mice by RT-PCR and Western blotting. For 

future studies, I am going to investigate whether Tbc1d10c plays a role during skin 

development and homeostasis by closely examining the integrity of the skin and the hair 

growth cycle in Tbc1d10c complete knockout mice.  
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