
IIINNNSSSTTTIIITTTUUUTTT   FFFÜÜÜRRR   IIIMMMMMMUUUNNNOOOLLLOOOGGGIIIEEE   

LLL EEE III TTT EEE RRR :::    PPP RRR OOO FFF ...    DDD RRR ...    HHH ... RRR ...    RRR OOO DDD EEE WWW AAA LLL DDD    

 

 

TTTOOOWWWAAARRRDDDSSS   TTTHHHEEE   IIIDDDEEENNNTTTIIIFFFIIICCCAAATTTIIIOOONNN   OOOFFF   TTTHHHEEE   

TTTHHHYYYMMMUUUSSS   SSSEEEEEEDDDIIINNNGGG   PPPRRROOOGGGEEENNNIIITTTOOORRR:::   

“““FFFAAATTTEEE   MMMAAAPPPPPPIIINNNGGG”””   OOOFFF   EEEAAARRRLLLYYY   TTT---CCCEEELLLLLL   SSSTTTAAAGGGEEESSS   

UUUSSSIIINNNGGG   GGGEEENNNEEE   “““KKKNNNOOOCCCKKK---IIINNN”””   SSSTTTRRRAAATTTEEEGGGIIIEEESSS   

 

 

 

zur Erlangung des Doktorgrades 

Humanbiologie 

vorgelegt der Medizinischen Fakultät der Universität Ulm 

Universitätsklinikum Ulm 

 

 

 

 

von Hervé LUCHE 

aus Saint-Just en Brie, France 

Ulm 2007 

 

 
 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amtierender Dekan: Professor Dr. K.-M. DEBATIN 

Berichterstatter 1:  Professor Dr. H.J. FEHLING 

Berichterstatter 2: Professor Dr. T. WIRTH 

 

Tag der Promotion: 15/06/07 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

À Marie et Camille 

 

 



-i- 

CONTENTS 

CONTENTS I 

ABBREVIATIONS IV 

INTRODUCTION 1 

1. CURRENT VIEWS IN T-CELL DEVELOPMENT 2 
1.1. T-CELL PRECURSORS ARE BONE MARROW-DERIVED AND MATURE IN THE THYMUS 2 
1.2. FROM BONE MARROW TO BLOOD: THE THYMUS SEEDING PROGENITOR (TSP) 8 
1.3. αβ-TCR THYMOCYTE DEVELOPMENT AND IMMATURE SUBSETS 9 
1.4. HETEROGENEITY OF DN1 AND EARLY T-CELL PROGENITOR (ETP) 10 
1.5. DEVELOPMENT OF γδ-TCR-EXPRESSING THYMOCYTES34 11 
1.6. DEVELOPMENT OF THE NK-T CELL LINEAGE 12 
2. PRE-TCR ALPHA-CHAIN: A GOOD MARKER FOR EARLY T-CELL DEVELOPMENT 12 
2.1. THE PTα GENE AND PRE-TCR STRUCTURE 12 
2.2. PTα EXPRESSION PATTERN 13 
2.3. ROLE OF THE PTα CHAIN DURING αβ T-CELL DEVELOPMENT 15 
2.4. LIMITATIONS TO THE DIRECT USE OF PTα AS A CONVENIENT MARKER FOR EARLY T LINEAGE CELLS 16 
3. THE USE OF LINEAGE TRACING TECHNIQUES TO IDENTIFY DEVELOPMENTALLY INTERESTING CELL 

POPULATIONS 17 
3.1. TRANSGENESIS 17 
3.2. GENE TARGETING AND KNOCK-IN ANIMALS 18 
3.3. CONDITIONAL GENETIC MODIFICATIONS USING THE CRE/LOXP SYSTEM 20 
3.4. SUCCESFUL FATE MAPPING OF HEAMATOPOIETIC PROGENITORS USING "KNOCK-IN" MICE 22 
4. CRE-ACTIVATED ROSA26 REPORTER MOUSE STRAINS 23 
4.1. THE ROSA26 LOCUS 24 
4.2. COMMONLY USED FLUORESCENT REPORTERS IN LIVE CELL IMAGING 24 
4.3. DSRED, AN ALTERNATIVE TO EGFP AND EYFP 26 
4.4. ENGINEERING OF DSRED FOR OPTIMAL EXPRESSION IN MICE 27 

AIM OF THE PROJECT 29 

MATERIALS 31 

5. CHEMICALS, REAGENTS AND CONSUMABLE MATERIALS 31 
6. KITS  32 
7. PLASMID VECTORS 32 
8. SYNTHETIC OLIGONUCLEOTIDES 33 
8.1. PRIMERS FOR PCR AND SEQUENCING 33 
8.2. LINKERS FOR CLONING 35 
9. FREQUENTLY USED BUFFERS AND SOLUTIONS 36 
10. CULTURE MEDIA 37 
10.1. FOR BACTERIAL GROWTH 37 
10.2. FOR MAMMALIAN CELL CULTURE 37 
11. BACTERIAL STRAINS, CELL LINES AND ANIMALS 38 
11.1. BACTERIAL STRAINS 38 
11.2. MAMMALIAN CELL LINES 38 
11.3. MOUSE STRAINS 38 



-ii- 

12. ANTIBODIES 39 
13. COMPUTER ANALYSIS 40 

METHODS 42 

14. MOLECULAR BIOLOGY METHODS 42 
14.1. ESCHERICHIA COLI HEAT SHOCK TRANSFORMATION 42 
14.2. POLYMERASE CHAIN REACTION (PCR) OF DNA FRAGMENTS 42 
14.3. SEQUENCING 43 
14.4. SEMI-QUANTITATIVE RT-PCR 44 
14.5. SOUTHERN BLOT 45 
15. MAMMALIAN CELL CULTURE 46 
15.1. BHK-21 MAINTENANCE 46 
15.2. NEOR MURINE EMBRYONIC FEEDER (MEF) PREPARATION AND MAINTENANCE 46 
15.3. MAINTENANCE AND GENETIC MANIPULATION OF ES CELLS 47 
16. GENERATION OF KNOCK-IN MOUSE LINES 49 
16.1. CONSTRUCTS USED FOR GENE TARGETING 49 
16.2. GENERATION OF PTα TARGETING CONSTRUCTS 53 
16.3. PLASMID DNA PREPARATION FOR GENE TARGETING 56 
1166..44.. SELECTION OF RECOMBINANT ES CLONES 56 
16.5. PICKING AND GROWING ES COLONIES IN 96-WELL PLATE FORMAT 57 
16.6. SINGLE ES CELL CLONE PROPAGATION 57 
16.7. DNA EXTRACTION AND SCREENING OF TARGETED CLONES 57 
16.8. CHARACTERIZATION OF TARGETED CLONES BY SOUTHERN 58 
16.9. IN VITRO DELETION OF THE NEOR CASSETTE IN TARGETED CLONES 60 
16.10. RECOMBINATION MEDITATED CASSETTE EXCHANGE (RMCE) IN ROSA26-RFP ES CELLS 61 
16.11. GENERATION OF MOUSE MUTANTS FROM TARGETED ES CELLS 61 
17. ANIMAL PROCEDURES 63 
17.1. ANIMAL MAINTENANCE 63 
17.2. MOUSE GENOTYPING 63 
18. IMMUNOLOGICAL METHODS 65 
18.1. HEMATOPOIETIC CELL ISOLATION FROM MOUSE TISSUES 65 
18.2. IMMUNOSTAINING, FLOW CYTOMETRY AND CELL SORTING 67 
18.3. 5-FLUOROURACYL (5-FU) INJECTION IN MOUSE 67 
18.4. IMMUNO-HISTOCHEMISTRY (IHC) 68 
19. IMAGING PROCEDURES 68 
19.1. FLUORESCENCE STEREOMICROSCOPY 68 
19.2. FLUORESCENCE STEREOSCOPY 69 
19.3. WHOLE BODY FLUORESCENCE IMAGING 69 
19.4. CONFOCAL MICROSCOPY 69 

RESULTS 70 

20. GENERATION OF A REPORTER MICE WITH CRE INDUCIBLE RFP EXPRESSION 70 
20.1. DSRED2 "KNOCK-IN" IN THE ROSA26 LOCUS 70 
20.2. USE OF HCRED1, A FAR-RED FLUORESCENT REPORTER 76 
20.3. TDRFP, THE OPTIMAL RFP REPORTER FOR LINEAGE TRACING EXPERIMENT 78 
21. GENERATION OF A T-CELL SPECIFIC DELETER LINE : THE PTα-ICRE KNOCK-IN MOUSE 86 
21.1. HCRE TARGETING IN THE PTα LOCUS OF E14.1 ES CELLS 86 
21.2. ICRE TARGETING INTO 5' UTR OF PTα GENE 87 
21.3. ICRE TARGETING INTO THE FIRST EXON OF PTα 88 
22. CRE-INDUCIBLE ROSA26-RFP MOUSE: ONE REPORTER FOR MULTIPLE APPLICATIONS 95 
22.1. CHARACTERISTICS OF ROSA26-RFP MICE PRIOR CRE-ACTIVATION 95 
22.2. GERMLINE ACTIVATION OF THE ROSA26-RFP REPORTER IN THE MOUSE 95 
22.3. STRONG UBIQUITOUS EXPRESSION OF TDRFP IN ROSA26-RFP MICE 97 
22.4. 100% OF CELLS ARE LABELED IN ROSA26-RFP MICE 99 



-iii- 

22.5. INDUCIBLE ACTIVATION OF ROSA26-RFP IN T-CELL SPECIFIC CRE DELETER MICE 101 
22.6. FULL COMPATIBILITY OF TDRFP WITH EGFP AND EYFP FLUORESCENT REPORTER 103 
22.7. ROSA26-RFP CELLS ARE PRIMED FOR RECOMBINASE MEDIATED CASSETTE EXCHANGE (RMCE) 103 
23. THE PTα-ICRE DELETER MOUSE: A RELIABLE CRE KNOCK-IN STRAIN FOR EFFICIENT GENOME 

MANIPULATION IN T-LINEAGE CELLS 106 
23.1. NON-TOXICITY OF ICRE-EXPRESSION IN PTα-ICRE DELETER MICE 106 
23.2. SPECIFIC LABELLING OF LYMPHOID ORGANS IN PTα-ICRE X ROSA26-RFP MICE 106 
23.3. SPECIFIC REPORTER ACTIVATION IN ALL T-RELATED LINEAGES OF PTα-ICRE X ROSA26-RFP MICE 109 
23.4. PTα-ICRE MARKS DENDRITIC EPIDERMAL T-CELLS (DETC) IN THE MURINE SKIN 113 
23.5. PTα-ICRE EXPRESSION LABELS EXTRATHYMIC T CELL DEVELOPMENT 116 
24. PTα-ICRE MARKS EFFICIENTLY EARLY STAGES OF T-CELL DEVELOPMENT 119 
24.1. ONSET OF PTα-ICRE–MEDIATED REPORTER ACTIVATION IN THE THYMUS 119 
24.2. PTα-ICRE: A SUPERIOR TOOL FOR CRE-MEDIATED GENOMIC MODIFICATIONS IN THE T-CELL LINEAGE 122 
24.3. CELLS EXPRESSING TDRFP IN THE BONE MARROW OF PTα-ICRE X ROSA26-RFP MICE 124 

DISCUSSION 127 

25. CRE-INDUCIBLE ROSA26-RFP REPORTER STRAIN 127 
26. THE PTα-ICRE-DELETER STRAIN AND T- LINEAGE TRACING 131 

SUMMARY 139 

REFERENCES 141 

ACKNOWLEDGMENTS 150 

CURRICULUM VITAE 151 



-iv- 

ABBREVIATIONS 

BAC Bacterial artificial chromosome 
BM: Bone marrow 
CLP: Common lymphoid progenitor 
DC: Dentritic cell 
DN: Double negative 
DNA: Deoxyribonucleic acid 
DP: Double positive 
ECFP: Enhanced cyan fluorescent protein 
EGFP: Enhanced green fluorescent protein 
ELP: Early lymphoid progenitor 
ES: Embryonic stem cell 
ETP: Early T-cell progenitor 
EYFP: Enhanced yellow fluorescent protein 
MEF: Murine embryonic feeder cell 
FACS: Fluorescence activated cell sorting 
FITC: Fluorescein isothiocyanate 
GvHD: Graft versus host disease 
HSC: Hematopoietic stem cell 
KI: Knock-in allele 
KO: Knock-out allele 
LIF: Leukemia inhibitory growth factor 
LSK: Lineage marker-, Sca-1+, c-Kit-R+ cell 
MPP: Multipotent progenitor 
NK: Natural Killer 
NKT: Natural Killer T-cell 
PB: Peripheral blood 
PCR: Polymerase chain reaction 
pTα: pre-TCR alpha chain 
p(A)n: polyadenylation signal 
RAG: Recombination activated gene 
RMCE: Recombination mediated cassette exchange 
RFP: Red fluorescent protein 
ROSA: Reverse-Orientation-Splice-Acceptor 
SCID: Severe combined immunodeficiency 
Sca-1: Spino-cerebellar antigen-1 
TCR: T-cell receptor 
tdRFP: Tandem-dimer RFP 
TR: Texas Red 
TSP: Thymus seeding progenitor 



 

- 1 - 

INTRODUCTION 

 Although thymocyte development is one of the best studied paradigms of 

cellular differentiation in higher eukaryotes, the nature and developmental 

potential of the cells that seed the thymus throughout life is still elusive, despite 

more than 20 years of intense research. Shedding new light on the developmental 

steps linking hematopoietic stem cells (HSCs) to T cells is of therapeutic concern 

because it might help (i) to better understand the process of malignant 

transformation in T-lineage cells, (ii) to reduce patients susceptibility to infections 

after immunotherapy by accelerating the onset of T cell reconstitution, and (iii) to 

avoid ultimately graft versus (vs) host disease (GvHD) following allogenic bone 

marrow (BM) transplantation. Recent expansion of publications and reviews1-8 

addressing this question illustrates the increasing interest of the scientific 

community in the early steps of T-cell development. Two equally plausible 

scenarios are currently competing. On one side, the thymus is seeded by cells with 

unrestricted lineage capacity, or at least the capacity to generate multiple 

lineages. On the other side, commitment to the lymphoid lineage occurs in the BM 

before thymic entry. One of the main limitations which restricted this research was 

the need to study minute populations of cells encompassing the earliest precursor 

of T cells among very complex populations of hematopoietic cells. 

 

 Technical improvements, such as magnetic bead cell depletion or multicolor 

high speed cell sorting, make it now possible to extensively dissect these complex 

populations and determine the differentiation potential of very small 

subpopulations of cells in culture or transplantation experiments. However, 

success in this quest remains tightly bound to the correct combination of defined 

set of antigens found on the cell surface, which expression pattern would ideally 

suit solely the earliest T-cell precursor. Alternatively, engineering of recombinant 

markers via gene targeting could help better delineating progenitor populations in 

the bone marrow. I will first review the current "state of research" in early T-cell 

development to stress the need for new T-lineage markers, and then describe the 

fate mapping strategy we followed to mark early T-cells, which is based on the 

generation of two knock-in mouse lines via gene targeting. 
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1. CURRENT VIEWS IN T-CELL DEVELOPMENT 

1.1. T-cell precursors are bone marrow-derived and mature in the 

thymus 

 The importance of the thymus in immunity was first discovered in mice 

through surgical removal of the thymus at birth (thymectomy), as it resulted in 

immunodeficient animals due to the lack of T-cell production9. The thymus is 

unable to support long-term self-renewal of T-cell progenitors. Hence, when 

thymocytes are transferred either intrathymically or intravenously, they only give 

rise to transient thymocyte production10. Parabiosis experiments, in which the 

blood circulation of two mice is connected, showed that cells residing in the 

thymus can only sustain thymocyte production for 6 to 8 weeks11. Only BM 

transplantation experiments following lethal or sub-lethal whole body irradiation 

could maintain stable thymopoiesis12. Among others, Zinkernagel et al.13 illustrated 

the interdependence of thymus and BM using tissue graft experiments between 

two distinct mouse mutants lacking T-cells (Fig. 1). 

 
Figure 1: T cells develop in the thymus but derive from progenitor cells residing in the bone marrow. 
Due to a defect in thymic epithelial cell development, nude mice lack a functional thymus impairing the development of 
mature T-cells. Upon intravenous injection of bone marrow cells from a nude mouse into a T-cell deficient recipient animal 
(such as SCID mice), bone marrow derived progenitors of nude mice can rescue long-term production of full mature T-cells. 
This result implies that the host thymus is required for mature T cell production and is seeded by progenitors residing in the 
bone marrow. 
 
 

 The athymic nude mouse presenting a defect in thymic epithelium 

development, and the severe combined immuno-deficiency or scid mouse deprived 

of mature B and T lymphocytes because of a defect in T-cell receptor gene 

http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=imm.glossdiv.3397#3299
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rearrangement. Transplantation of BM cells from nude mice could restore T-cell 

production in scid mice showing that the nude BM cells are intrinsically normal and 

capable of producing T-cells but need a functional thymus to fulfill complete T-cell 

development. 

 

 Most of the work performed over the last decades to improve our 

understanding of pre-thymic T-cell progenitors has been focused on the 

characterization of BM subsets that have T-cell potential. A perplexing diversity of 

potential lymphoid progenitors has surfaced. In adult mouse BM, cells with 

efficient T lineage precursor activity have been identified within the hematopoietic 

stem cell (HSC) population and in downstream progenitor populations (Table 1). 

Cells with T lineage precursor activity following adoptive intrathymic injection have 

been found within (i) the multipotent progenitors (MPP)14, 15, (ii) subsets of these 

MPP cells called L-selectin progenitor (LSP)16 and early lymphocyte progenitor 

(ELP)17 , and (iii) common lymphoid progenitor (CLP)18 (Fig. 2). It is unknown 

which of these cells if any seed the thymus physiologically. It remains equally 

possible that the thymus is seeded not only by one but various types of 

progenitors characterized by different lineage potential and efficiency to commit to 

the T-cell lineage8. 

 
Table 1: Early haematopoietic progenitors in the bone marrow and thymus 
 

 
HSC: hematopoietic stem cell, LT: long term, ST: short term, L-MPP: lymphoid-primed multipotent progenitor, ELP: early 
lymphocyte progenitor, CLP: common lymphoid progenitor, TSP: thymus seeding progenitor , ETP: early thymic progenitor. 
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1.1.1. Hematopoietic stem cells (HSC) 

 HSC were found in the population of cells that did not express lineage 

markers (Lin-) of the bone marrow and were originally defined as Lin-

Sca-1+c-Kit+19 (so-called LSK cells). This population is heterogeneous in capacity 

to produce long-term reconstitution of the hematopoietic system as well as in 

surface antigen expression (Table 1). The HSC population can be further 

separated into three subpopulations representing stages of differentiation 

according to a progressive loss of ability to self-renew. The most primitive 

long-term reconstituting cells (LT-HSC) constitute 0.005% – 0.01% of mouse bone 

marrow and can self-renew virtually for life; the short-term HSCs (ST-HSC) have a 

limited self-renewal capacity while multipotent (lympho-myeloid) progenitors 

(MPP) do not significantly self-renew. 

1.1.2. Multipotent progenitors (MPP) 

 MPPs have been isolated from the HSC pool using the expression of the 

cytokine tyrosine kinase receptor Flt-3, as LT- and ST-HSCs lack Flt-3R 

expression14. These Lin-Sca-1+c-Kit+Flt3+ cells represent 50% of the LSK HSC 

compartment. Upon transplantation of the Flt-3+ subset, faster (2 weeks) 

lymphoid reconstitution was achieved in comparison to LT- and ST-HSC5, 14. Flt3+ 

cells have lost the ability to adopt erythroid and megakaryocytic lineage fates20 but 

still retain the potential to generate lymphoid and myeloid cells. 

1.1.3. Common lymphoid progenitor (CLP) 

 Because of the pivotal role of the IL-7R-mediated signals in lymphoid 

development, Kondo et al. searched for a more lymphoid committed progenitor 

using IL-7Rα expression as marker18. The IL-7Rα+ fraction of Lin- BM cells 

contained a population of Sca-1loc-KitloCD90.1- cells that constituted up to 0.02% 

of total bone marrow cells. The Lin-Sca-1loc-KitloCD90.1-IL-7Rα+  population in the 

BM (Fig. 2) possesses rapid (10 days after adoptive transfer) and prominent 

short-term lymphoid-restricted (T, B, and NK cells) reconstitution activity. 
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Figure 2: Identification of IL-7Rα+ Common lymphoid progenitors (CLPs) in mouse bone marrow. 
The cells that stained in the negative to low range for lineage markers (CD45R, CD4, CD8, CD3, Gr-1, CD11b, and TER119) 
were subdivided into IL-7Rα positive and negative fractions (left). Sca-1 and c-Kit profiles of IL-7Rα+ fraction showed the 
presence of Lin-IL-7Rα+Sca-1loc-Kitlo cells. 90% of these cells were CD90.1- and contained the CLP activity. 
 
 

 A clonogenic analysis of the cells revealed that single CLP could 

differentiate into both T and B cells. Phenotypic and functional analyses support 

that CLP derive directly from MPP cells15. 

1.1.4. L-selectin progenitor (LSP) 

 Separation of the MPP population based on L-selectin (CD62L) expression 

resolved two significant populations16. The smaller CD62L- fraction harbors a very 

high degree of B-lineage potential, along with high T-cell potential and notable 

myeloid potential. In contrast, the CD62L+ fraction contains robust T-lineage 

progenitor activity, with minor B-lineage and myeloid potential similar to the 

thymic ETP. Furthermore, in vivo analysis showed that these L-selectin positive 

progenitors (LSP) colonize the thymus with wave-like kinetics reminiscent of 

normal thymic seeding16. 

1.1.5. Early lymphoid progenitor (ELP) 

 Cells with similar properties can be identified and sorted to high purity from 

knock-in mice with one GFP marked rag-1 allele21. As Rag proteins are required for 

normal immunoglobulin gene rearrangement in B and T cell development, Igarashi 

et al. 17 have evaluated T/B-cell precursor potential of several Lin- BM 

sub-population fractions of Rag-EGFP knock-in mice. Over 90% of CLP (Lin-

Sca-1loc-KitloCD90.1-IL-7Rα+) cells in the bone marrow were expressing Rag-EGFP. 

However, 40% of the Lin-c-KitLoGFP+ cells had no detectable levels of IL-7Rα 

which indicates heterogeneity of lymphoid primed precursors in the bone marrow. 
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GFP labeling was found in 3 to 5% of Lin-c-Kit+Sca-1+ cells17 together with DH-JH 

re-arrangement products suggesting that the rag-1 locus becomes active as early 

as the HSC stage. GFP/Rag expressing progenitor cells were shown to be Flt-3R+ 

and to represent less than 0.002% of the nucleated cells in bone marrow of 

normal mice. This subset has been called early lymphoid progenitor (ELP). 

Although MPP and ELP can both give rise to myeloid and lymphoid progeny, ELPs 

are said "lymphoid-primed" as they express rag-1 gene17, a hallmark of the 

lymphoid genetic program. The degree of overlap of ELP with LSP has not yet 

been evaluated. 

1.1.6. Physiological relevance of these BM lymphoid progenitors 

 It has been long inferred that CLP, the most lymphoid-committed 

progenitor population of the murine BM, were the physiologically relevant thymus 

seeding progenitor (TSP). Several experiments performed in other laboratories 

now question this finding5. Direct comparison of the T-cell potential of MPP and 

CLP showed that CLP could only briefly sustain the production of T cells upon 

intrathymic transplantation (2 weeks) in contrast to MPP (more than 4 weeks), 

inferring that CLP is not the most efficient BM progenitor population for thymocyte 

production. The fact that thymopoiesis was not affected in Ikaros-/- mice, which 

lack CLP cells in their BM5 strongly suggests that CLP and TSP are not 

developmentally linked. It is thus tempting to think that the CLP might play only a 

marginal role in early T-cell development, if any at all. Alternatively, CLP may first 

differentiate in the BM into one or more phenotypically distinct subset(s) that will 

subsequently home to the thymus. The recent identification of a new subset of BM 

progenitors with T/B lineage potential that can efficiently enter the thymus and 

give rise to T cells support this view22. Using conventional transgenesis, Gounari et 

al.22 engineered a mouse expressing the human CD25 (hCD25) marker as a 

reporter driven by the pre-T cell receptor α-chain (pTα) promoter and enhancer 

sequences. In these transgenic mice, Lin-Sca-1+c-Kit-IL-7Rα-B220+CD19- cells 

(later referred to as CLP-2) were labeled. Short-term culture assays proved that 

CLP-2 directly arise from a fraction of CLP expressing the hCD25 transgene at the 

cell-surface. 
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Figure 3: Tissue distribution of the bone marrow progenitor cells described so far with T-cell potential. 
Many bone marrow progenitor cells are possible candidates for the putative thymus seeding progenitor. ST-HSC and LMPP 
are certainly present in peripheral blood whereas CLP and CLP2 have not yet been detected. However, CLP2 has been 
found to home really efficiently to the thymus, which could explain the virtual absence of this progenitor population in the 
peripheral blood. Thus, the identity of the TSP is still debated. It remains also fairly possible that more than one progenitor 
population seed the thymus under physiological conditions to give rise to ETP. Question-marks mark the current 
uncertainties about the developmental link and/or the identity of several T-cell precursor populations. 
 
 

 The labeled population contained clonogenic precursors for T and B cells 

but had no myeloid potential, at least in short-term assays22. Finally, Scimone et 

al. 23 reported that upon short-term adoptive transfer, CLP-2 were the most 

efficient cells to seed the thymus than any other BM-derived progenitors. 

However, Bhandoola et al.2 mentioned that this result could be also explained by 

homing of plasmacytoid dendritic cells (pDC) which are also included in CLP-2 

population24. This observation stresses the necessity to further refine the 

phenotype of CLP-2. 

 

 Altogether, these contradictory results emphasize that the identity of the 

main progenitor subset migrating from the BM to the thymus remains unclear 

(Fig. 3). If multiple pathways for T-lineage development exist, the degree to which 

each pathway contributes to the mature T-cell pool should be determined. 

Considerations for such an analysis must include thymic homing, intrathymic 

expansion, and degree of contribution to peripheral T-cell pools. A first step 

towards unravelling whether multipotent MPP, "lymphoid-primed" ELP and LSP 
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subsets, or lymphoid restricted CLP-2 subsets are responsible for the main T-cell 

production in the thymus would be to determine where T cell commitment takes 

place, in the bone marrow, blood or thymus. 

1.2. From bone marrow to blood: the thymus seeding progenitor (TSP) 

 To maintain thymopoiesis throughout life, thymus seeding progenitors 

(TSP) must be mobilized from BM to peripheral blood (PB) and finally settle in the 

thymus. These TSPs are defined as BM derived circulating progenitor cells which 

are able to give rise to an efficient T-cell production sustained for 6 to 8 weeks 

upon entry in the thymus microenvironment. The precise identity of these 

progenitors settling the thymus from the blood is currently unknown, in part 

because of the rarity of such progenitors in adult mice25. As half-life of progenitors 

in the circulation seems very short26 and the number of circulating progenitors 

very small3, TSP identification has turned out to be extremely difficult. Schwarz et 

al3 have recently reported that only a rare population of circulating LSKFlt-3+ (200 

per adult mouse) could efficiently generate T-cells. This estimation goes along 

with the finding that thymic niches seem to be very limited (~100 to 400 per 

mouse) and intermittently vacant (every 3 to 4 weeks)27. As Rag or CD62L 

expression has not been investigated in the latter study, it is not yet possible to 

tell which subset of MPP corresponds to these LSKFlt-3+ cells. Interestingly, 

Schwarz et al. 3 have not been able to find CLPs circulating in blood suggesting 

that CLPs are unlikely to be the physiological TSP. However, they did not look for 

CLP-2, the subset downstream of CLP. Moreover, Scimone et al.23 argued that 

CLP-2 was expressing potential adhesion molecules that would be required for 

efficient homing of TSPs to the thymus23. It is therefore still possible that CLP1 (or 

CLP2) is not detected in the blood stream as it migrates really rapidly to the 

thymus. Recently, Krueger et al.28 identified in peripheral blood Sca-1+IL7Rα+Flt3-

c-KitloCD90.1hi circulating T cell progenitors (CTP) cells that were already T lineage 

restricted, suggesting that T lineage commitment can occur pre-thymically. Thus, 

similar to the situation in BM, the precise identity of the TSP in the circulation 

remains unclear (Fig. 3). New mouse mutants with specific defects in genes 

required for TSP generation or with artificial markers expressed in the TSP 

population should provide a new approach to re-address this question. 
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1.3. αβ-TCR thymocyte development and immature subsets 

 The development of T lymphocytes involves multiple steps of progressive 

cellular differentiation, selection and lineage commitment. These distinct phases 

are marked by changes in the status of T-cell receptor genes, expression of the 

T-cell receptor, and by changes in expression of cell-surface proteins such as the 

CD3 complex and the co-receptor proteins CD4 and CD8. These changes reflect 

the state of functional maturation of the cell4 (Fig. 4). 

 

 The earliest thymocyte precursors do not yet express CD4 and CD8 and are 

therefore called double negative (DN) cells29. DN cells represent ~ 5% of total 

thymocytes in an adult mouse. Based on the differential expression of CD44, CD25 

and CD117 (c-Kit receptor), DN cells can be further sub-divided into four 

consecutive developmental stages as reviewed by Fehling et al.30. The most 

immature thymocyte precursors reside in the DN1-cell subset (CD4-CD8-CD25-

CD44+). DN2, the next developmental subset (CD4- CD8-CD25+CD44+) lacks B-cell 

potential but still has NK-cell and DC potential in addition to T-cell potential31. At 

the DN3 cell stage (CD4-CD8-CD25+CD44-), immature thymocytes are fully 

committed to the T-cell-lineage. Extensive rearrangement of the T-cell-receptor β 

(tcr-β), tcr-γ, and tcr-δ  loci occurs. DN3 cells with productive TCR-β 

rearrangements express the pre-T Cell Receptor (pre-TCR) at their surface and 

start down-regulating CD25 surface expression. Resulting DN4-cells (CD4-CD8-

CD25-CD44-) give rise to αβ-lineage CD4+CD8+ double positive (DP) cells that are 

short-lived and comprise the vast majority of T-lineage cells in the adult mouse 

thymus (~ 90%). These DP cells initiate rearrangement of the TCR-α locus 

followed by αβ TCR-dependent positive and negative selection to finally give rise 

to single positive (SP) CD4 helper or CD8 cytotoxic T-lymphocytes (Fig. 4). 
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Figure 4: Successive developmental steps in the maturation of αβ-T-cells in the thymus. 
Thymus seeding by the elusive thymus seeding progenitor (TSP) cell leads to the production of a primary thymocyte 
progenitor population called early thymic progenitor (ETP). Either T-lineage commitment is initiated prior/at the level of ETP 
(from a "T-primed" progenitor such as ELP) or ETPs remain multipotent for B, T and NK lineage.  
The ETP population with the highest T-cell potential and proliferation capacity is defined as CD44+CD24-c-Kit+. ETPs give 
rise to DN2 cells (CD44+CD25+) in which the first TCR γ-, δ- and β-chain rearrangements are detected. Next, DN3 cells 
(CD44-CD25+) undergo β-selection. Only the cells with a productive β-rearrangement can mature further thanks to a 
survival signal mediated through the pre-TCR. Resulting DN4 (CD44-CD25-) cells upregulate CD4 and CD8 TCR co-receptors 
to give rise to the DP stage in which the α-chain is rearranged. Most of the DP cells express a non-productive α-chain and 
"die by neglect" as they cannot receive the survival signal delivered from the TCR. Only DP cells engaging antigen/MHC 
complex to a low-affinity via their αβ-TCR will develop further (positive selection). Final maturation either to CD8 or CD4 
single positive cells depends on the class of MHC molecule recognize by the TCR (MHC I and MHC II respectively). DP 
thymocytes with αβ-TCR recognizing antigen/MHC complexes to a high affinity are eliminated by "negative selection" to 
delete potential auto-reactive T-cells. 
Beside this conventional pathway, it remains possible that other progenitor cells could contribute to the early steps of 
thymocyte development via alternative pathways which remain to be characterized. 
 
 

1.4. Heterogeneity of DN1 and early T-cell progenitor (ETP) 

 DN1 cells are highly heterogeneous as they are essentially defined by the 

lack of any T-lineage marker expression32. Thus, CD44+ non-hematopoietic cells 

would be found within DN1. Further fractionation of the DN1 subset according to 

CD117 (c-Kit) surface expression allowed the identification of cells capable of 

10,000 fold population expansion in T-cell related lineages upon intrathymic 

injection5. These LinlowCD44+CD25-CD117hi cells are commonly described as early 

T-cell progenitors (ETP) and comprise ~ 0.01% of total thymocytes in an adult 

mouse. Although the ETP population is considerably enriched for efficient 

lymphoid lineage progenitors, Porrit et al.33 reported an additional level of 

phenotypic and functional heterogeneity. Based on CD24 expression levels, the 

ETP subset was separated in 3 further subsets33. CD24- TN1a and CD24lo TN1b 
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appear to form a precursor/progeny pair that give rise to DN2 and more mature 

thymocytes with conventional kinetics and proliferative expansion (Fig. 5). 

LinlowCD44+CD25-CD117intCD24+ TN1c cells also give rise to T cells, but without 

appreciable levels of proliferation. According to Porrit et al.33, this subset 

represents the only CD117+ DN1 subset with a B lineage capacity. These findings 

seem to settle conflicting results from several other groups5, 24 by showing that 

multiple progenitors with a DN1 phenotype can produce T cells, but possess 

different proliferative potentials and lineage capacities. 

 
Figure 5: Characterization of DN1 subsets (taken from Porrit et al.33) 
A. Standard identification of DN subsets in thymocytes depleted of lineage-positive cells. Rectangular gates used to identify 
DN1 and DN2 cells are shown. B. Representative profile for CD24/CD117 staining in the DN1 subset. For clarity, these are 
subsequently defined as DN1 subsets a–e, as indicted. 
 
 

1.5. Development of γδ-TCR-expressing thymocytes34 

 Knowledge of γδ-T cell development remains limited. Because there is no 

phenotypic marker other than the γδ-TCR itself for tracking thymocytes committed 

to the γδ lineage, delineation of γδ cell development has relied mainly on 

monitoring the expression of γδ-TCR  heterodimer using antibodies that recognize 

epitopes generated by the association of TCRγ and TCRδ chains. Most γδ cells are 

DN and probably diverge from αβ-T cell progenitors before the up-regulation of 

CD4 and CD8 expression. In normal mice, expression of the γδ-TCR can be 

prevented in DP cells by silencing of tcr-γ  expression, as well as by tcr-α 

rearrangement, which deletes the tcr-δ locus. As very few γδ−T cells seem to 

express productive tcr-β genes (~10%)35 and αβ T cells are depleted of in-frame γ 

and δ rearrangements36, αβ vs γδ lineage decision may be made by expression of 
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pre-TCR/γδ-TCR. At present, there are no compelling data to contradict either a 

receptor-instructed or a receptor-independent mechanism of commitment to the 

γδ vs αβ lineage. 

1.6. Development of the NK-T cell lineage 

 NKT cells express markers of both NK and T cells and play an important 

role in the suppression of autoimmune reactions37. Unlike conventional αβ T cells 

which are selected by classical MHC I or MHC II molecules, NKT cells are restricted 

to a non-polymorphic class I-like molecule: CD1d. CD1d presents 

glycolipid-antigens rather than peptides. As the number of ligand for CD1d is not 

as diverse as for peptides, NKT cells exhibit a limited TCR repertoire: 80% express 

an invariant Vα14Jα18 α-chain and 50% the Vβ8 TCR-β-chain37. NKT cells also 

develop in the thymus and are thought to arise from DP cells expressing the 

Vα14Jα18 associated with an appropriate TCR β-chain38. The DP cells rapidly 

undergo positive selection mediated by the CD1d molecule. NKT cells become 

CD4+ SP or DN (but never CD8+ SP) and progressively acquire the expression of 

markers commonly associated to the NK lineage (NK1.1+, DX5+)37. 

2. PRE-TCR ALPHA-CHAIN: A GOOD MARKER FOR EARLY T-CELL DEVELOPMENT 

2.1. The pTα gene and pre-TCR structure 

 The ptcrα gene is located on mouse chromosome 17, in a region syntenic 

to the human chromosome 639. ptcrα spans over 8.4 kilobases (kb) and consists of 

four exons encoding a protein of 33 kDa, the pre-T cell receptor (pre-TCR) 

alpha-chain (pTα) (Fig. 6). Exon/intron structure of ptcrα is similar to both tcr-α 

and tcr-δ genes which encode the TCR-α and TCR-δ chains, respectively. Exon 1 

bears the 5’-untranslated region, a leader peptide and the first three amino acids 

of the mature protein. Exon 2 encodes only a single extracellular 

immunoglobulin-like domain in strong contrast to other TCR chains (Fig. 6). Exon 

3 assures the synthesis of a connecting peptide, which contains an important 

cystein residue required in the hinge region for the establishment of an 

intermolecular disulfide bond with the TCR-β chain. Exon 4 encodes a 

transmembrane region which allows pTα association with signal-transducing CD3 

molecules. It also encodes a considerably longer cytoplasmic tail than any other 
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TCR or immunoglobulin proteins studied so far. 

 
Figure 6: Comparison of the schematic structure of the pre-TCR (left) and the αβ-TCR (right). For clarity, CD3 components 
(γ,δ,ε,ζ) are omitted. In strong contrast to the α-chain, the invariant pre-TCR α-chain (pTα) has only one immunoglobulin 
domain, pairing less efficiently to the β-chain. The cytoplasmic tail of pTα is longer than the one of TCR-α chain. This tail 
itself plays a crucial role in promoting one characteristic of the pre-TCR, being its constitutive internalization and 
degradation once expressed at the cell surface40, 41. The receptor in the centre represents a possible heterodimer containing 
a spliced variant of pTα. There is no conclusive evidence that this heterodimer is ever expressed at the cell surface. It is 
rather thought to be degraded intracellularly42. 
 
 

2.2. pTα expression pattern 

 During ontogeny, pTα is detected first at day 14,5 in the fetal thymus and 

not at other site of early hematopoiesis43 (Fig. 7A). In embryonic blood, pTα 

expression seems specific to cells with T- progenitor activity as pTα was only 

detected in circulating d16.5 fetal pro-thymocytes but not in multipotent 

progenitors (Fig. 7B). In adult mice, pTα transcripts are very abundant in the 

thymus but are not found in mature, peripheral T cells (Fig. 7C) indicating that 

pTα expression may provide a unique marker for immature T-cells. Expression of 

pTα is restricted to the T-cell lineage as pTα-expression has never been detected 

in cells committed to the myeloid, B lymphoid or NK cell lineage (see for example 

Fig. 7C, E). Also, T cells with surface γδ-TCR expression lack pTα-transcripts 

(Fig. 7D). 
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Figure 7: RT-PCR detection of pTα expression in various cell types and tissue. 
A. pTα expression during ontogeny. pTα is first detected in the fetal thymus at day 14.5 of embryo development but not at 
sites of early fetal hematopoiesis such as the fetal liver. 
B. pTα expression in progenitor cell subsets of d15.5 fetal blood. pTα is detected in circulating fetal pro-thymocytes 
(CD90.1+c-kitint) but not in hematopoietic multipotent progenitors (CD90.1-c-kit+). 
C. In the adult mouse, pTα is expressed in the thymus but not in the periphery. Total splenocytes do not express pTα in 
contrast to thymocytes. More specifically, neither NK nor T-cells in the spleen express pTα. 
D. Immature (CD24+γδ-TCR+) and more mature γδ-T cells (CD24-γδ-TCR+) of the CD4-CD8- thymocyte subset do not 
express pTα in contrast to surface TCR-negative CD24+ thymocytes. 
E. pTα expression in bone marrow subsets. pTα is neither found in myeloid (CD11b+) nor progenitor cells of the B-lymphoid 
lineage (CD19+CD45R+). However, pTα is detected in total BM of wild type and RAG-deficient mice. The lower band 
corresponds to the splice variant form of pTα. 
F. pTα expression at putative sites of extrathymic T-cell development. pTα was detected in the bone marrow and the gut of 
wild type animals but not in their peripheric lymphoid organs (lymph nodes). In athymic mice homozygous for the nude 
mutation, pTα was also found in the bone marrow, gut and liver 
 
(*: total embryo, FL: Fetal Liver, FT: Fetal Thymus, FB: Fetal Blood, T: Thymus, BM: Bone Marrow, Liv: Liver, LN: Lymph 
Nodes, S: Spleen). All data presented in this figure are taken from Bruno et al.43 
 
 

 In immature thymocytes, pTα transcripts are found expressed at increasing 

levels in DN1, DN2, DN3 and DN4 thymocyte populations to finally decline in DP 

thymocytes44. Actually, pTα gene expression is thought to be terminated by TCR 

signals that result in positive selection44. 
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 Most interestingly, Bruno et al. also reported pTα expression outside the 

murine thymus, particularly in the lineage marker negative (Lin-) fraction of the 

bone marrow (Fig. 7E) which might indicate the presence of a T-lineage or at least 

lymphoid-committed progenitor population43. The source of bone marrow pTα 

transcripts were clearly not re-circulating thymocytes as pTα could also be 

detected in the bone marrow of nude animal, congenitally lacking a thymus (see 

results, section 23.5). Rigorous and careful analysis of pTα expression at putative 

sites for extrathymic development in wild type and nude animals (Fig 7F) further 

strengthened the hypothesis that pTα might be a reliable marker for early thymic, 

but also extrathymic T-cell development. 

2.3. Role of the pTα chain during αβ T-cell development 

In the absence of productive TCR β-chains such as in DN1 and the vast 

majority of DN2 cells, pTα is not expressed at the cell surface. In DN3 cells, the 

pairing of pTα to a TCR-β chain upon productive rearrangement forms – together 

with components of the CD3 complex - an asymmetrical transmembrane 

heterodimer , pre-TCR (Fig. 6). The pre-TCR is targeted to lipid rafts at the cell 

surface which appears to self-induce activation of signal transduction cascades in 

a ligand independent fashion45, 46, cell survival and progression of the immature 

thymocyte to the DN4 stage. Then, DN4 and DP thymocytes undergo 

rearrangement of their tcrα gene loci. The higher affinity of the TCR-α chain to 

the TCR-β chain displaces pTα from the pre-TCR leading to a functional TCR. 

 

 To assess the physiological role of pTα, knock-out mouse mutants have 

been generated via gene targeting47. Homozygous pTα-deficient mice have about 

one-tenth the number of thymocytes of wild type littermates and show a 

developmental block at the DN3 stage of maturation47. The number of DP 

thymocytes is dramatically reduced, reflecting a severe block in αβ-T cell 

development. Importantly, γδ-T cell development is not impaired despite pTα 

deficiency. In fact, 20-fold more γδ-T cells are found in pTα-/- animals47. This 

finding has led to the hypothesis that pTα expression might allow discrimination of 

αβ- versus γδ-committed T progenitors – a hypothesis that has been tested in this 
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thesis with conclusive results (see Results, section 23.3). In contrast to genetically 

unmanipulated mice, γδ T cells from pTα-deficient animals are rich of in-frame 

TCRβ rearrangements, which would hint at a role of pTα in normal αβ vs γδ 

lineage commitment. Importantly, NKT cells are absent in pTα knock out mice 

confirming that NKT cells are absolutely dependent on the pre-TCR for normal 

development48. 

2.4. Limitations to the direct use of pTα as a convenient marker for 

early T lineage cells 

 Surface expression of the pre-TCR is in general very low, possibly due to 

pTα-mediated rapid internalization and degradation40, 41. The constitutively low 

pre-TCR surface levels preclude quantitative separation of pre-TCR-positive from 

pre-TCR-negative cell populations by FACS. Moreover, during T cell maturation 

pTα-transcription precedes V>DJ rearrangements of the TCR-β locus, i.e. in some 

cell subsets - among them the developmentally most interesting populations - pTα 

is expressed in the absence of a functional TCR-β chain. Such cells synthesize pTα 

protein, but fail to transport it to the cell surface. 

 

 Although cells with cytoplasmic expression of pTα can be detected by 

intracellular staining methods, the need for fixation and permeabilization precludes 

subsequent functional studies. For instance, it is impossible to determine the 

developmental potential of sorted cells that have undergone fixation and 

permeabilization. A reporter mouse line, in which pTα transcription can be directly 

visualized, would overcome all these limitations and provide a unique tool for the 

unequivocal, non-invasive identification of pTα-expressing cells. 
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3. THE USE OF LINEAGE TRACING TECHNIQUES TO IDENTIFY DEVELOPMENTALLY 

INTERESTING CELL POPULATIONS 

 As described in section 1.2, the identity of the thymus seeding 

progenitor(s) has not yet been unambiguously elucidated2, 5, 24. Additional markers 

are required to better delineate candidate BM subsets or TSP. During lineage 

commitment and further differentiation into a certain lineage, unique regulatory 

programs are established that direct cell-type-specific patterns of gene expression. 

Any gene products, expressed specifically in early T-lineage cells such as 

transcription factors49, could at least in theory be used to refine our current 

models of T-lymphopoiesis. However, assessment of the development potential of 

"candidate" progenitor populations implies the isolation of viable cells. This 

excludes the use of any gene products expressed in the cytoplasm or nucleus of 

the cells as permeabilization of the plasma membrane required for direct 

immunostainings of intracellular antigens impairs cell viability. This technical 

limitation excludes the direct use of transcription factors or soluble factors to mark 

BM subsets. Cell surface proteins expressed at low level can neither be considered 

because their weak immunostaining will not allow quantitative separation from 

other cells22. Specific insertion of a fluorescent or cell surface marker behind a 

well-characterized promoter should label all cells normally expressing this 

promoter. Together with more classical approaches, such genetic manipulation 

might help to understand the sequence of critical differentiation events required 

for multipotent HSCs to give rise to T-cells and significantly improve our current 

models of T-lymphopoiesis. 

3.1. Transgenesis 

 The easiest way to introduce a genetic modification in the mouse genome 

is to inject a transgene fused with sequences for transcriptional regulation 

(promoter, enhancer and polyadenylation sites), into a fertilized mouse egg. For 

lineage tracing experiments, promoter of choice should ideally only be expressed 

in the cell-type of interest. Injected DNA usually integrates into one or more loci 

during the first cell divisions of pre-implantation. The risk of "collateral" gene 

disruption due to transgene integration is not negligible and could lead to an 
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unexpected mutation. In addition, the transgene may either insert into a locus 

that is subject to gene silencing, leading to the extinction of transgene expression. 

Third, the transgene might insert in the vicinity of an enhancer resulting in 

aberrant expression in cells irrelevant of the original promoter specificity. Finally, 

abnormal juxtaposition of a transgene with heterochromatin might cause gene 

silencing in some cells by position effect variegation (PEV)50. PEV has been linked 

to the establishment and maintenance of heterochromatin in Drosophila51, 52 and 

could directly influence transcription rate of transgenes in mouse. Changes of 

histone epigenetic trends (acteylation, methylation) controlling higher-order 

structures in chromatin at neighboring genes52 could result in variegated 

expression of transgene, considerably complicating lineage tracing analysis in 

transgenic animals53. 

 

 To ensure that the resulting phenotype is not a transgenic artifact due to 

the site of transgene insertion, one could experimentally circumvent this problem 

by analyzing several independent transgenic lines54 and selecting one with specific 

transgene expression pattern. However in some experiments, characterization of 

the cells expressing a given promoter is the main goal of investigation. To 

guarantee faithful expression of transgenes, the knock-in approach described in 

the next section, is the only possible approache for lineage tracing experiments. 

3.2. Gene targeting and knock-in animals 

 Another approach consists in the single insertion of a marker into the 

coding sequence of a lineage-specific gene by homologous recombination. In 

contrast to other eukaryote organisms such as yeast, homologous recombination 

in mouse cells is only achievable at sufficently high frequencies in embryonic stem 

(ES) cells which makes them a excellent tool to specifically modify genes55-57. 

Derived from the epiblast of the mouse blastocyst stage, ES cells remain 

pluripotent and can give rise to all three germ layers of a mouse embryo. In the 

presence of leukemia inhibitory factor (LIF), ES cells self-renew and can be 

maintained in culture in an undifferentiated state for a virtually unlimited number 

of passages. Specific integration is achieved by flanking a targeting cassette by 

several kilobases of sequence homologous to a given locus. Stable integrants are 
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selected using positive selection cassettes conferring resistance to a selective 

agent such as neomycin. As random insertion is still more efficient than 

homologous recombination, clones with a correct insertion must be identified by 

PCR screening and further confirmed by Southern blotting on total genomic DNA. 

Following micro-injection into the cavity of a wild-type blastocyst, healthy ES cells 

contribute to the development of most of the resulting embryo, including germ 

cells which will allow stable transmission of the engineered genetic modification to 

the mouse offspring58, 59. 

 

 To trace a particular lineage of cells, knock-in mice, in which part of the 

coding sequence of a lineage specific gene is replaced by a traceable marker, are 

favored over transgenic animals because the expression level of the introduced 

marker is expected to vary less or not at all between animals. Genetic 

environment surrounding the marker remains the same as for the original gene 

and thus ensures a better control over the expression of the recombinant 

transcript. Such a gene targeting strategy has been successfully applied by 

Fontenot et al.49 to trace developing thymocytes expressing the transcription 

factor FoxP3. This marker for regulatory T-cells was fused with EGFP. As green 

fluorescent cells were first found at the DP stage, one could conclude that thymic 

FoxP3+ cells were branching off at this stage. 

 

 Recently, Prinz et al.60 also applied a lineage tracing method to better 

characterize γδ-T cell development. As no phenotypic marker other than γδ-TCR 

itself was available for tracking thymocytes committed to the γδ lineage, Prinz et 

al. generated mice expressing a reporter gene (fusion protein of histone 2β with 

EGFP)"knocked-in" the tcr-δ constant region gene. Using these mice, Prinz et al. 

have characterized γδ-T cell development from the point of opening of the tcr-δ 

locus in a subset of early T cell progenitors (TN1b) to the point of emergence of 

mature γδ-TCR+ DN4 thymocytes. 

 

 Similarly, a cDNA encoding a truncated version of the human CD4 

coreceptor (hCD4) has been "knocked-in" the pTα locus (Fehling et al., 

unpublished) to trace T-cell progenitors but it resulted in an extremely weak cell 
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surface expression as revealed by immunostaining (Fig. 8). A better separation 

was observed in homozygous knock-in animals. However, the associated pTα 

knock-out phenotype of these mice prevented any analysis of normal T-cell 

development. The low level of cell surface expression of this hCD4 marker might 

reflect the rather weak expression of the pTα gene in normal immature 

thymocytes, but other explanations cannot be excluded (for instance, 

nonsense-mediated decay of the recombinant fusion transcript). A more sensitive 

knock-in approach using a combination of enzymatic marker and Cre-activated 

reporter is required to label pTα expressing cell lineages. 

 
Figure 8: hCD4 expression on CD4-CD8- immature thymocytes. 
hCD4 was readily detected in DN thymocytes of pTα(hCD4/+) (KI/WT) and pTα(hCD4/hCD4) (KI/KI) mice as compared to wild type 
cells (WT/WT). The shift of hCD4 surface staining observed in heterozygous pTα(hCD4/+) knock-in cells is not separated 
enough from the background of negative cells to allow the isolation of minute populations of precursor cells. A better, but 
still insufficient separation was obtained with the pTα(hCD4/hCD4) cells. 
 
 

3.3. Conditional genetic modifications using the Cre/loxP system 

 Cre recombinase, a site-specific integrase isolated from the bacteriophage 

P1, catalyzes the recombination between two loxP recognition sites without the 

need for any cofactor61. loxP sites are 34 base pairs long and consist of two 13 bp 

inverted repeats that flank a central spacer sequence of 8 bp which determines 

the orientation of the loxP site (Fig. 9A). Depending on the location and the 

orientation of these loxP sites, Cre recombinase can catalyze the invertion or 

deletion of DNA fragments (Fig. 9B). When loxP sites are placed in opposite 

orientation to each other on either side of a DNA sequence, the sequence will be 

inverted by the Cre recombinase. When two loxP sites are placed in the same 

orientation on a same DNA molecule, recombination results in the excision of the 
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sequence (Fig. 9B). The reverse reaction resulting in DNA integration can also be 

mediated by the Cre recombinase via intermolecular recombination (Fig. 9B). This 

property of the Cre/loxP system has already been used in transgenic experiments 

to drive reproducible expression of transgenes by specific integration of 

transfected DNA into a recipient loxP site in a target genome62. Unfortunately, 

integrative recombination is highly inefficient because the insert is flanked by loxP 

sites, which themselves become targets for Cre and lead to subsequent excision of 

the recombined product. 

 

 To promote efficient integrative reactions, mutant loxP sites have been 

developed. Araki et al.63 achieved stable targeted integration using lox66 and 

lox71 sites in which 5-bp were mutated respectively in the right and left inverted 

repeat of the loxP site. Recombination between lox66 and lox71 results in a wild 

type loxP site and a mutant lox site that can no longer serve as substrate for the 

Cre recombinase. Other mutant loxP sites with one or more mutations in the 

spacer region have been described64. As recombination does not occur efficiently 

between two loxP sites differing in the spacer region65, combination of 

heterospecific loxP sites has been used to develop an alternative integrative 

method: recombinase mediated cassette exchange or RMCE66. A genomic DNA 

segment flanked by lox511 and loxP was replaced with another cassette flanked 

by lox511 and loxP. Lee et al.64 developed another heterospecific mutant site, 

lox2372 (Fig. 9A), which promotes efficient recombination but has completely lost 

the ability to recombine with original loxP sites. Alternatively, 

recombination-mediated Cre activation of the reporter locus could be achieved by 

combining loxP and lox2372 sites as described previously by Schnutgen et al.67. 

 

 As loxP sites do not recombine in the absence of Cre recombinase, control 

over Cre expression is sufficient to regulate DNA recombination events and 

initiation of the genomic modifications. Therefore, the Cre/ loxP system has been 

used to generate conditional gene disruption or expression of a reporter in a given 

cell-type or lineage68, 69. Lineage-specific activation of a reporter can be achieved 

by crossing a "deleter" mouse line expressing Cre under the control of a specific 

promoter with a "indicator" line in which a genetic marker is separated from a 
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ubiquitous promoter by a loxP-flanked stopper region (Fig. 9C). Most frequently, a 

stopper consisting of three successive polyadenylation sites has been used to 

block any transcription initiated from the promoter70-72. It also prevents leaky 

marker expression in the absence of Cre by blocking any read-through the 

reporter gene. When Cre is expressed by the lineage specific promoter, the 

stopper is removed by Cre-mediated excision resulting in constitutive expression of 

the reporter gene. This method is called "fate mapping" as cells expressing the 

gene in which the Cre is "knocked in" as well as their progeny will thus be 

irreversibly labeled (Fig. 9C). 

 
 
 

3.4. Succesful fate mapping of heamatopoietic progenitors using 

"knock-in" mice 

 Cre-mediated cell fate mapping is a powerful tool for in vivo analysis of the 

development of specific cell lineages, especially because it avoids the use of 

invasive methods perturbing normal development such as the γ-irradiations 

preceding adoptive transfers that are currently used to study hematopoietic 

lineages. By crossing a RORγT-Cre transgenic line with a Cre-inducible 

ROSA26-STOP-EGFP fluorescent reporter strain (later referred to as 

ROSA26-EGFP), Egawa et al.38 could mark all Vα14Jα18 iNKT cells in the thymus 
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supporting selection of the Vα14 iNKT cell lineage from double positive thymocyte 

precursors. The same fate mapping strategy allowed the conclusion that intestinal 

αβ-T cells were thymus-derived73. 

 

 The success of such Cre-activated conditional reporter expression mostly 

relies on the selection of a promoter driving a strong enough, highly specific Cre 

recombinase expression in a given lineage. Most of the currently available Cre 

deleter mouse lines specific for the T-cell lineage are transgenics54, 74-76 ie 

potentially subject to expression variegation of the transgene. Therefore, Cre 

expression is frequently not reliable, mosaic in the target tissue or cell type, and 

frequently associated with unexpected ectopic reporter expression. Leaky 

expression of Cre from a cell-type-specific promoter will result in unwanted 

recombination events in unrelated cell types and their labeling considerably 

complicates the analysis as observed when using Lck-Cre transgenic lines (for 

example reference77, 78 and our own data, result section 24.2). This critical point is 

illustrated by the negative experience of Ye et al. who failed to mark exclusively 

myeloid lineage-committed cells using lysozyme-Cre knock-in mice, most likely 

because of a weak basal level of lysozyme expression in hematopoietic stem cells. 

As currently no deleter Cre line is available to potentially mark the TSPs, we 

decided to generate a pTα-Cre knock-in mouse to follow the fate of pTα 

expressing cells. 

4. CRE-ACTIVATED ROSA26 REPORTER MOUSE STRAINS 

 Reporter mouse strains are important tools for monitoring Cre 

recombinase-expression in vivo. Ideally, upon Cre activation, they should ensure 

ubiquitous expression of the reporter from a single-copy transgene. The level of 

expression should be high enough to easily separate Cre activated from 

non-activated cells for successful lineage tracking experiments. The reporter locus 

should not be subject to gene silencing otherwise reporter expression might be 

down-regulated in some cell types. Reporter knock-in lines to the ROSA26 locus 

have been shown to present most of these advantageous features. 
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4.1. The ROSA26 locus 

 Initially, the ROSA26 locus has been identified in a gene trap experiment 

targeting actively-transcribed genes in ES cells79. Briefly, a promoter-less cassette 

consisting of a splice acceptor and β-geo (β-galactosidase fusion with neomycin 

resistance gene) was inserted in reverse orientation in a retroviral vector. After 

infection, the mutant lines referred to as ROSA (Reverse-Orientation-Splice-

Acceptor) showed single copy integration per locus in the 5' end of genes, often 

downstream of the initiation codon ATG. Upon injection into blastocysts, the 

ROSA26 strain exhibited ubiquitous β-galactosidase staining during embryogenesis 

and in adult tissues80, with no obvious phenotype and deleterious effect on mouse 

development. Importantly, the ROSA26 locus appeared to be easily accessible for 

gene targeting in ES cells. It has been reported that 10 to 50% of the 

recombinant clones recovered in a gene targeting experiment have indeed 

correctly integrated the ROSA26 locus81. This exceptionally high targeting 

efficiency exceeds by far the less than 1% usually observed for most other loci. 

ROSA26 is thus a convenient locus for the site-specific integration of foreign genes 

into the mouse genome , such as those encoding fluorescent reporters. 

4.2. Commonly used fluorescent reporters in live cell imaging 

 Over the last fifteen years, fluorescent proteins have been extensively 

engineered to generate a large palette of spectrally shifted mutants suitable for 

live specimen imaging. Most of the variants used for cell tagging studies are 

derived originally from a green fluorescent protein (GFP) isolated from the jellyfish 

Aequorea victoria82 (Fig. 10). Of note are the enhanced green (EGFP)83, yellow 

(EYFP)84 and cyan (ECFP)85 variants which have been successfully expressed in 

the mouse system. As revealed by crystallographic analysis, the structure of GFP86 

and its variants87, 88 resembles a 11-stranded β-can wrapped around a single 

central helix, in the middle of which lays the chromophore. 
 

 The unique ability of these chromophores to emit fluorescence without the 

need for external substrates or co-factors apart from molecular oxygen82, made 

them excellent in vivo markers of gene expression and protein localization. As 

their visualization is non-invasive, they can be monitored in real-time experiments 



 

- 25 - 

and exhibit the additional advantage that they can be quantified by flow 

cytometry, confocal microscopy, and fluorometric assays. 

 
 
 

 Cre-inducible fluorescent reporter lines such as ROSA26-EGFP71, 

ROSA26-YFP85 and ROSA26-CFP85 mice were successfully generated by gene 

targeting. Although the level of EGFP driven from ROSA26 appeared to be too 

weak for optimal cell labeling71, 73, ROSA26-YFP has been used successfully in 

lineage tracing studies73, 77, 78, 84. However, simultaneous detection of EGFP and 

EYFP is problematic. The emissions maxima of the fluorochromes are relatively 

close (Table 2) complicating their simultaneous detection with standard cell 

imaging and flow cytometry systems. For instance, it is possible to separately 

analyze IL-4 or IFN-gamma expression using IL-4-IRES-EGFP and IFN-gamma-

IRES-EYFP reporter mice89, 90. However, when the two reporter genes were 

combined in a single mouse to analyse Th1 vs Th2 fate determination, problems 

of fluorescence compensation occurred89. Moreover, EGFP and EYFP emission 

maxima are found within the range of cell autofluorescence91. Once excited with 

blue light (450-490 nm), intracellular riboflavin, flavin co-enzymes (NADPH) and 

flavoproteins of the mitochondria fluoresce in a green–yellow color (500–560 nm). 

This high background makes arduous the visualization of low-expressed 

fluorescent or dimly emitting fusion proteins. This major drawback limits the use 

of EYFP and EGFP in vivo and urged for the development of fluorescent markers 

with pronounced red emission near 600 nm. 
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Table 2: Biophysical properties of commonly used fluorescent proteins either derived from Aequoria victoria (EGFP, EYFP 
and ECFP) and Discosoma spp (DsRed and other red variants). 
 

 
The computed brightness values were derived from the product of the extinction coefficient per chain (CE) and the 
quantum yield (QY). (Data extracted from Bevis92 (*) and Shaner93 (#)). 
 
 

4.3. DsRed, an alternative to EGFP and EYFP 

 Sequence shuffling of GFP never led to a red fluorescent variant with 

characteristics optimal for live cell imaging. A breakthrough was achieved with the 

isolation of drFP583 (later commonly referred to as DsRed) from Discosoma94, a 

genus of non-bioluminescent Anthozoa coral (Fig. 10). DsRed has rapidly 

fascinated the scientific community because of its interesting spectral and 

biochemical properties. DsRed fluorescence is optimally excited at 558 nm but can 

also be excited by a standard 488 nm laser, allowing its use with laser-based 

confocal microscopes and flow cytometers95. DsRed has a much higher extinction 

coefficient and quantum yield than EGFP (Table 2) resulting in ~ 2 times brighter 

fluorescence emission. DsRed is more stable than GFP96 and exhibits considerable 

resistance to extreme pH, denaturants and photobleaching96, 97. However, 

wild-type (WT) DsRed has at least two major drawbacks. First, maturation of the 

chromophore is slow (t½ > 24h in E. coli)97 and goes through a green 

intermediate98-100. Analyses of the WT DsRed crystal structure101, 102 highlighted 

the strong chromophore similarities with GFP from Aequorea victoria (Fig 10). 

Red-shift of emission spectrum requires an additional oxidation step which is 

accompanied by a change in the configuration of the peptide bond preceding the 

chromophore from trans to cis103, 104. This rare isomerization event is slow, 
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explaining why DsRed requires a longer time to fully shift from green to red in 

vitro or in vivo. Resulting fluorescence bleed-through into the GFP channel is 

unacceptable for double-labeling experiments with EGFP. Slow emergence of red 

fluorescence limits the intensity of the DsRed signal, particularly with rapidly 

growing cells such as ES cells. Second, in contrast to EGFP, DsRed needs to form 

tetramers to emit fluorescence as demonstrated by in vitro and in vivo 

experiments96, 97, 101. This property considerably limited the use of DsRed in 

protein tagging since tetramerization of the DsRed domain could perturb the 

function and localization of the fused protein105. Furthermore, DsRed tetramers 

tend to form insoluble higher order aggregates leading to growth retardation and 

strong reduction of DsRed fluorescence lifetime in aging E. coli cultures106. In light 

of these known detrimental effects in bacteria, it is possible that constitutive 

expression of WT DsRed will also affect cell viability in eukaryotic cells93. 

4.4. Engineering of DsRed for optimal expression in mice 

 The first attempts to ameliorate DsRed were performed by Clontech107. 

DsRed1 (codon-optimized for expression in mammalian cells) and DsRed2 (twofold 

faster maturation) have provided only modest improvements of DsRed properties. 

Reports from Hadjantonakis84 and Zwaka (Baylor College, Houston; personal 

communication) even suggested their potential toxicity, at least in ES cells. To 

solve the remaining problems restricting the use of DsRed in mouse transgenesis, 

two additional modifications were tested. 

 

 Bevis et al92 improved maturation time (t½ ~ 1 h) and solubility of DsRed 

by random mutagenesis and selection of appropriate mutants. Generation of a 

stable Cre-inducible transgenic line108 demonstrated that widespread expression of 

the DsRed.T3 tetramer variant did not impair mouse development. However, 

high-resolution imaging of embryonic stem cells that exhibit constitutive 

expression of DsRed.T3 revealed the same perinuclear punctuate staining 

observed as with DsRed1 and DsRed2 variants109. This heterogeneous expression 

pattern within the cell, the obligate tetramerization and dimmer fluorescence (~ 2 

times) compared to WT DsRed (Table 2) further disqualified DsRed.T3 as being 

the universal red fluorescent marker long awaited in mouse genetic manipulation. 
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 Campbell et al. 110 tried to reduce the oligomerization state of DsRed by a 

stepwise evolution of its sequence. Fast maturing variants with mutations in the 

heavily charged N-terminal protein-interface were successfully generated. mRFP1, 

the first reported red fluorescent monomer, and tdimer2(12), an artificial 

tandem-dimer (further referred to as tdRFP), were the most promising variants. 

Although far less brighter (~ 6 times) than tdRFP (Table 2)93, mRFP1 has been 

readily used to generate constitutively expressing transgenic mouse lines109, 111. 

Beside the maintenance of fluorescence intensity throughout development, 

transgenic lines were fertile and exhibited normal behavior. Fluorescence was 

homogeneous within the cells. These observations prove the neutrality of 

widespread stable mRFP1 expression in mice. Since tdRFP is a genetic fusion of 

two copies of mRFP1, it is likely that tdRFP will combine mRFP1 characteristics 

with a brighter fluorescence (nearly as bright as WT DsRed) which should make 

tdRFP a superior genetic marker especially for single-copy gene integrations. 
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AIM OF THE PROJECT 

My Ph.D.-project had the following technical and scientific goals: 

 

- To test whether Cre/loxP methodology can be applied in principle for in vivo 

lineage tracing of T cell development. 

 

- To test whether pTα expression is of sufficient specificity for reliable 

visualization of T-cell lineage restriction in the mouse. 

 

- To generate a new Cre-inducible reporter mouse for optimal detection of 

reporter expressing cells in live tissue and histological sections. To this end, an 

RFP variant had to be found that could be used in combination with 

GFP-based fluorescent proteins to allow multicolour lineage tracing 

experiments, also in combination with GFP-expressing transgenic/knock-in 

mouse strains already available. The RFP variant would need to be non-toxic 

during mouse embryogenesis and to be neutral with respect to cellular 

differentiation, in particular in the haematopoietic system. Moreover, the RFP 

variant should be of sufficient brightness to be clearly detectable, even when 

expressed from a single-copy integration site. 

 

- To develop a Cre expression cassette that would ensure optimal levels of Cre 

protein in pTα-expressing cells of “knock-in” mice and exclude transgene 

silencing via epigenetic processes, e.g. DNA methylation. Introduction of this 

expression cassette into the pTα locus of the mouse genome should maintain 

the specificity of the pTα promoter and strictly correlate with endogenous 

pTα-expression. 

 

- To reliably identify pTα-expressing cells and their progeny in the immune 

system using the two newly developed “knock-in” mouse strains, the pTα-iCre 

deleter line and the Cre-inducible RFP reporter line. 

 

- To determine at which immature stage of thymocyte development a T-lineage 
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specific genetic program is initiated. 

 

- To investigate whether pTα expression also marks extrathymic T-cell 

development. 

 

- To isolate potential pTα-expressing cell populations in the bone marrow and 

characterize their cell surface phenotype. 

 

- To improve current models of αβ versus γδ lineage commitment of 

thymopoiesis. 
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MATERIALS 

5. CHEMICALS, REAGENTS AND CONSUMABLE MATERIALS 

 Chemicals were obtained from the companies Sigma (München), Roth 

(Karlsruhe), Merck (Darmstadt), Fluka (Neu-Ulm), Gibco BRL (Karlsruhe) and 

Pharmacia (Freiburg) if not stated otherwise. Restriction enzymes were from New 

England Biolabs (Bad Schwallbach) or Roche (Mannheim). Radioactive reagents 

were purchased from Amersham (Braunschweig). 
 
Table 3: References of Chemicals used 
 

 Acetic acid Merck Darmstadt 
Agar Fluka Neu-Ulm 
Agarose Gibco/BRL Karlsruhe 
Ammonium acetate Fluka Neu Ulm 
Ampicillin  Sigma München 
Bacto-tryptone Difco Detroit, USA 
Bacto-Yeast-Extract Difco Detroit, USA 
Bromophenol  blue Sigma München 
BSA (Factor V) Roche Mannheim 
Cell culture media (DMEM) Gibco/BRL Eggenstein 
Chloroform Baker Deventer, Holland 
DAPI Burfingame  
Dextran sulfate Pharmacia Freiburg 
Diethyl pyrocarbonate (DEPC) Fluka Neu Ulm 
Dimethyl sulfoxide (DMSO) Sigma München 
dNTPs Pharmacia Freiburg 
D-PBS Gibco/BRL Karlsruhe 
Ethanol Merck Darmstadt 
Ethidium bromide Roth Karlshure 
FCS Gibco/BRL Karlsruhe 
Formamide Sigma München 
Ficoll 400 Pharmacia Freiburg 
Fluoromount Southern Biotech USA 
Glycerol Gibco/BRL Karlsruhe 
Geneticin Gibco/BRL Karlsruhe 
Gelatin Sigma München 
Gancyclovir (Cymevene) Sigma München 
HCl Merck Darmstadt 
IPTG Gibco/BRL Karlsruhe 
Isopropanol Merck Darmstadt 
K Acetate Sigma München 
LIF ESGRO Chemicon  
Methanol Merck Darmstadt 
MgCl2 Merck Darmstadt 
Monothioglycerol Sigma München 
Na Acetate Merck Darmstadt 
NaCl Merck Darmstadt 
NaOH Merck Darmstadt 
Na N-LauroylSarcosine Sigma München 
Na Pyruvate Gibco/BRL Karlsruhe 
Paraformaldehyde Merck Darmstadt 
Pepton Gibco/BRL Karlsruhe 
Phenol Gibco/BRL Karlsruhe 
Polyethylene glycol (PEG) 6000 Serva  Heidelberg 
Proteinase K Pharmacia Freiburg 
RNase A Sigma München 
Salmon sperm DNA Sigma München 
Sodium Dodecylsulfate (SDS) Serva Heidelberg 
Tris Sigma München 
X-Gal Gibco/BRL Karlsruhe 
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6. KITS 

Table 4: Kit references 
 

 

7. PLASMID VECTORS 

- pBSK, Bluescript SK (Stratagene, Heidelberg) 

- pCRII-TOPO, pCR-BluntII-TOPO (Invitrogen, Karlsruhe) 

- pMC-Neo-p(A)n (Stratagene, Heidelberg). The vector contains a loxP flanked 

NeoR cassette driven by the TK (Thymidine Kinase) promoter. 

- pCAU8 containing an expression cassette for the thymidine kinase gene. 

- pEGFP-C1, pDsRed1-C1, pDsRed2-C1, pHcRed1-C1 (BD Biosciences Clontech, 

Heidelberg) 

- pCre-AC for bicistronic expression of an improved version of Cre (iCre) and EGFP 

via an IRES sequence (Fehling, unpublished) from the CMV promoter. 

- pCAGGS-FlpE-V1 for bicistronic expression of an improved version of Flp (FlpE) 

and EGFP via IRES sequence from the CAGGS promoter112. 

- pDOI5 used for stable expression of iCre from the pTα locus113. This vector 

contains a splice donor sequence, intron and splice acceptor from rabit β-globin 

gene. 

- pB-iCre for the iCre cDNA114 

- pSAβgeo and pROSA26.1 kindly provided by Soriano et al.81 

- pmRFP1 and ptdRFP(12) provided by Tsien et al.110 

- pX2GFP provided by Irion et al.115 consisting of a EGFP-p(A)n cassette flanked by 

a loxP and a lox2372 site. 

Avidin/Biotin Blocking Kit   Vector Lab   # SP2001 

Abi Prism BigDye Terminator Cycle Sequencing  Perkin-Elmer  #4337450 

Expand long template PCR system   Roche Applied Science   #11 681 834 001 

GC Rich PCR system   Roche Applied Science   #12 140 306 001 

NICKTM Column   Pharmacia Biotech   #17-0855-01 

Prime-ItR Random Primer Labeling Kit   Stratagene   #300385 

Qiafilter Plasmid midi kit   Qiagen   # 12243 

Qiaquick PCR Purification kit   Qiagen   #28104 

Qiaquick Gel Extraction kit  Qiagen   #28704 

Superscript II Reverse transcriptase   Invitrogen   # 18064-022 

TOPO-TA PCR Cloning Kit  Invitrogen  # K4660-40 
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8. SYNTHETIC OLIGONUCLEOTIDES 

 Most of the oligonucleotides used in this work were ordered from the 

company ThermoHybaid (Ulm). All primers were adjusted to 100 pmol/μL stock 

concentrations in ddH2O and stored at -20°C. Primer stocks were further diluted 

down to 10 pmol/μL for most molecular biology applications. 

8.1. Primers for PCR and Sequencing 

Table 5: PCR and Sequencing primers 
 
Name Sequences Tm Comments 

HL5 agacaacttgttactaac 28.8 pHL-AA sequencing primer 

HL14 aatcaagggtccccaaactcac 55.7 pTα KI screening (βglobuline III intron) Rev 

HL15 aagaccgcgaagagtttgtcc 54.9 ROSA26 KI screening (in βgeo Splice acceptor site) Rev 

HL16 cctaaagaagaggctgtgctttgg 57.5 Primers for ROSA26 KI screening (CA) Fwd 

HL17 catcaaggaaaccctggactactg 55.7 Primers for ROSA26 KI screening (5' promoter region) Rev 

HL23 aatagtcgacttaggcccaacgcggcgccac 74.9 Xho I/R26 CA/Sal I 
HL24 atgtctcgagccgcccatccccgcaaacgca 80.7 Xho I/R26 CA/Sal I 
HL25 caattcccctgcaggacaacg 58.9 Sequencing of 3' region after Xba I site in pROSA26.1 

HL34 accaggtcgacactactgtgttggcggact 68.6 Sequencing of ROSA26 promoter region 

HL35 cgttccttccatgcgaacctt 57.8 Sequencing of DsRed ATG side 

HL36 ggcttttcctctggttcttg 50.7 gDNA testing Fwd 

HL37 caggaacattacgccagatg 49.6 gDNA testing Rev 

HL48 aacccagtgagcccagttagc 54.8 pTα external probe (Southern) Fwd 

HL49 gatggccttgaatttctgacactt 55.4 pTα external probe (Southern) Rev 

HL50 agcacggctaactgggctcactgg 64.3 pTα KI screening (pTα control arm) Fwd 

HL51 cctgaaaactttgccccctccata 61.1 pTα KI screening (β−globulin III intron) Rev 

HL52 ctgccggggccgcctaaagaagag 59.1 R26 KI screening (5' promoter region) 

HL53 ctggaaagaccgcgaagagtt 55.1 R26 KI screening (after βgeo SA site) 

HL54 taagcctgcccagaagactcc 55 Sequencing of 3' region after Xba I site in pR26.1 

HL55 tcaagtcggaaacgtgcttgc 57.6 Sequencing of ROSA26 SA 3' of Not I site 

HL56 tgcgtttgcggggatgg 58.4 ROSA26 KI screening (5' promoter region) Fwd 

HL59 gcaaaggcgcccgatagaataa 59.1 ROSA26 external probe (Southern) Fwd 

HL60 ccgggggaaagaagggtcac 59.1 ROSA26 external probe (Southern) Rev 

HL69 cggggccgtcggaggggaagt 68.5 Sequencing of DsRed2 5' region (381 from ATG) 

HL70 tagggcgcagtagtccagggtttc 61.4 Confirm NeoR deletion in R26 targeted clone 

HL71 ggagcaaagctgctattgg 50.1 Sequencing primer in PGK promoter 

HL72 gtttcaggttcagggggaggtgtg 61.5 Sequencing primer in SV40 p(A)n 

HL73 atacaaggaatcggcaacatca 53.7 Screening of IRES-Cre KI into pTα locus Fwd 

HL74 agccagaccgatgtagcaagattc 57.6 Screening of IRES-Cre KI into pTα locus Rev 

HL79 atcacactgctggtagatgga 49.4 ptcra RT-PCR Fwd 

HL80 tcagaggggtgggtaagatc 50.3 ptcra RT-PCR Rev 

HL85 gcagaaccacagaaacagagg 51.4 IRES-CRE KI pTα probe (Southern) Fwd 

HL86 ttctcacttgaacctggagcg 54.4 IRES-CRE KI pTα probe (Southern) Rev 

HL87 aaagatatcaacacaggcatgtcgggctggtg 70.5 SA for IRES-Cre KI into pTα 

HL88 aaagcggccgctttccctggccaactcttcatttc 77.2 SA for IRES-Cre KI into pTα 

HL91 ggtgatgctggacactactgc 52 Sequencing primer IRES-iCre in 3' UTR pTα 

HL95 ctctagctcgaggaattccgatc 55.3 Sequencing primer for p(A)n-loxP junction 

HL96 ggatccgcggttacaggcccttgc 68.6 Eco RI- pTα KI Ext Probe Fwd 

HL97 ggatcccaacaacaaaagactacag 55 Eco RI- pTα KI Ext Probe Rev 

HL98 tgagttggatagttgtggaaagag 52.1 Sequencing primer for tdRFP ATG 
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KI: Knock-in, LA: long arm, SA: short arm, CA: Control arm, Fwd: Forward, Rev: Reverse, TC: targeting construct. 

HL100 gcttgatctcgtcttccctg 51.3 dppa5 RT-PCR 

HL101 tccatttagcccgaatcttg 51.9 dppa5 RT-PCR 

HL102 gagcagtcgggtgttcctac 51.1 pramel4 RT-PCR 

HL103 gaaaacgctgctgcaacata 51.6 pramel4 RT-PCR 

HL104 ctttcccaagagaagggtcc 51.8 dppa3 RT-PCR 

HL105 tgcagagacatctgaatggc 50.8 dppa3 RT-PCR 

HL106 cctggctgtcagtcatcaga 50.6 dppa2 RT-PCR 

HL107 gttaaaatgcaacgggctgt 52 dppa2 RT-PCR 

HL108 ctccttctcccagcagtttg 51.4 dppa1 RT-PCR 

HL109 ggcaaattggaacacgctat 51.9 dppa1 RT-PCR 

HL110 agagaacccacatggctttg 51.5 pramel7 RT-PCR 

HL111 ggatttggcttggcatacat 51.6 pramel7 RT-PCR 

HL112 actttcttgggctgcctttt 52.4 pramel6 RT-PCR 

HL113 agattccagggctcatcctt 51.7 pramel6 RT-PCR 

HL114 tactggacctccccaagaaa 51.1 pramel5 RT-PCR 

HL115 gcattccagcactgtctgag 50.4 pramel5 RT-PCR 

HL116 gctctagacgccaacactgcccggactactc 65.9 iCRE KI into pTα B6 LA Fwd 

HL117 ttggcgcgccccccgagaggctccggaaagcag 84.5 iCRE KI into pTα B6 LA Rev 

HL118 acagaactgcttgctagccc 51.3 tcf 1 RT-PCR Fwd 

HL119 gagacaggcagcctaacagc 51.6 tcf 1RT-PCR Rev 

HL120 cctgggatgggagtgggacctg 63.2 pTα KI mouse typing Fwd 

HL121 gaattcagggtcgctgcgtgggtcagc 71.2 pTα External Probe Fwd (Southern) 

HL122 gaattcccgaaggcgccatattacacg 66.4 pTα External Probe Rev (Southern) 

HL146 tggtgcagatgaacttcagg 51 EYFP internal primer Rev 

HL147 gccagaggccacttgtgtag 52 PGK Promoter 

HL152 aagggagctgcagtggagta 51 Universal Primer for EYFP Typing Fwd 

HL154 atcataatcagccataccacat 48 SV40 p(A)n primer going outwards Rev 

HL155 gcgaagagtttgtcctcaacc 53 ROSA26-YFP genotyping Fwd 

HL156 ggagcgggagaaatggatatg 55 ROSA26-YFP genotyping Rev 

HL157 aaagtcgctctgagttgttat 45.4 ROSA26-YFP genotyping Rev 

HL158 ggcccagcaggcagcccaag 65.6 Nude genotyping Fwd 

HL159 agggatctcctcaaaggcttc 53.1 Nude genotyping Rev 

VM57 gtccaatttactgaccgtacaccaa 56 Bacteriophage Cre typing Fwd 

VM58 ccatcgctcgaccagtttagttac 56.2 Bacteriophage Cre typing Rev 

292 cttgtacagctcgtccatgccg 59.3 EGFP/EYFP internal primer Fwd 

293 accatcttcttcaaggacgacgg 58.3 EGFP/EYFP internal primer Rev 

13024 gagacctcattaagacagtagga 46.5 pTα KI screening Fwd 

13025 gatccagcaccagaagcaagtgccta 63.4 pTα KI genotyping PCR Rev 

13758 gtgagagccaaatagggaggcaaga 60.7 pTα WT genotyping PCR Rev 

Oligonucleotides used for DsRed knock-in (KI) into ROSA26 (R26) 
Oligonucleotides used for iCre knock-in (KI) into pTα. 
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8.2. Linkers for cloning 

 Linkers were prepared by phosphorylation of complementary 

oligonucleotides and their subsequent progressive hybridizing in a boiling water 

bath cooled down to room temperature (RT). 
Table 6: Linker characteristics 
 
 
 Sequences Tm Comments 

HL1 aattcggatcctgcagctcgaggcgcgccg 79.5 Eco RI/Bam HI/Pst I/Xho I/Asc I/Sal I 
HL2 tcgacggcgcgcctcgagctgcaggatccg 82.6 Eco RI/Bam HI/Pst I/Xho I/Asc I/Sal I 
HL3 aattctcgagtcgacggccga 60.5 Eco RI/Xho I/Sal I/Eag I/(Eco RI) 
HL4 aatttcggccgtcgactcgag 60 Eco RI/Xho I/Sal I/Eag I/(Eco RI) 
HL6 tatagtcgacggcgcgccatc 61.7 (Xho I)/Sal I/Asc I/Xho I 
HL7 tcgagatggcgcgccgtcgac 68.9 (Xho I)/Sal I/Asc I/Xho I 
HL8 ctagcgctggatccgaattcaagcttctcgagt 70.8 NheI/Eco 47III/Bam HI/Eco RI/Hind III/Xho I/(Bam HI) 
HL9 gatcactcgagaagcttgaattcggatccagcg 71.8 Nhe I/Eco 47III/Bam HI/Eco RI/Hind III/Xho I/(Bam HI) 
HL10 ggccagtcgacgctagctcgagcgctagatctgca 86.2 (Not I)/Sal I/Nhe I/Xho I/Eco 47III/Bgl II/Pst I 
HL11 gatctagcgctcgagctagcgtcgac 69.2 (Not I)/Sal I/Nhe I/Xho I/Eco 47III/Bgl II/Pst I 
HL12 gcggccggatcctgcagacgcgtctagaggtac 76.8 Pst I/Eag I/Bam HI/Pst I/Mlu I/Xba I/Kpn I 
HL13 ctctagacgcgtctgcaggatccggccgctgca 79.9 Pst I/Eag I/Bam HI/Pst I/Mlu I/Xba I/Kpn I 
HL18 ggccgaagctta 30.7 Eag I/Hind III/Bgl II 
HL19 gatctaagcttc 10 Eag I/Hind III/Bgl II 
HL21 ggccatttaggccgtcgacgc 64.2 Sac II/Sfi I/Sal I/(Sac II) 
HL22 gtcgacggcctaaatggccgc 64.2 Sac II/Sfi I/Sal I/(Sac II) 
HL26 tcgagaagttcctattctctagaaagtataggaacttcg 64.1 Xho I/FRT/Sal I 
HL27 tcgacgaagttcctatactttctagagaataggaacttc 64.1 Xho I/FRT/Sal I 
HL30 cgcggccgct 38 Kpn I/Not I/Xba I 
HL31 ctagagcggccgcggtac 55.8 Kpn I/Not I/Xba I 
HL32 tcgtgtcgacggcgcgcc 65.9 (Xho I)/Sal I/Asc I/Xho I 
HL33 tcgaggcgcgccgtcgac 65 (Xho I)/Sal I/Asc I/Xho I 
HL38 ctagagaattcgc 38 Xba I/Eco RI/Not I 
HL39 ggccgcgaattct 42 Xba I/Eco RI/Not I 
HL40 ggccgcactagttaattaac 46.5 Not I/Spe I/Pac I/Xma I 
HL41 ccgggttaattaactagtgc 46.4 Not I/Spe I/Pac I/Xma I 
HL42 cctaggcgcgccactagtggatc 62.7 Kpn I/Avr II/Asc I/Spe I/(Kpn I)/Bam HI 
HL43 cactagtggcgcgcctagggtac 60.8 Kpn I/Avr II/Asc I/Spe I/(Kpn I)/Bam HI 
HL44 catgcagatctaccggtgctagcc 60.8 (Nco I)/Bgl II/Age I/Nhe I/(Eco RI)  
HL45 aattggctagcaccggtagatctg 57.6 (Nco I)/Bgl II/Age I/Nhe I/(Eco RI)  
HL46 agcttaccggtc 38 Hind III/Age I/Eag I 
HL47 ggccgaccggta 42 Hind III/Age I/Eag I 
HL57 ggccgctatggccaccggtatgca 70.3 Not I/Sfi I/Msc I/Age I/Nsi I 
HL58 ataccggtggccat 44 Not I/Sfi I/Msc I/Age I/Nsi I 
HL61 cctggtagtagcat 42 SexAI/(PacI) 
HL62 gctacta 20 SexAI/(PacI) 
HL63 tcgagatatca 30 (Sal I)/EcoRV/SexAI 
HL64 ccaggtgacatc 38 (Sal I)/EcoRV/SexAI 
HL65 acctatgggccctctctggctccggacggcacc 79 Apa I/BspEI/pTα exon II 
HL66 ccaagcttcatgtggttgctgggattgaactcagg 75.8 Apa I/BspEI/pTα exon II 
HL67 catggtgaggctgctcgaggatggggactgaaactgag 78 Nco I/end of iCRE/Sal I 
HL68 tcgactgagtttcagtccccatcctcgagcagcctcac 78 Nco I/end of iCRE/Sal I 
HL75 tcgagatatcaccaggtc 41.5 (Sal I)/EcoRV/SexAI/(Sal I) 
HL76 tcgagacctggtgatatc 41.5 (Sal I)/EcoRV/SexAI/(Sal I) 
HL81 tagacgtcgctag 22.8 (Pac I)/Nhe I/Sex AI Fwd 
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HL82 cctggctagcgacgtctaat 51.4 (Pac I)/Nhe I/Sex AI Rev 

Oligonucleotides used for DsRed knock-in (KI) into ROSA26 

Oligonucleotides used for iCre knock-in (KI) into pTα.  

9. FREQUENTLY USED BUFFERS AND SOLUTIONS 

 Solutions were prepared according to Sambrook et al.116 with de-ionized 

dH2O, unless otherwise stated. 

 
Table 7: Composition of buffers and solutions 
 
20x TAE buffer 455 mmol/L Tris 

445 mmol/L boric acid 
10 mmol/L EDTA 

DNA loading buffer 10 mmol/L M Tris/HCl (pH 7.5) 
10 mmol/L EDTA (pH 8) 
0.025% (w/v) bromophenol blue 
30% (v/v) glycerol 
0.5% of N-lauroyl-Sarcosine sodium salt 
1mg/mL proteinase K 

PK Lysis buffer 10mmol/L Tris/HCl pH 7.5 
10mmol/L EDTA 
10mmol/L NaCl 
0.5% of N-LauroylSarcosine sodium salt 
100 μg/mL Proteinase K 

Denaturation solution 1.5 mol/L NaCl 
0.5 mol/L NaOH 

Neutralisation solution 1.5 mol/L NaCl 
1 mol/L tris/HCl (pH 7.0) 

50x Denhardt´s Solution 1 % (v/v) Ficoll 
1 % (w/v) Polyvinylpyrrolidone 
1 % (w/v) BSA, pH 7.0 
Filtered and stored at –20 °C. 

DEPC-ddH2O 0.1% (v/v) DEPC dissolved in ddH2O, 
incubated 24 h at RT and autoclaved afterwards. 

10x TE buffer 100 mmol/L Tris/HCl, (pH 8.0) 
1 mmol/L EDTA 

20X SSC 3 mol/L NaCl 
0.3 mol/L NaHCO3,2 H2O 

Hybridization solution 
 

5x SSC 
5x Denhardt´s solution 
40% (v/v) Formamide 
0.5% (w/v) SDS 

Washing Solution 1 2x SSC 
0.1% (w/v) SDS 

Washing Solution 2 0.2x SSC 
0.1% (w/v) SDS 

10x PBS buffer 1.3 mol/L NaCl 
70 mmol/L Na2(HPO4) 
30 mmol/L NaH2(HPO4), pH 7.4 

Erythrocyte Lysis Buffer 8.3 g/L NH4Cl 
1 g/L KHCO3 
EDTA-Na237,2 mg/L 
pH 7.2 to 7.4 

FACS Wash PBS/ 5% (v/v) FCS 
Protease mix 
(volume required/sample) 

20 µL of Collagenase D1 (10 mg/mL) 
200 µL of Dispase I (10 mg/mL) 
5 µL of DNAse I (1 mg/mL) 
775 µL PBS 

Paraformaldehyde (PFA) 
solution 

4%(w/v) PFA dissolved in PBS 
Add 1 drop of 2 mol/L NaOH and heat at 60°C 
for complete dissolution. Adjust pH to 7.3 
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10. CULTURE MEDIA 

10.1. For Bacterial Growth 

 All media for bacteria were prepared with ddH2O, autoclaved and stored at 

4°C. 
Table 8: Bacterial culture media 
 

 
 

 Agar plates were prepared by addition of 1.5% (w/v) agar to these media 

and were stored at 4°C. For positive selection, antibiotics were added to a pre-

cooled (~50°C) sterile media to a final concentration of 100 μg/ml for ampicillin 

and 25 μg/ml for kanamycin. For a blue/white color screen, α-complementation 

was revealed by spreading 40 μL XGal (40 g/L) and 40 μL IPTG (100 mol/L) 

before plating the bacteria. 

10.2. For Mammalian Cell culture 

All media were filtered using 0.22 μM (Nunc) and stored at 4°C. 
 
Table 9: Cell culture media and solutions 
 

 

 For use in ES cell culture, FCS (Gibco) was thawed at 37°C and 

subsequently heat inactivated for 30 min at 56°C in a water bath. Heat inactivated 

ES-FCS was then stored at -20°C in 50-mL aliquots. 

LB-Medium 1% (w/v) peptone or bacto-tryptone 
0.5% (w/v) yeast extract 
0.5% (w/v) NaCl 
pH 7.0 

2xYT 1.6% (w/v) Tryptone 
1% (w/v) Yeast extract 
0.5% (w/v) NaCl 
pH 7.0 

Feeder (FD) medium DMEM/Glutamax/high Glucose (Gibco) 
10% (v/v) fetal calf serum (FCS) (Gibco) 
1% (v/v) of penicillin (6 mg/mL)/streptomycin (5 mg/mL) solution (Gibco) 

ES (embryonic stem cell) medium DMEM/Glutamax/high Glucose (Gibco) 
15% (v/v) Heat inactivated FCS (Gibco) 
1mM Sodium Pyruvate (Gibco) 
150 μM Monothioglycerol (MTG) 
50 μg/mL Getamycin (Gibco) 
1000 U/mL ESGRO LIF (Chemikon) 

Freezing medium 40% (v/v) ES medium 
50% (v/v) FCS (Gibco) 
10% (v/v) DMSO (Sigma) 

Gelatin solution 0.15% (w/v) gelatin dissolved in PBS. 
Trypsin-EDTA (Gibco 25200-072) 0.25% (w/v) Trypsin (Gibco) 

1 mmol/L EDTA•4Na 
Geneticin (G418) stock solution 60 mg/mL G418 (Gibco) in ES-medium 
Gancyclovir stock solution 
 

2mM Gancyclovir in ES-Medium, prepared daily (purchased as a prescription from an 
M.D.). 
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11. BACTERIAL STRAINS, CELL LINES AND ANIMALS 

11.1. Bacterial Strains 

 The following Escherichia coli strains were used: 
 
Table 10 
 

 

11.2. Mammalian Cell Lines 

Table 11 
 

 

11.3. Mouse strains 

 Transgenic Lck-Cre76 and KI ROSA26-EGFP mice71 were purchased from 

Charles River Laboratories (Sulzfeld, Germany). ROSA26-EYFP mice85 were 

provided by T. Boehm (Freiburg). A breeding pair of the ubiquitous deleter strain 

CMV-Cre (carrying a huCMV-Cre transgene on the X-chromosome117) was obtained 

from R. Schmid (University Clinics Ulm). These mice have subsequently been 

backcrossed onto C57BL/6 for five to seven generations. C57BL/6 FoxN1(nu/nu) 

were purchased from Taconics (Germantown, NY). 

 

 Inbred C57BL/6 ROSA26-RFP reporter mice were generated from targeted 

Bruce4 ES clone #11 following blastocyst injection. Upon F1 inter-cross, 

homozygous ROSA26-RFP reporter mice were obtained and maintained on a 

C57BL/6 background. To generate animals with one constitutively activated 

ROSA26-RFP allele, ROSA26-RFP reporter mice were inter-crossed with CMV-Cre 

deleter animals. Offspring typed positive for both the Cre recombinase transgene 

and the reporter allele were further backcrossed onto C57BL/6. Heterozygous 

progeny with the predicted, complete recombination event were identified by 

XL1-Blue (for standard cloning) recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac [F´ proAB lacIqZΔM15 Tn10 

(Tetr)]. 

JM110 (to recover unmethylated DNA) 

 

F´ traD36 lacIqΔ(lacZ)M15 proA+B+/rpsL (Strr) thr leu thi lacY galK galT ara 

fhuA dam dcm glnV44 Δ(lac-proAB) 

NeoR Feeder cells Prepared as in 15.2, Methods section 

BHK-21 (BHK) Baby Hamster Kidney cancer cell line (fibroblast), ATCC #CCL-10 

BRUCE4 Mouse ES cell, C57BL/6-derived 

E14.1 Mouse ES cell, 129P2/OlaHsd-derived 

AB2.2 Mouse ES cell, 129S7/SvEvBrd-Hprt1-derived 
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FACS of peripheral blood (PB) cells. Homozygous ROSA26-RFP animals were 

obtained from inter-crosses of heterozygous parents. 

 pTα-iCre KI deleter line was derived from targeted E14.1 ES clone 

#44ΔιNeo2. Heterozygous pTα-iCre animal were backcrossed onto C57BL/6 for 5 

generations and further inter-crossed to obtain homozygous pTα-iCre animals. 

These mice were used as stock to generate pTα(iCre/WT) ROSA26(RFP/WT) animals by 

inter-cross with homozygous ROSA26-RFP reporter mice. 

 

 pTα-iCre deleter mice were inter-crossed with other fluorescent reporter 

lines (floxed ROSA26-EYFP and ROSA26-EGFP) to compare the efficiency of 

reporter activation. 

 

 For lineage tracing analysis in athymic mice, FoxN1(nu/nu) pTα(iCre/WT) 

ROSA26(RFP/WT) were obtained by a first breeding round of homozygous ROSA26-

RFP reporter and homozygous pTα-iCre deleter females with C57BL/6 FoxN1(nu/nu) 

males. Resulting FoxN1(nu/WT) pTα(iCre/WT) and FoxN1(nu/WT) ROSA26(RFP/WT) were 

further crossed to generate FoxN1(nu/WT) pTα(iCre/iCre) and FoxN1(nu/WT) 

ROSA26(RFP/RFP) offsprings. These animals were then used as stocks to generate 

FoxN1(nu/nu) pTα(iCre/WT) ROSA26(RFP/WT) and FoxN1(nu/WT) pTα(iCre/WT) ROSA26(RFP/WT 

euthymic mice. 

12. ANTIBODIES  

 The optimal working concentrations were determined for each antibody on 

106 cells of a relevant lineage. Dilutions given in table 12 were used for FACS 

staining and immuno-histochemistry (IHC) accordingly. 
Table 12: Antibody descriptions and titers 
 

Classification Recognised Antigen Dye Coupled FACS 
1/… 

IHC 
1/… Clone Isotype Provider 

CD3ε ε chain of CD3 complex Fluorescein 25 5 PFA #17A2 Rat IgG-2b, k P 

CD3ε ε chain of CD3 complex PE-Cy7 25 ND #2C11 Syrian Hamster IgG eB 

CD3ε ε chain of CD3 complex APC 25 10 PFA #2C11 Syrian Hamster IgG P 

CD3ε ε chain of CD3 complex APC-Cy7 25 ND #2C11 Syrian Hamster IgG P 

CD3ε ε chain of CD3 complex Biotine 200 ND #500A2 Syrian Hamster IgG P 

CD4 L3T4 FITC 800 Not on PFA #H129.19 Rat IgG-2a, k P 

CD4 L3T4 APC 400 Not on PFA #RM4.5 Rat IgG2a, k P 

CD4 L3T4 Biotine 800 ND #GK1.5 Rat IgG-2a, k P 

CD8α Ly-2 FITC 200 ND #53-6.7 Rat IgG-2a, k P 
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CD8α Ly-2 Biotine  ND #53-6.7 Rat IgG-2a, k P 

CD11b Mac-1 FITC 800 ND #M1/70 Rat IgG-2b, k P 

CD11b Mac-1 Biotine 500 ND #M1/70 Rat IgG-2b, k P 

CD11c  PE-Cy7 50 ND #HL3 Syrian Hamster IgG P 

CD16/CD32 FCg III/II, FC BLOCK   ND #2.4G2 Rat IgG-2b, k P 

CD19 Glycoprotein FITC 400 ND #1D3 Rat IgG-2a, k P 

CD19 Glycoprotein PE-Cy5.5 200 ND #1D3 Rat IgG-2a, k eB 

CD19 Glycoprotein Biotine 800 ND #1D3 Rat IgG-2a, k P 

CD24 HSA FITC 200 ND #30-F1 Rat IgG-2b, k eB 

CD25 IL-2 R α-chain PE-Cy7 1600 ND #PC61 Rat IgG1, lambda P 

CD31 PECAM-1 APC 400 ND #MEC13.3 Rat IgG-2b, k P 

CD34  FITC 25 ND #RAM34 rat IgG2a, k P 

CD44 Pgp-1 FITC 500 ND #IM7 Rat IgG-2b, k P 

CD44 Pgp-1 PE 400 ND #IM7 Rat IgG-2b, k P 

CD44 Pgp-1 PE-Cy5.5 400 ND #IM7 Rat IgG-2b, k eB 

CD45 Pan Ly-5 APC-Cy7 400 ND #30-F11 Rat IgG-2b, k P 

CD45 Pan Ly-5 Biotine 400 ND #30-F11 Rat IgG-2b, k P 

CD45R B220 FITC 400 10 PFA #RA3-6B2 Rat IgG-2a, k P 

CD45R B220 APC 100 ND #RA3-6B2 Rat IgG-2a, k P 

CD97 Gr-1, Ly-6G FITC 200 ND #RB6-8C5 Rat IgG-2b, k P 

CD97 Gr-1, Ly-6G Biotine 500 ND #RB6-8C5 Rat IgG-2b, k eB 

CD117 c-kit R APC 200 20 PFA #2B8 Rat IgG-2b, k eB 

CD127 IL7Rα chain PE-Cy7 25 ND #A7R34 Rat IgG2a,k eB 

CD135 Flk2/Flt-3R Biotin 200 ND #A2F10 Rat IgG-2a, k eB 

CD161 NK-1.1, NKR-P1C APC 100 ND #PK137 Mouse IgG-2a, k eB 

CD229.1 Ly9.1 Biotine 400 ND #30C7 Rat IgG-2a, k P 

Ter119 Ly-76 FITC 100 ND #Ter119 Rat IgG-2b, k P 

Ter119 Ly-76 Biotine 200 ND #Ter119 Rat IgG-2b, k eB 

Sca-1 Stem Cell Antigen PE-Cy5.5 400 HSC #D7 Rat IgG-2a, k P 

αβ TCR  FITC 400 ND #57-597 Syrian Hamster IgG P 

αβ TCR  Biotine 200 ND #57-597 Syrian Hamster IgG P 

γδ TCR  FITC 800 ND #GL3 Armenian Hamster IgG P 

γδ TCR  Biotine 1600 ND #GL3 Armenian Hamster IgG P 

Vγ1  FITC 100 ND #2.11   aliquot 

Vγ4  FITC 100 ND #UC3-10A6   aliquot 

Vγ5  FITC 100 ND #F536   aliquot 

Vγ7  Biotine 100 10 #F2.67   P 

SA-PE-Cy5.5  PE-Cy5.5 400 ND    eB 

SA-PE-Cy7  PE-Cy7 800 ND    eB 

SA-APC  APC 400 ND    MP 

SA-APC-Cy7  APC-Cy7 200 ND    eB 
ND: Not determined, SA: Streptavidin. 
 

 Antibodies and second step reagents used in this study were either 

purchased from Pharmingen (P), eBioscience (eB) or Molecular Probes (MP). 

13. COMPUTER ANALYSIS 

 For the analysis of the nucleotide sequences, BLAST, BLAST2 and other 

programs from National Center for Biotechnology Information (NCBI) were used 

(www.ncbi.nlm.nih.gov) as well as Lasergene software package (DNAstar). 

http://www.ncbi.nlm.nih.gov/


 

- 41 - 

Information about mouse alleles, phenotypes and strains were taken from Jackson 

Laboratory (www.informatics.jax.org). Statistical analysis, cell distributions, and 

graphs were done using Prism 4.03 (Graphpad). Mouse genome sequences were 

downloaded from Ensembl (http://www.ensembl.org). Plasmid maps and 

restriction analysis were generated using Gene Construction Kit 2 (Textco) and/or 

Clone Manager 7 Pro (Scientific and Educational Software). Cell Quest, FACS DIVA 

(Becton Dickinson) and Flojo (Treestar) softwares were used to analyze flow 

cytometry data. 

http://www.informatics.jax.org/
http://www.ensembl.org/
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METHODS 

14. MOLECULAR BIOLOGY METHODS 

 The general molecular biological methods, E. coli culture, competent cell 

preparation, agarose gel preparation and DNA electrophoresis, DNA extraction and 

precipitation, measurement of DNA/RNA concentration, DNA digestion were 

performed according to Molecular Cloning: A Laboratory Manual (Sambrook et al., 

1989). For cloning, plasmid DNA was prepared using standard alkaline lysis 

protocol and digested with NEB restriction enzymes in corresponding NEB buffers, 

unless otherwise stated. DNA extraction from agarose gels were performed using 

Qiaquick gel extraction kit (Qiagen). DNA preparations were ligated in a volume of 

10-μL using a 3x molar excess of insert and 1 unit of T4 DNA ligase (NEB) in 

ligase buffer in a PCR block set at 16° C overnight. PCR products were cloned 

using TOPO cloning kit (Invitrogen). Prior to ES cell electroporation, large amount 

of plasmid DNA was prepared using Qiafilter Midiprep kit (Qiagen). 

14.1. Escherichia coli heat shock transformation 

 Competent cells were thawed on ice, 20-ng plasmid DNA in H2O or 1-μL of 

ligation mix was added and gently mixed with a pipette tip. The suspension was 

left on ice for 30 min, then heat shocked in a 42°C water bath for 30 seconds, and 

placed on ice for 2 min. 500-μL LB medium were added and cells were incubated 

at 37°C, 200 rpm for 60 min before plating on 2xYT agarose plates. 

14.2. Polymerase chain reaction (PCR) of DNA fragments 

 AmpliTaq polymerase (ROCHE, #58003456-02) was used for analytic PCR, 

Expand long template PCR system (ROCHE #11 681 834 001) was used for 

cloning PCR as it contains 3´to 5´exonuclease activity (“proof-reading”) which 

recognizes and removes incorrectly incorporated deoxynucleotide. This polymerase 

mix was also used for the amplification of fragments larger than 2 kb which were 

generated for subcloning. GC Rich PCR system (ROCHE #12 140 306 001) was 

used to amplify complex templates such as the GC-rich promoter region 

encompassed in ROSA26 short arm. 
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Standard PCR conditions were: 

  Volume (µL) 
Template DNA 50-200 ng 1 

Fwd Primer 10 pM/uL 1 

Rev Primer 10 pM/uL 1 

dNTPs 2,5 mM 2 

MgCl2 25 mM 2 

ReadyLoad 10X 2.5 

Buffer 10X 2.5 

AmpliTaq (20 U/µL) 0.1 

H2O  12.9 

V final  up to 25 
 
 

 The individual profile for each PCR was determined experimentally on a T3 

Thermocycler (Biometra). After an initial denaturation step at 94 °C (AmpliTaq and 

Long Expand: 2 min; GC-rich: 3 min) 30-35 cycles followed: 

1. Denaturation at 94 °C for 30 sec 

2. Annealing at 50-65 °C for 30 sec 

3. Extension at 72 °C for 1 min/kb (AmpliTaq) and 2 min/kb (Long Expand, GC-

rich), respectively. At the end of the run, a 10 min incubation at 72 °C followed to 

complete the ends of all amplicons. 

14.3. Sequencing 

 Sequencing reactions were performed according to the chain termination 

method from Sanger et al. (1977) using 4 different fluorescently labeled ddNTPs 

(didesoxynucleosid-5´-triphosphate). 

   Volume (µL) 

Template DNA 500 ng  

Sequencing Primer 10 pmol/µL 0.5 

ABI Prism BigDye Mix  4 

ddH2O  up to 10 
 
 

 The following program was run in the T3 Thermocycler (Biometra): 

After an initial denaturation step of 1 min at 95 °C, 25 cycles followed: 

1. Denaturation at 95°C for 15 sec 

2. Annealing at 50°C for 15 sec 

3. Extension at 60°C for 4 min 
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Sequencing reaction was stopped by adding following mix to the sample 

  Volume (µL) 

Dextran Blue 5 mg/mL 5 

Na acetate 3 mol/L 1 

EDTA 125 mmol/L 1 

Ethanol 100% (v/v) 30 
 
 

 After 10 min incubation at RT and protected from light, the sample was 

centrifuged for 10 min at 13000 rpm using 5417R centrifuge (Eppendorf) and 

washed with 200 µL of 75 % Ethanol. The air-dried pellet was resuspended in 

25-µL sequencing ddH2O (Roth, #A5112.), and applied to the ABI Prism 377 DNA 

Sequencer (Perkin- Elmer, Weiterstadt). Sequences were verified and aligned 

using Seqman module of Lasergene software (DNAstar). 

14.4. Semi-quantitative RT-PCR 

 mRNAs were extracted from up to 5x104 cells using RNAzol™ B 

(Cinna/BiotecX, #CS-101) according to suppliers protocol. cDNA was prepared 

with Superscript II RT kit (Invitrogen) as following: 
Table 13: Standard Protocol for first strand cDNA synthesis 
 

  Volume (µL) 

mRNA Sample 1 to 5 µg total RNA x 

dNTPs Mix 10 mmol/L 1 

Oligo d(T) 0.5 µg/µL 1 

DEPC-H2O  Up to 10 
65°C for 5 min 

4°C for 5 min 

RT Buffer 10X 2 

MgCl2 25 mmol/L 4 

DTT 0.1 mol/L 2 

RNAse OUT 40 U/µL 1 

42°C for 2 min 

Superscript II RT 50 U/µL 1 

42°C for 50 min 

70°C for 15 min 

4°C for 5 min and centrifugation 

RNAse H 2 U/µL 1 

37°C for 20 min 
 
 

 The amount of cDNA was first quantified using HPRT amplification 

(JF47/JF48). Subsequent PCR amplification on normalised cDNA quantity was 

performed using gene specific primers (See material section 8.1). 
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14.5. Southern Blot 

14.5.1. Southern transfer of DNA fragments onto membranes 

 10-μg of genomic DNA prepared by phenol/chloroform extraction was 

digested with appropriate restriction endonucleases in digestion buffer overnight; 

separated on a 0.8% agarose gel, denatured and transferred onto nylon 

membrane (Hybond N+, Amersham) by diffusion of denaturation solution. The 

membrane was washed briefly in 6x SSC. 

14.5.2. Radioactive random labeling of nucleic acids 

 To detect specific nucleic acid sequences on Southern blot filters, DNA 

probes (30 to 40-ng) were labeled with 50-µCie αdCT32P using the “Prime it” 

(Stratagene) according to the suppliers protocol and purified using NICKTM 

chromatography columns. The yield was determined by measuring the 

radioactivity of 1 µL using an LS3801 counter (Beckman, Palo Alto, USA). 

2.106-cpm of labeled probe was denatured at 95°C for 10-min and placed on ice 

for 2-min. 

14.5.3. Detection of genomic DNA fragments with radio-labeled probe 

 The blotted nylon filters containing either DNA were rolled and placed into a 

hybridization tube (nucleic acid facing inwards), which was filled with 2x SSC and 

freed from air bubbles. Once the filters on place, 2x SSC was poured out and 

replaced with 15-mL of pre-warmed (65°C) hybridization solution and 500-μL of 

denatured (95°C, 10 min) sonicated salmon sperm DNA (100 μg/mL). The tubes 

were pre-hybridized for 2 hrs in a rotation oven at 65°C. Denatured radioactive 

probe (see section 14.5.2) was added to the tube and the hybridization was 

carried out overnight under the same conditions as the pre-hybridization. The next 

day, the hybridization solution was poured out and the filters were washed at 

65°C with the washing solution 1 for 5-20 min, depending on the activity shown 

by the filters. The radioactive signals were checked with a hand monitor 

(β-detector, LB 1210B, Berthold, Bad Wildbad). A more stringent wash with 

washing solution 2 was done for 5-10 min if the filter had an activity >10 

desintegration per s-1. Finally, the filters were wrapped into saran plastic, placed in 

an autoradiography cassette and exposed to a Kodak BioMax MS-1 Film (Sigma, 
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München) film for 2 to 3 days at -80°C. 

15. MAMMALIAN CELL CULTURE 

15.1. BHK-21 maintenance 

 BHK cells were used to assay expression of various fluorescent reporters in 

mammalian cells. 

15.1.1. BHK growth and trypsinization 

 One vial of BHK-21 cells were grown in 10-mL FD-Medium in 7,5 cm2 cell 

culture flasks (Nunc). BHK-21 cells were grown at 37°C in a humidified 5% CO2 

incubator and medium was changed every other day. At confluency, cells were 

trypsinized for 5 min at 37°C with 1-mL of 0.05% Trypsin EDTA (Gibco). 

Trypsinization reaction was stopped with 9-mL FD-Medium and cells were further 

propagated following a 1/5 to 1/6 sub-cultivation split. 

15.1.2. Electroporation of BHK cells 

 After trypisinization, 5 x 106 BHK cells were distributed into a 0.4 cm 

electroporation cuvette (Biorad #165-2088) and electroporated with 20-µg of 

plasmid DNA at 220-KV, 960-µFd in 400 µL PBS/DNA solution, yielding a time 

constant of 5 to 8 ms. Circular plasmids were electroporated for transient 

expression. BHK cells were resuspended in 20-mL FD-medium and plated on two 

10-cm plates. BHK cells were grown for 24 hrs at 5% CO2 in a humidified 

incubator and analyzed the next day by FACS. 

15.2. NeoR Murine Embryonic Feeder (MEF) preparation and 

maintenance 

 Pregnant NeoR transgenic females were sacrificed at 14 dpc (day post 

coitum) and their uteri were dissected out in MT-PBS. The embryos were then 

dissected away from the uterus, the placenta was subsequently removed to retain 

only the embryo proper. Head and fetal liver were cut out to remove most of the 

tissue not supporting ES cell growth. Remaining carcasses were cut into a slurry, 

and transferred into 10-mL of 0.05% (v/v) Trypsin/EDTA with sterile glass beads. 

After 30 min of digestion at 37°C under gentle stirring (~1-2 turns/second), cell 

debris were filtered out through a sterile silk filter (50-µm mesh opening). The cell 
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suspension was mixed with FD-medium (20-mL per digested embryo) and plated 

on 10-cm cell-culture dishes. After a day of incubation at 37°C in a humidified 

10% CO2 incubator, the medium was changed to remove dead cells and debris. 

2-3 days later, the confluent monolayers of feeder cells were trypsinized and 

frozen to a density of 1 embryo equivalent into 1 mL of freezing medium. Cells 

were stored at -70°C for one day and transferred into liquid nitrogen for long time 

storage. One vial of this stock of feeder cells was thawed on six 10-cm dishes. 

Confluent dishes were reached within 3-4 days. MEFs could be further propagated 

in FD-medium for 3 more times on gelatinized plates following a 1/3 

sub-cultivation split. Prior to ES cell experiments, feeder cell growth was inhibited 

by 33 rad of γ-irradiation. 

15.3. Maintenance and genetic manipulation of ES cells 

 Similar protocols were applied to all ES cell lines used in this study. 

15.3.1. Thawing, trypsinizing ES cells 

 1 vial of ES cells (containing a 10-cm dish equivalent) was thawed [ES cells 

were transferred to a 15-mL Falcon tube and "drop wise" resuspended in 9-mL of 

ES-medium] and plated on two 10-cm dishes with irradiated MEFs. ES cells were 

grown at 37°C in a humidified 10% CO2 incubator and medium was changed 

every day. After 2-3 days, the cells were trypsinized with 2-mL of 0.25% (v/v) 

Trypsin/EDTA for 2 min at 37°C. To stop the trypsinization reaction, 8-mL 

ES-medium solution was added to the cell suspension. To prevent differentiation, 

colonies need to be broken up into single cells when passaged. Therefore, the 

suspension was pipetted slowly up and down about three times in ES-medium, 

avoiding the production of foam. Cells were left for 10 min at 4°C to sediment the 

remaining cell lumps. The supernatant (9-mL) was carefully collected, centrifuged 

at 1200 rpm for 5 min at 4°C (Heraus, Rotor #2250) and cells were split on 3 to 4 

10-cm dishes with irradiated MEFs. 
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15.3.2. Electroporation of ES cells 

 ES cells were grown on three 10-cm cell culture dishes with irradiated MEFs 

until they were almost confluent; then split 1/4 on 12 new plates. Two days later, 

the cells were ready to be harvested for electroporation. Medium was changed 3 

to 4 hrs before the electroporation to keep cells in a good shape. ES cells were 

trypsinized (see section 15.3.1), and collected by centrifugation at 1200 rpm for 5 

min at 4°C (Heraus, Rotor #2250). Cells were resuspended altogether in 10 ml 

PBS, counted (using a 1/5 dilution) in a Neuhaus chamber. 2 x 107 ES cells were 

distributed into a 0.4 cm electroporation cuvette (Biorad #165-2088). Cells were 

electroporated with 20-40-µg DNA at 250-KV, 500-µFd in 800 µL PBS/DNA 

solution, yielding a time constant of 10 to 14 ms. For transient expression, circular 

plasmids were electroporated; for stable integration, plasmids were linearized with 

convenient restriction enzymes before electroporation. After electroporation, ES 

cells were kept on ice for 10 min and resuspended in 20-mL 

ES-medium/electroporation. Finally, cells were plated on two 10-cm plates with 

irradiated feeders and grown for 24 hrs at 10% CO2 in a humidified incubator. 

15.3.3. Freezing ES cells 

 The cells were allowed to grow to higher confluency (85%) and fed 4 hrs 

before freezing. To freeze, cells were trypsinized (see section 15.3.1) and washed 

into 4 volumes of ES-medium. The pellet of cells was promptly broken by flicking 

the side of the tube and cells were gently resuspended in 1-mL of 1x freezing 

medium (10.2) per trypsinized dish. The cell suspension was then distributed into 

2-mL cryovials (Corning) on ice until all the cryovials were ready to freeze. The 

vials were then transferred to isopropanol (temperature controlled) freezing 

vessel. For long term storage, the vials were transferred to liquid nitrogen 48 

hours later. 
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16. GENERATION OF KNOCK-IN MOUSE LINES 

16.1. Constructs used for gene targeting 

 All the cloning steps required for the generation of targeting constructs are 

listed in this section. 

16.1.1. Knock-in of Cre-inducible DsRed1/2 into the ROSA26 locus 

 Two different gene targeting strategies were tested. The use of TK-NeoR 

cassette for gene targeting yields to many recombinant clones irrelevantly of the 

expression status of the locus of integration. The resulting gene targeting 

efficiency is expected to be low and requires a labor intensive screening of 

recombinant colonies. In contrast, IRES (Internal Ribosome Entry Site)-NeoR 

cassette selects only for ES clones in which the recombinant DNA has inserted in 

an actively transcribed locus. This targeted "gene trap" strategy can be applied to 

target more efficiently the ROSA26 locus as it is expressed in ES cells81. The whole 

expression cassette was fused to the adenovirus splice acceptor taken from 

pSAβgeo81 and cloned at the unique Xba I site of pROSA26.1 vector. pROSA26.1 

provides the arms of homology required for the insertion of the expression 

cassette via homologous recombination within the first intron of the ROSA26 

gene81. In both pHL-BP and BS targeting constructs, the longest arm of homology 

was fused to a negative selection cassette in order to eliminate recombinant ES 

clones with residual sequences of the plasmid backbone at the integration site58. 

The thymidine kinase (TK) or diphteria toxine a (DTa) genes were both tested. TK 

exerts its toxicity only in the presence of a nucleotide analogue, the gancyclovir 

(Cymeven, Roche) whereas DTa itself irreversibly inhibits the protein synthesis by 

ADP-ribosylation of elongation factor 2118. In the present work, pHL-BP-TK and 

BS-TK were not used for gene targeting. 
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Table 14: DsRed ROSA26 targeting construct generation 
 

 
Table 15: IRES-Neo/DsRed ROSA26 targeting constructs generation 
 

 

 For the establishment of a PCR screen of recombinant clones at the 

ROSA26 locus, pHL-BO control construct was cloned with a sequence prolonging 

the 5' end of the short homology arm of pROSA26.1 targeting vector. 

pHL-BA Derived from pBSK after insertion into Spe I/Eco RV of a 1.3 kb Spe I/Eco RV fragment from pβGeo 
wich encodes for a βgal/Neo fusion protein. Construction checked using restriction digests. 

pHL-BB Derived from pHL-BA after deletion of 1.150 kb Hind III fragment in order to remove all βgeo gene 
sequence except its first exon and intron. Construction confirmed by restriction digests and 
sequencing using oligonucleotide 11102. 

pHL-BC Derived from pHL-BB insertion of a 1.265 kb Xho I fragment of pL2Neo coding for LoxP-NeoR cassette 
into Sal I/Xho I sites. Screening for insertion and orientation was achieved using Sal I and Hind 
III/Xho I respectively. 

pHL-BC-inv Same as for pHL-BC with the 1.265 kb Xho I fragment of pL2Neo coding for LoxP-NeoR cassette in the 
other orientation. Construct confirmed by sequencing. 

pHL-BC- 
ΔXho I 

Same as for pHL-BC with the 1.265 kb Xho I fragment of pL2Neo coding for LoxP-NeoR cassette only 
cloned in the Xho I of pHL-BB. Construct confirmed by sequencing and restriction digests. 

pHL-BD Oligonucleotides HL10/HL11/HL12/HL13 were inserted into the Kpn I/Not I sites of pBSK-. Purpose: 
create a new polylinker with restriction sites (Not I)/Sal I/Nhe I/Xho I/Eco 47 III/Bgl II/Pst I/Eag 
I/Bam HI/Pst I/Mlu I/Xba I/Kpn I in order to construct 3p(A)n-lox P-DsRed1-SV40 p(A)n. 

pHL-BE Derived from pHL-BD after insertion of a 284 bp Xba I fragment bearing the bGH polyadenylation site 
from pbGeo into its Nhe I site. Orientation of the fragment was confirmed by Xho I/Sac I restriction 
digest and sequencing. 

pHL-BF Insertion of a 284 bp Sac I/Sal I fragment bearing bGH polyadenylation site from pbGeo into Sac I/Sal
I sites of pHL-BE. Insertion of the fragment was confirmed by Xho I/Sal I restriction digest and 
sequencing using 14013 primer. 

pHL-BG Insertion of a 284 bp Sac I/Sal I fragment bearing bGH polyadenylation site from pbGeo into Sac I/Sal
I sites of pHL-BF. Insertion of the fragment was confirmed by Xho I/Sal I restriction digest. 

pHL-BH Insertion of a 695 bp Eco 47III/Bgl II fragment of pDsRed1-C1 into Eco 47III/Bgl II of pHL-BG. 
pHL-BI Insertion of a 251 bp Bam HI/Mlu I fragment of pEGFP.C1 into Bam HI/Mlu I of pHL-BH. 
pHL-BJ Insertion of a 121 bp Xho I/Sal I loxP site of pL2-Neo into Xho Isite of pHL-BI. Insertion of the 

fragment was confirmed by Xho I/Age I restriction digest. 
pHL-BK OK Insertion of a 1.96 kb Sal I/Kpn I fragment bearing 3*p(A)n-loxP-DsRed1-SV40 p(A)n from pHL-BJ 

into Xho /Kpn I sites of pHL-BC. 
pHL-BK 
V(HL40/41) 

Oligonucleotides HL40/HL41 were inserted into the Not I/Xma I sites of pHL-BK. Purpose: create a 
new polylinker with restriction sites (Not I)/Spe I/Pac I/Xma I) in order to transfer easily the cassette 
in pROSA26.1. Insertion was confirmed by sequencing and restriction digest using Xba I. 

pHL-BL Insertion of a 695 bp Eco 47III/Xba I fragment of pDsRed2-C1 into Eco 47III/Xba I of pHL-
BK.V(HL40/HL41). Purpose: exchange DsRed1 with the newest version of DsRed from Clontech. 
Insertion checked with Bam HI/Not I. 

pHL-BLΔNot I Disrupt Not I/Xma I of pHL-BL by exonuclease III treatment and re-ligation. Purpose: disrupt Not I 
site for the cloning of loxP-Ires. Complete disruption of Not I/Eag I site was confirmed by sequencing. 

pHL-BM Oligonucleotides HL42/HL43 were inserted into the Kpn I site of pHL-BL. Purpose: create a new 
polylinker with restriction sites on the 3' side of the cassette (Kpn I/Avr II/Asc I/Spe I/(Kpn I)) in order 
to transfer easily the cassette in pROSA26.1. Insertion was confirmed by sequencing. 

pHL-BP-DTa Transfer of a 3.4 kb Spe I/Avr II fragment bearing SA-loxP-Neo-3*p(A)n-loxP-DsRed2-SV40 p(A)n 
from pHL-BM into Xba I site of pROSA26.1. Plasmid was confirmed using multiple restriction digests 
and linearized using Sac II digestion. 

pHL-BP-TK Transfer of a 3.4 kb Spe I/Avr II fragment bearing SA-loxP-Neo-3*p(A)n-loxP-DsRed2-SV40 p(A)n 
from pHL-BM into Xba I site of pROSA26-TK. Plasmid was confirmed using multiple restriction digests 
and linearized using Sac II digestion. 

pHL-BQ Transfer a 688 bp Eag I fragment from pCAGGS.V1.loxP bearing loxP-IRES into the Hind III/Eag I sites 
of pHL-BLΔNot I using the linker HL47/HL46. Insertion checked by restriction digest and sequencing. 

pHL-BR Transfer a 2.5 kb Bgl II/Xho I fragment from HL-BQ bearing SA-loxP-IRES-Neo-3*p(A)n into the Bgl 
II/Xho I sites of pHL-BM. Insertion checked by restriction digest and sequencing. Purpose: sub-clone 
this fragment in previous construct to be able to use the 5' MCS for transfer into pROSA26.1 and 
pROSA26-TK. 

pHL-BS-DTa Transfer the 3.6 kb Pac I/Asc I cassette from pHL-BR into the Pac I/Asc I sites of pHL-BP-DTa 
(orientated cloning). This the final targeting construct of DsRed2 into ROSA26 locus using IRES-Neo 
and DTa. Plasmid was confirmed using multiple restriction digests and linearized using Sac II digestion.

pHL-BS-TK Transfer the 3.6 kb Pac I/Asc I cassette from pHL-BR into the Pac I/Asc I sites of pHL-BP-TK 
(orientated cloning). This the final targeting construct of DsRed2 into ROSA26 locus using IRES-Neo 
and DTa. Plasmid was confirmed using multiple restriction digests and linearized using Sac II digestion.
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Table 16: ROSA26 control arm construct generation 
 

 
 
Table 17: ROSA26 variants generation 
 

 
 

16.1.2. Knock-in of Cre-inducible HcRed1 into the ROSA26 locus 

 As expression of DsRed2 from the ROSA26 promoter was not yielding any 

red fluorescence in ES cells, HcRed1 (another commercially available RFP from 

another coral) was targeted into the ROSA26 locus using the "targeted trapping" 

approach with IRES-Neo positive selection cassette. Negative selection was 

performed with DTa gene. No control construct was generated as the PCR screen 

remained the same as in (see section 16.1.1) 
 
Table 18: HcRed1 Targeting construct generation 
 

 
 

16.1.3. Knock-in of Cre-inducible mRFP1/tdRFP into the ROSA26 locus 

 HcRed1 expression from the ROSA26 locus was too weak to be useful in 

lineage tracing. Another set of constructs were constructed to target mRFP1 and 

tdRFP110. These DsRed variants were targeted using the "targeted trapping" 

approach with IRES-Neo selection cassette. Negative selection was performed with 

DTa gene. No control construct was generated as the PCR screen remained the 

same as in (see section 16.1.1) 
 

pTOPO(HL23/HL24) Amplify a 552 bp fragment using GC rich Kit PCR system and clone it into TOPO vector. This 
results in the Xho I/Sal I flanked control arm for ROSA26 targeting. Amplified product was 
confirmed by sequencing. 

pHL-BN Transfer a Kpn I/Xba I fragment from pHL-BC bearing SA-loxP-Neo into the Kpn I/Xba I sites of 
pR26.1V(HL21/22). Construct confirmed by sequencing. 

pHL-BO Transfer a Sal I/Xho I fragment from TOPO(HL23/24) bearing CA-loxP-Neo into the Sal I site of 
pHL-BN. Orientation confirmed by restriction digest and sequencing. This is the control construct 
for ROSA26 targeting. 

pR26.1V(HL21/22) Linker HL21/HL22 was inserted into the Sac II site of pR26.1. It creates a new polylinker with 
restriction sites Sfi I/Sal I/(Sac II) in order to be able to make linear the constructs with Sfi I and 
insert the control arm. The correct orientation has been determined by sequencing using 
oligonucleotide 14013. 

pR26ΔSal I pROSA26.1 was digested with Sal I and filled in using Klenow polymerase. Disruption of Sal I site 
checked by restriction digest 

pR26ΔSal 
IV(HL21/22) 

Linker HL21/HL22 were inserted into the Sac II site of pR26.1ΔSal I. Purpose: create a new 
polylinker with restriction sites Sfi I/Sal I/(Sac II) in order to be able to linearize the constructs 
with Sfi I and insert the control arm. The correct orientation has been determined by sequencing
using oligonucleotide 14013. 

pHL-DA Insertion of a Age I/Not I 0.7 kb fragment bearing HcRed1 from pHcRed-N1 into the Age I/Eag I of 
pHL-BJ 

pHL-DB 0.99 kb Mlu I/Nhe I fragment from pHL-DA cloned into Mlu I/Nhe I of pHL-BT. 
pHL-DC Mlu I/Xma I fragment from pHL-DB inserted into Mlu I/Xma I of pHL-BS-DTa. This is the final 

targeting construct of HcRed1 into the ROSA26 locus. Plasmid was linearized using a Sfi I digestion. 
pHL-DD Mlu I/Spe I fragment from pHL-DB inserted into Mlu I/Xba I of pCAGGS-Flpe.V2. This construct 

allows testing of HcRed1 expression upon Cre mediated stopper deletion. 
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Table 19: mRFP and tdRFP targeting construct generation 
 

 
 

16.1.4. Knock-in of Cre-inducible tdRFP in reverse orientation into the 

ROSA26 locus 

 Recombinant clones targeted with tdRFP exhibited fluorescence before the 

excision of the stopper sequence. A new generation of targeting constructs was 

cloned to target tdRFP to the ROSA26 locus. tdRFP was cloned in opposite 

orientation to the ROSA26 promoter to prevent reporter expression before Cre 

activation. As for previous gene targeting experiment, the ROSA26 locus was 

"gene trapped" with the marked difference that Neo was directly fused with the 

ROSA26 transcripts. Negative selection was performed with DTa gene. No control 

construct was generated as the PCR screen remained the same as in (see section 

16.1.1). 
 
Table 20: "tdRFP flip" targeting construct generation 
 

 

pHL-FA A 0.685 kb Bam HI/Eco RI fragment from pmRFP (Tsien et al.) inserted into Bam HI/Eco RI of 
linearized pEGFP.C1.V(HL8/HL9). 

pHL-FB A 1.4 kb Bam HI/Eco RI fragment from ptdRFP (Tsien et al.) inserted into Bam HI/Eco RI of 
linearized pEGFP.C1.V(HL8/HL9). 

pHL-FG 0.96 kb fragment Mlu I/Nhe I of pHL-FA cloned into Mlu I/Nhe I (partial fragment of 11 kb) of pHL-
DC. This final targeting vector for mRFP into the ROSA26 locus is linearized using Eco RV. 

pHL-FH 1.7 kb fragment Mlu I/Nhe I of pHL-FB cloned into Mlu I/Nhe I (partial fragment of 11 kb) of pHL-
DC. This final targeting vector for tdRFP into the ROSA26 locus is linearized using Eco RV. 

pHL-HA pHL-FH was digested with Xho I/Nhe I and the 6.5 kb band was purified. The linker JF77/JF78 ((Xho 
I)-Nsi I-lox2372-Mlu I-spacer-Xho I) was inserted into the Xho I site and the orientation checked 
using the Nsi I site next to the p(A)n. This step introduce lox2372 site next to the p(A)n stopper. 

pHL-HB pHL-FB was digested with Xho I, filled-in with Klenow and relegated creating a Pvu I site. 
Recombinant plasmids were screened using Pvu I. 

pHL-HC 
 

The linker JF79/JF80 (Nhe I-Xho I-spacer-Eco RI) was inserted into the Nhe I/Eco RI of pHL-HB. This 
step inserts a spacer next to the CMV promoter in pHL-HB. 

pHL-HD The Eco RI fragment of pHL-FH containing loxP-tdRFP (1.5 kb) was inserted into the Eco RI site of 
pHL-HC. This step inserts of loxP-tdimer RFP next to the spacer of pHL-HC 

pHL-HE The linker JF81/JF82 (Xho I-Asc I-lox2372-(Xho I)) was inserted into the Xho I site of pHL-HD. This 
step introduces a lox2372 site upstream of the conventional loxP site 

pHL-HF The NeoR-p(A)n cassette was extracted from pHL-GA with a Xba I/Nco I partial digestion and inserted 
into the Eco RI/Xba I sites of pHL-HA using the linker JF83/JF84 (Eco RI-Kozak-Nco I). This step 
inserts Kozak-Neo-pA into pHL-HA. 

pHL-HG The 1.8 Kb Xho I/Mlu I fragment (lox2372-spacer-loxP-tdRFP-SV40 p(A)n) from pHL-HE was inserted 
into the Xho I/Mlu I sites of pHL-HF. 

pHL-HH The Pac I/Asc I fragment (SA-loxP-Kozak-Neo-p(A)n-lox2372-tdRFPrev-loxPrev-spacer-lox2372rev) 
was inserted in the Pac I/Asc I sites of pHL-FH. This final targeting construct is linearized using Xho I.
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16.2. Generation of pTα targeting constructs 

 All the cloning steps required for the generation of the pTα-Cre targeting 

constructs are listed in this section. 

16.2.1. Constructs for targeting hCRE into the first exon of pTα 

 Constructs were designed to target a cDNA encoding a humanized version 

of Cre (hCre)119 into the first exon of pTα, just downstream of the endogenous 

ATG start codon. Such a targeting event would disrupt the pTa gene. Several 

targeting constructs were generated: positive selection was always performed 

using a NeoR cassette driven by a TK promoter (from pMC-Neo-p(A)n). For 

negative selection either a TK (pHL-AI) or a DTa (pHL-AP) cassette was used. 
 
Table 21: pTα-hCre targeting construct generation 
 

 
 

  

pHL-AA Linker HL03/HL04 was inserted into the Eco RI site of pDOI5. The purpose is to create a new multiple 
cloning site with convenient restriction sites Xho I/Sal I/Eag I in order to fuse hCRE with rabit β-
globin sequence bearing Splice Donor (SD)-intron-Splice Acceptor (SA)-Exon III. The correct 
orientation was determined with a Bam HI/Eco RI digest confirmed by sequencing using HL03. 

pHL-AB Derived from pHL-AA after deletion of the Sma I/Sma I fragment in order to remove native pDOI5

Sal I site to allow an easier cloning of hCRE. Construct checked using Xma I digests.  
pHL-AC Results of the insertion of a Eco RI/Xho I fragment encoding hCRE from pCXN-hCRE into Eco RI/Sal I

sites of pHL-AB. As hCRE cloning introduces a new Xma I site, Xma I was used for the screening of 
recombinant plasmids. 

pKBAB.V1 Derived from pKBAB after disruption of the Bam HI site by Bam HI digest followed by a fill in 
reaction with Klenow. This step inserts hCRE construct from pHL-AC using a Bam HI/Xho I digests. 
Disruption of Bam HI site was confirmed by sequencing. 

pHL-AE Derived from pBSK.V(HL01/HL02) after insertion of a Not I/partial Eco RI fragment of pKBAB.V1 into 
its Not I/Eco RI sites. Recombinant plasmids were screened using Not I/Eco RI and Eco RV digests. 

pHL-AF Cloning of Bam HI/Xho I fragment of pHL-AC (E1-Intron-E2-hCRE-polyA) into Bam HI/Xho I sites of 
pHL-AE. 

pHL-AG Linker HL06/HL07 was inserted into the Xho I site of pHL-AF. It creates a new multiple cloning site 
with restriction sites Xho I/Asc I/Sal I/(Xho I) in order to clone the long arm of pTα KI. Insertion was 
checked using an Asc I digest as pHL-AF does not bear any Asc I site (clones #1, 2, 3, 4, 5, 7, 9, 11, 
12). Integrity of inserted sequence and orientation of the insert were checked by sequencing 

pHL-AN As hCRE has been shown to be expressed in bacteria during cloning of the positive control construct, 
the floxed NeoR cassette has been to replaced by a flipped NeoR cassette extracted from plasmid 
FRT-neo-FRT. pHL-AN is derived from pHL-AG after insertion into its Sal I site of a Xho I/Sal I 
fragment from pFRT-Neo-FRT. Construction verified using a Xba I digest which release the NeoR 
gene (Xba I site present within both FRT sequences). 

pHL-AI Derived from pT-OA after insertion into its Spe I/Sal I sites of a Spe I/Sal I fragment from pHL-AN 
bearing intron-hCRE-p(A)n. This is the final targeting construct with TK as a negative selection 
marker. Construction (19kb) verified using multiple restriction digests. Linearization using Spe I. 

Constructs to use diphteria toxin a as negative selection 
pHL-AO Derived from pDTa after insertion of a Eco RI/Eco RI fragment (6,5 kb) from pHL-AH into its Eco RI 

sites. Orientation checked using a Nhe I/Xho I digest. 
pHL-AP Derived from pHL-AO after insertion into its Spe I/Nhe I sites of a Spe I/Nhe I fragment (8,3 kb) 

from pHL-AI. Orientation checked using a Xho I digest. This is the final targeting vector using DTa as 
a negative selection marker. Linearization with Spe I site. 
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To establish PCR conditions for the identification of targeted clones, plasmid pHL-

ALinv was constructed, which carries an extended “short arm” of homology at the 

5' end of pHL-AI SA: 
Table 22: pTα-Cre KI control construct generation 
 

 
 

16.2.2. Constructs for targeting IRES-iCRE into the 3' Untranslated 

Region (UTR) of pTα 

 An alternative strategy was designed to knock-in Cre in the pTα locus 

without disrupting the pTα gene. iCre was used instead of hCre as it was shown to 

be well expressed in mouse transgenic animals114 and had become available 

meanwhile. iCre was fused with an IRES sequence and cloned into the 3' UTR of 

the pTα gene, i.e. between the stop codon and the polyadenylation signal. As the 

locus of insertion differs from the previous targeting strategy, an additional control 

construct needed to be generated to establish PCR conditions for screening of ES 

colonies. A TK (pHL-CI) or DTa (pHL-CJ) gene was included in the targeting 

constructs to allow negative selection. 
 
Table 23: pTα-IRES-ICre Control construct generation 
 

 
 

pHL-AK-inv Derived from pHL-AF-inv after cloning of a 1.4 Kb Nhe I/Eco RV fragment of pGL3-AF into its Xba
I/Eco RV sites. It extends the short arm sequence. Confirmed by a fine restriction digest analysis 
and sequencing. 

pHL-AL-inv Derived from pHL-AK-inv after cloning of a 1.1 kb Xho I/Sal I fragment of pMC1-Neo into its Xho I
site. Screening was performed using an Eco RI digestion and clones with both orientation of NeoR 
were isolated: pHL-AL-inv#2 and pHL-AL-inv#10. This is final control construct was linearized using 
Spe I. 

pHL-CA Insertion of a 0,6 kb Pac I/Nco I fragment of pCAGGS.V1 into Pac I/Nco I site of pHL-BT. 
pHL-CA 
V(HL68/HL69) 

Insertion of a Nco I/Sal I linker bearing 3' end of iCRE into Nco I/Sal I of pHL-CA using linker 
HL68/HL69. Insertion confirmed by sequencing. 

pHL-CB Insertion of a Nco I/Nco I fragment bearing 5' coding sequence of iCRE into Nco I site of pHL-
CA.V(HL68/HL69). 

pHL-CC Insertion of a 1,3 kb Xho I/Sal I fragment encoding the flipped NeoR cassette into Sal I site of pHL-
CB. Required orientation was the following (Xho I)/FRT-NeoR-FRT/(Sal I) 

pHL-CD Insertion of Spe I/Avr II fragment from pHL-AO into the Avr II site of pHL-BT. Correct orientation 
was Not I/(Spe I)/Avr II. Insertion and orientation determined using a Xho I/Not I digest. 

pHL-CE Insertion of a Nsi I/Sal I fragment from pHL-AI into Nsi I/Sal I sites of pHL-CD. DNA from clone #12 
kept and transformed into dcm- JM1S10 strain to allow further digestion with Sex AI. 

pHL-CF Exchange of a Apa I/Apa I fragment from pHL-CE with Apa I/Apa I fragment from pT-KAN.V3 in 
order to introduce a Bam HI restriction site into the Exon III of pTα. 

pHL-CG Insertion of a 2.9 kb Pac I/Sal I fragment of pHL-CC into Sex AI site of pHL-CE using linkers 
HL61/HL62 and HL63/HL64. Wright orientation: Sex AI/(Pac I)/IRES-CRE/FRT-NeoR-FRT/(Sal I)/Eco 
RV/Sex AI. This is the control construct. Linearization using Not I.  
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Table 24: pTα-Ires-iCre Targeting construct generation 
 

 

16.2.3. Constructs for targeting iCRE into the first exon of pTα 

 Constructs were designed to target a cDNA encoding an improved version 

of Cre (iCre) into the first exon of pTα, similar to pHL-AI except that the 

orientation of the NeoR cassette was inversed. Negative selection was performed 

using the TK gene (pHL-IE). No additional control construct was required as the 

PCR screen remained the same as for pHL-AI (see section 16.2.1.). 
 
Table 25: pTα-iCre targeting construct generation 
 

 
 

16.2.4. Constructs for targeting iCre into the first exon of pTα in BRUCE4 

ES cells 

 The long arm (LA) of homology in pHL-IE was exchanged to a LA amplified 

from Bruce4 ES cell DNA by “long-range PCR”. The use of isogenic DNA should 

improve the targeting efficiency in C57BL/6 derived ES cells. Positive and negative 

selection cassettes were as in pHL-IE. 
 

pHL-CH Insertion of Pac I/Kpn I fragment from pHL-CE into Pac I/Spe I sites of pHL-CE using linker 
HL30/HL31 (Kpn I/Not I/Xba I). 

pHL-CI Insertion of a Not I/Sal I fragment from pHL-CG into Not I/Sal I sites of pDTa.V1. This is the final 
targeting vector with DTa as negative selection marker. Linearization with Not I 

pHL-CJ Insertion of a Not I/Sal I fragment from pHL-CG into Not I/Xho I sites of pCAU6. This is the final 
targeting vector with TK as negative selection marker. Linearization with Not I. 

pHL-IA Insertion of a Bam HI/Sal I 2.3 kb fragment from pHL-AG into Bam HI/Sal I of pBSK. Results in the 
subcloning of SD-intron-SA-hCRE-p(A)n 

pHL-IB 1.12 kb Eco RI/Bam HI fragment of pD-BAC cloned into Eco RI/Bgl II of pHL-IA. Exchange iCre 
against hCRE. 

pHL-IC 1.4 kb Not I/Bam HI fragment of pHL-AE.V2 inserted into Not I/Bam HI of pHL-IB. This inserts the 
short arm. 

pHL-IC.V2 Insertion of 13025 oligonucleotide annealing site inside Bam HI using oligonucleotide pair 
HL89/HL92. Allows the use of PCR screen developed by HJ Fehling for hCD4 targeting into the pTα
locus. 

pHL-ID 1.3 kb Xho I/Spe I fragment of FRT-Neo-FRT inserted into Sal I/Spe I sites of pHL-AI. Results in the 
Insertion of a flipped NeoR cassette. 

pHL-IE Transfer the 4.9 kb Not I/Sal I fragment of pHL-IC into pHL-CD digested with Not I/Sal I. This is the 
final targeting construct of iCRE into pTα. Vector linearized using Not I. 
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Table 26: pTα-iCre Targeting construct generation for C57BL/6 ES cells 
 

 

16.3. Plasmid DNA preparation for gene targeting 

 Homologous integration of a targeting vector into the mouse genome 

requires a linearized double stranded DNA intermediate. To prevent the disruption 

of any recombinant module at this stage, each targeting vector was linearized with 

an appropriate restriction enzyme before electroporation. For one electroporation, 

40-µg of plasmid DNA [prepared using Qiafilter Midipreparation Kit (Qiagen)] was 

digested in 400-µL restriction reaction [10x Enzyme buffer, 50-100 U restriction 

endonuclease, sterile ddH2O]. After 3 hrs to overnight digestions, a small aliquot 

of the digest was analysed on a 1% (w/v) agarose gel to verify complete 

digestion. The linearized plasmid DNA was extracted with an equal volume of PCI 

(Phenol/Chloroform/Isoamyl Alcohol) to remove protein contaminants. DNA in the 

aqueous phase was precipitated with Na-acetate and ethanol. Salts were removed 

by a final wash with 70% (v/v) ethanol and the DNA pellet was briefly air dried in 

the laminar flow hood. The DNA was finally dissolved in 100-μL of TE and stored 

at 4°C for at least 8 hours to resuspend the DNA. The linearized DNA was stored 

at 4°C until needed for electroporation. 

1166..44..  Selection of recombinant ES clones  

 Twenty-four hours after electroporation of ES cells with the linearized 

targeting construct (see section 15.3.2), the old medium was removed and 

positive selection was initiated by adding fresh medium containing G418 at a 

concentrations of 220 µg/mL for IRES-Neo and other gene trap constructs and 

250 µg/mL for TK-Neo-p(A)n-containing constructs, respectively. The next day, ES 

cells were fed with ES-medium containing G418 and 2 µmol/L Gancyclovir 

(Cymevene, Roche) in addition when the TK gene was used as negative selection 

marker. Massive death among G418-treated cells was apparent approximately 3 to 

4 days later. After 7-10 days of selection, only cells expressing the neomycin 

marker gene survived and grew as colonies. 

TOPO(HL115/ 
HL116) 

Long arm was amplified from Bruce4 ES cells using HL115/HL116 and cloned into TOPO vector. 
Inserted fragment was checked by sequencing. 

pHL-IF Sub-cloning of a 6.3 kb Asc I/Xba I fragment from TOPO(HL115/HL116) into Asc I/Xba I sites of 
pCre-AC. Integration of C57BL/6 was confirmed using multiple restriction digest. 

pHL-IG Sub-cloning of a 7.7 kb Avr II/Not I fragment from pHL-IE into Avr II/Not I sites of pHL-IF. 
Integration of short arm-iCre-FRT-Neo-FRT 6 was confirmed using Eco RI restriction digest. This is 
the final targeting construct of iCRE into pTα. Vector linearized using Not I. 
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16.5. Picking and growing ES colonies in 96-well plate format 

 Resistant clones were picked 7-10 days after electroporation. The basic 

procedure is similar to what Bradley et al. described120. Briefly, selection medium 

was exchanged to PBS. Individual colonies were aspirated and separated with an 

elongated, pulled-out glass pipette and a mouth pipettor. Single clones were 

transferred into 25 μL of 0.25% Trypsin/EDTA solution. The trypsinization was 

stopped after 10 min with ES-medium. Cells of each clone were dissociated by 

pipetting up and down and the cell suspension was plated into one well of a 96-

well cluster layered with irradiated feeders. 2 to 3 days later, ES cells which had 

reached 80% confluency were partly propagated, most of the cells being used for 

DNA preparation, followed by PCR analysis. 

16.6. Single ES cell clone propagation 

 The goal is to achieve a nice even cell suspension so that the ES cell clones 

will spread out evenly. 96-wells were washed with PBS and layered with 50-μL of 

fresh trypsin. After 5-min incubation at 37°C, 96-well clusters were checked for 

completion of trypsinization. The reaction was stopped by addition of 180-μL fresh 

medium containing G418. Each well was then vigorously pipetted up and down 5-

8 times to generate a single cell suspension. 2-3 drops of cells were plated on 24-

well clusters containing fresh ES-medium + G418. Medium was changed daily 

thereafter until cells were confluent. The rest of cell suspension was kept on ice 

and pooled with up to 15 other clone cell suspensions for the preparation of 

genomic DNA. Clones of positive pools identified by PCR screen were further 

propagated on 6-well clusters, 80% of the cell suspension being saved for further 

genomic DNA preparation. 

16.7. DNA Extraction and screening of targeted clones 

 Clones were washed in PBS and digested overnight at 37°C in 400-µL for 

pools, 200-µL for individual clones of PK lysis buffer (see section 9). DNA samples 

were purified by Phenol/Chloroform extraction followed by an ethanol 

precipitation. DNA was resuspended in TE at 37°C for 1-hr in a Thermomixer 

(Eppendorf) before UV quantification of the DNA concentrations. The quality of the 

DNA preparation was assessed by running a test PCR to amplify a 600 bp 

fragment using gp120 specific primers HL36 and HL37 (see section 8.1). 
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PCR conditions for the identification of homologous recombination events were 

dependent on the respective targeting construct and are summerized in table 25. 
 
Table 27: PCR conditions used for the screening of targeted events 
 

 

16.8. Characterization of targeted clones by Southern 

Each positive clone identified by PCR was verified by Southern blotting with 

probes external and/or internal to the targeting construct. Genomic DNA was 

prepared from ES cells propagated twice on gelatinized plates without feeder cells 

and digested with appropriate restriction enzymes. Sizes of expected fragments 

are indicated in table 28 (ND: Not determined): 
 
Table 28: Southern strategies used to characerize targeted clones 
 

 

(ND: Not determined, bp: base pair, kb: kilobase) 

Targeting 
construct pHL-AI, AP pHL-IE, IG pHL-CI, CJ pHL-BP, BS, 

DC, FG, FH, HH 

Primer pair 13024/HL14 
HL50/HL51 

HL13024/HL13025  
HL50/HL51 HL8361/HL74 HL15/HL16 

Fragment Size (kb) 1.4 1.3 1.6 1.3 

PCR System AmpliTaq AmpliTaq AmpliTaq GC rich kit 

MgCl2 final 2 mmol/L 1.5 mmol/L 1.5 mmol/L 2 mmol/L 

Amplification 
Cycles 

1) 94°C, 2 min 
2) 94°C, 30 sec 
3) 65°C, 30 sec 
4) 72°C, 2 min 
5) 72°C, 10 min 

 
 
x 35 

1) 94°C, 2 min 
2) 94°C, 30 sec 
3) 60°C, 30 sec 
4) 72°C, 2 min 
5) 72°C, 10 min 

 
 
x 35 

1) 94°C, 2 min
2) 94°C, 30 sec
3) 58°C, 30 sec
4) 72°C, 2 min
5) 72°C, 10 min

 
 
x 35 

1) 94°C, 2 min
2) 94°C, 30 sec
3) 60°C, 30 sec
4) 68°C, 2 min
5) 68°C, 10 
min 

 
 
x 35 

 Targeting constuct pHL-AI, AP pHL-IE, IG pHL-CI, CJ pHL-BS pHL-DC pHL-FH pHL-HH 

Probe JF26/27 JF26/27 HL85/HL86 HL59/HL60 HL59/HL60 HL59/HL60 HL59/HL60

Probe Size (bp) 381 381 786 821 821 821 821 

gDNA restriction Afl III Afl III Afl III Bam HI/Eco RI Bam HI/Eco RI Bam HI/Eco RI Bam HI 

WT band (kb) 7.8 7.8 6.4 2.94 2.94 2.94 5.82 

KI band (kb) 4.8 4.6 6.7 5.82 5.82 5.82 5.15 Ex
te

rn
al

 P
ro

be
 

KIΔNeo band (kb) ND ND ND 5.82 5.82 5.82 3.13 

Probe iCre iCre  DsRed2 Neo Neo  

Probe Size (bp) 1095 1095  732 526 526  

gDNA restriction Hind III Hind III  Hind III Hind III Eco RI  

KI band (kb) 5.4 5.4  3.96 2.94 4.1  

In
te

rn
al

 P
ro

be
 

KIΔNeo band (kb) 4.3 4.3  1.85 - -  
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Figure 12: Detection of different recombinant KI alleles by Southern blotting at the rosa26 (A) and the ptcra (B) locus. 
Exons are numbered using roman numerals. Size of relevant fragments are delineated using arrows. Oligonucleotides used 
for PCR screen are depicted in blue. Targeting constructs used for each gene targeting experiment are indicated with 
respective initials. 
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16.9. In vitro deletion of the NeoR cassette in targeted clones 

 In order to test the Cre-inducibility of our fluorescent reporters in ROSA26 

knock-in ES clones or to prevent any unwanted effects of the NeoR cassette on 

the expression of neighboring genes121-123 (such as in pTα-iCre knock-in ES cells), 

targeted clones were transiently transfected with pCre-AC or pCAGGS-FlpE-V1 for 

deletion of loxP or FRT-flanked sequences, respectively. These expression 

plasmids are bi-cistronic vectors in which a codon –improved site specific 

recombinase (iCre or FlpE respectively) are fused to an IRES-EGFP. At the peak of 

gene expression in transient transfection (18 hours after electroporation at 37°C), 

EGFP fluorescence should report iCre or FlpE expression. 

 

 Targeted ES cell clones were expanded to get enough material for 3 

electroporations [usually 4 sub-confluent 10-cm dishes per electroporation]. Cells 

were trypsinized (see section 15.3.1), washed with ES-Media, and plated on 4 10-

cm dishes (not gelatinized) to deplete MEFs. After 30 min incubation at 37°C, 

plates were observed under a phase contrast microscope to monitor feeder cell 

attachment. Unattached cells were then carefully collected, centrifuged at 1200 

rpm for 5 min at 4°C (Heraus, Rotor #2250) and resuspended in 10-mL PBS for 

cell counting. 2x107 ES cells were electroporated (see section 15.3.2) with 40-µg 

of circular plasmid, either pEGFP.C1 as control [CMV promoter fused to EGFP], 

pCre-AC, or pCAGGS-FlpE-V1. The day after electroporation, ES cells were 

trypsinized and resuspended in 1-mL sterile PBS/5% (v/v) FCS. Alternatively, the 

cells were stained with anti-mouse CD31-APC antibody (1/400) to discriminate 

CD31+ ES cells from CD31- MEF cells. After 20 min incubation at 4°C, cells were 

washed with 9-mL of PBS PBS/5% (v/v) FCS and resuspended in 500-uL of ES-

media containing 25 µg/mL DNAse I to digest DNA/cell clumps before the cell sort. 

Stained cells were filtered by gravity through a sterile sorter mesh to remove large 

cell aggregates. Cells electroporated with EGFP.C1 were used to setup the gates. 

At least 2000 ES cells expressing iCre or FlpE were sorted on a FACS sorter (see 

section 18.2) as GFP+ in 5-mL Falcon tubes containing 3-mL of ES-media. No more 

than 1000 sorted cells were distributed onto one 10-cm dish layered with 

irradiated MEF, assuming a maximal plating efficiency of 30%. 6 to 7 days later, 
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50-100 individual colonies were picked and transferred onto 96-well clusters. After 

two days, clones were propagated (see section 16.6) on 2x 24-well clusters with 

1/3 of the cell suspension being plated in ES-medium and the remaining 2/3 in ES 

medium + G418 (250 µg/mL). 3-4 days later, the number of dying clones in the 

presence of G418 was scored and their corresponding replicates were further 

propagated in ES-medium onto 6-well clusters. Deletion of the NeoR gene was 

then confirmed by Southern blotting (see section 16.8) or by flow cytometry for 

ROSA26 knock-in clones (see section 18.2). 

16.10. Recombination Meditated Cassette Exchange (RMCE) in 

ROSA26-RFP ES cells 

To exchange the tdRFP cassette to EGFP at the ROSA26 locus, ROSA26-

RFP ES cells (after in vitro deletion of the neomycine/stopper cassette) were 

electroporated with 20-µg of both pCre-AC and pX2GFP66, 115. The next day, iCre-

expressing cells (EGFP+) were sorted on a FACS cell sorter (18.2) and deposited as 

single cell per well on a 96–well cluster layered with irradiated MEFs. 5 days later, 

colonies were observed on a fluorescence inverted microscope and scored for 

EGFP expression and loss of tdRFP. 2 EGFP+ exchanged clones (1 in 75) were 

passaged further to allow for the charaterization of the recombination event. 

16.11. Generation of mouse mutants from targeted ES cells 

All ES cell lines used for gene targeting had been tested for their ability to 

colonize the germline. To this end, individual ES cells of the respective lines had 

been injected into host blastocysts which were implanted into pseudo-pregnant 

foster mothers using standard procedures59. 

16.11.1. ES cell preparation for injection into blastocysts 

 ES cell clones, in which the targeted gene locus had been extensively 

characterized, were thawed 2 days before microinjection on irradiated MEF 

monolayer and grown in ES-medium without antibiotics or selective agents, like 

G418. At the day of microinjection, these plates were carefully trypsinized (15.3.1) 

for approximately 6 to 10 min at RT to generate a single cell suspension. [A too 

short trypsinization would result in clumpy ES cells; a too long in sticky ES cells]. 

When trypsinization reactionwas complete, almost all ES cells within each colony 
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Figure 13: ES cell injection into blastocyst 
http://www.ohsu.edu/research/transgenics/image 

looked round. Trypsinized ES cell colonies were then resuspended, washed and 

plated onto a fresh gelatinized 10-cm dish for 30 min at 37°C to deplete MEF cells. 

The supernatant containing optimally dissociated ES cells was gently collected, 

transferred to a 15-mL tube on ice and delivered to the injection facility. 

16.11.2. ES cell injection into blastocysts 

In order to allow easy estimation of the 

percentage of chimerism (i.e., 

contribution of the ES cell genome to the 

chimeric offspring), ES cell lines from 

mouse strains with colored coats 

(C57BL/6N) were injected in BALB/c 

blastocysts whereas ES cell lines from 

mice with cream-colored furs (129/SvEv, 

129/OlaHsd) were chimerized with black C57BL/6 blastocysts. 
 

 
Figure 14: Coat color chimerism of mice generated upon injection of two 129-derived ES cell lines: AB2.2 (129S7/SvEvBrd-
Hprt1) and E14.1 (129P2/OlaHsd) in C57BL/6 blastocysts. 
 
 

 Blastocyst injection was carried out using day-3.5 blastocysts collected from 

the uteri of female mice by flushing with M2 medium (Gibco). The collected 

blastocysts were washed with and cultivated in M16 medium (Gibco) under 5% 

CO2 at 37°C. After injection of 10-15 genetically modified ES cells, 7-8 blastocysts 

were re-implanted into each horn of the uterus of 2.5-day pseudo-pregnant 

(C57BL/6xDBA) F1 foster mothers, previously mated to vasectomized males. The 

percentage of chimerism of the offspring was visually estimated from the extent of 

the coat color contributed by the ES genome. 
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16.11.3. Screening for germ line transmission of KI alleles 

 Germ line transmission of the ES cell genome was tested by crossing 

high-percentage male chimeras with female C57BL/6 mice, to establish the 

ES-cell-line-derived coat color in F1 offspring. As chimeric males derived from 

pTα-iCre KI ES cells did not give rise to germ line offspring, female chimeric mice 

were further crossed with C57BL/6 males. Coat color positive offspring was 

screened for transmission of the targeted allele by PCR, using genomic DNA from 

tail biopsies (see 17.2). PCR-positive samples were confirmed by Southern 

blotting. 

17. ANIMAL PROCEDURES 

17.1. Animal maintenance 

 Mice were handled in accordance with German and European directives. All 

mouse lines were kept under specific pathogen-free conditions in 

individually-ventilated cages (IVC) and were routinely screened for common 

mouse pathogens. At the age of 3-4 weeks, mice were weaned and genders were 

separated. At the same time, they were ear marked, and a 3-mm tail biopsy was 

cut off to prepare a sample of genomic DNA for PCR genotyping. 

17.2. Mouse genotyping 

 All mice were genotyped by PCR. 

17.2.1. Genomic DNA preparation from tail biopsies 

 Tail biopsies were digested with 350-μL PK lysis buffer for an hour at 56°C 

and strong shaking (1300 rpm) in a thermomixer (Eppendorf). After a short 

centrifugation at maximal speed (14000 rpm) in a Eppendorf centrifuge 5417R to 

clear the suspension from residual hair and tissue, tail DNA was precipitated with 

300-μL isopropanol. DNA precipitates were fished out with a sterile pipetman tip 

and resuspended in 250-μL TE buffer. 2-μL of this preparation was used per 25-μL 

PCR reaction. 
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17.2.2. PCR genotyping of ROSA26-RFP mice 

 Heterozygosity and homozygosity for the ROSA26-RFP KI was determined 

by PCR on tail genomic DNA using one forward primer in ROSA26 intron (HL152) 

and two reverse primers, HL15 in the splice acceptor of the KI cassette and HL54 

located 3' of the knock-in integration site (Fig. 24A). This multiplex PCR can yield 

two different PCR products depending on the genotype of the mouse being 

analyzed: a 301-bp band indicative of the KI allele and a 201-bp fragment for the 

ROSA26 WT allele (Fig. 15A). 

17.2.3. PCR genotyping of pTα-iCre mice 

 The genotype of mice at the pTα locus was determined by multiplex PCR 

using a set of 3 primers: HL120 annealing 5' of pTα first exon, oligo 13758 

annealing 3' of the pTα first exon and oligo 13025 annealing 3' of the rabbit 

β-globin splice donor. Presence of a WT and KI allele was detected after 

amplification of a 350-bp and a 288-bp fragment, respectively (Fig. 15B). 

 
Figure 15: PCR genotyping of ROSA26-RFP (A) and pTα-iCre (B) mice. WT: wild type, KI: knock-in, M: Molecular weight 
marker. 
 

17.2.4. PCR genotyping of other mouse lines: 

 To identify mice bearing CMV-Cre and Lck-Cre transgenes, primers VM57 

and VM58 specific for unmodified, wildtype Cre were used to amplify a diagnostic 

500-bp fragment. EGFP+ and EYFP+ mice were identified using a pair of internal 

primers (292 and 293) yielding a band of 300-bp after PCR amplification. 

Heterozygosity and homozygosity of the nude point mutation at the FoxN1 locus 

was investigated exploiting an amplified fragment length polymorphism (AFLP) 

between wildtype and mutant alleles that can be visualized by PCR-amplification of 
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genomic DNA with primer pair HL158/HL159 and subsequent Eco47III digestion of 

the PCR product as described by Hirasawa et al.124. 

18. IMMUNOLOGICAL METHODS 

18.1. Hematopoietic cell isolation from mouse tissues 

 A suspension of single cells was obtained from thymus, lymph nodes 

(mesenteric, axillary and inguinal lymph nodes) and Peyer's Patches by forcing the 

organs through a mesh screen with holes of 70-μm in diameter in PBS/5% (v/v) 

FCS. Splenocytes were obtained by mechanical dissociation of the organ between 

two glass slides in PBS containing 5% (v/v) FCS. To collect bone marrow (BM) 

cells, the central cavity of two femur and tibia bones were flushed with 2-mL 

PBS/5% (v/v) FCS per bone. 

18.1.1. Enrichment of PBL leukocytes by fractionation on a Ficoll 

gradient 

 Peripheral blood samples (5-10 drops) were collected in micro-tubes 

supplemented with 20 mmol/L EDTA (Sarstedt, #41-1504-005). Using a long 

Pasteur pipette, blood samples were underlayed with 500-µL of Ficoll-Paque 

(Pharmacia, d=1.077). After 15 min of centrifugation at 1500 rpm at RT in an 

Eppendorf centrifuge 5417R, cells were collected at the Ficoll/PBS interphase and 

washed with 10-mL PBS/5% (v/v) FCS. Cells were then resuspended in 100-µL 

PBS/ 5 %(v/v) FSC. 

18.1.2. Erythrocyte lysis 

 Total splenocytes and bone marrow cells were centrifuged for 3 min at 

2500 rpm, 4°C, soft acceleration in an Eppendorf centrifuge 5417R and 

resuspended in 350 μL erythrocyte lysis buffer. After 5 min incubation at RT, the 

lysis reaction was stopped by adding 1.7-mL of cold PBS/5% (v/v) FCS, followed 

by two further washes of the cells to remove all traces of lysis buffer. Viability of 

the cell suspension was determined by trypan blue exclusion staining. 
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18.1.3. Bead depletion of mature cell lineages from the bone marrow 

 To block Fc receptors, BM cells were incubated for 15 min at 4°C in 300-uL 

PBS/FCS with antibody 2.4G2 directed against CD16 and CD32. Total BM cells 

were then stained for 30 min at 4°C in 200-uL PBS-FCS containing the following 

mix of FITC-conjugated rat-anti mouse antibodies: CD3 (#17A2) CD11b, CD19, 

CD161, CD97, Ter119. Cells were washed once with 1-mL PBS-FCS to remove 

unbound antibodies and mixed with anti-rat magnetic beads (Dynal) at a ratio of 3 

beads per cell in the suspension. After 30-min incubation at 4°C on a rotating 

wheel, beads were cleared from samples with a magnet and the supernatant was 

collected for further staining. 

18.1.4. Enrichment of immature thymocytes via complement kill 

 Thymocyte suspensions prepared at a density of 20x106 cells/mL in DMEM 

medium without FCS were incubated for 10 min at 37°C with a hybridoma 

supernatant containing rat immunoglobulin M directed against mouse CD8 

(#3.168.8.1), followed by the addition of a 1:10 dilution of Low-Tox rabbit 

complement (Cedarlane Laboratories). After 30 min incubation at 37°C with 

frequent gentle mixing, viable DN cells were recovered after centrifugation at 20°C 

over Ficoll-Paque (Pharmacia, d=1.077). 

18.1.5. Dendritic epidermal T cell (DETC) preparation 

 Mouse ears were split into 2 halves using forceps and further cut into small 

pieces (1-cm2). The biopsies were then digested with 1-mL protease mix for 15 

min at 37°C, low shaking (800 rpm) in thermomixer (Eppendorf). Cell floating in 

the supernatant were collected in a 15-mL Falcon tube and kept on ice. The rest 

of the tissue was further digested with 1-mL of fresh protease mix for 15 min at 

37°C. Harvested cells were pooled in the 15-mL Falcon tube. Cell extracts were 

supplemented with 10 µL of EDTA (0,5 mol/L) to avoid cell aggregation, incubated 

5 min at 4°C and filtered through polypropylene Filters (105 µm) to remove debris 

of tissues. Cells were washed with 9-mL PBS/5% (v/v) FCS, spun and 

resuspended in 250-µL PBS/5% (v/v) FCS for immunostaining. 
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18.2. Immunostaining, Flow Cytometry and Cell Sorting 

 Before staining, cells were routinely incubated for 15 min on ice with 

purified monoclonal antibody 2.4G2 to block Fc receptors. All stainings were 

performed using 106 cells in 50 μL PBS/5% FCS for 30 min on ice with light 

protection. Single-cell suspensions were stained with anti-mouse antibodies 

conjugated to fluorescein (FITC), phycoerythrin-Cy5.5 (PE-Cy5.5), 

phycoerythrin-Cy7 (PE-Cy7), allophycocyanin (APC), allophycocyanin-Cy7 (APC-

Cy7) or biotin (see Materials, section 12). Biotinylated antibodies were detected 

using streptavidin conjugated to different second step reagents (see Materials, 

section 12). Samples were depleted of mature cell lineages by incubation with a 

"coktail" of biotinylated or FITC-labeled antibodies to mature murine blood cells: 

CD3, CD4, CD8, CD11b, CD11c, CD19, CD97, CD161, Ter119 (see Materials, 

section 12). Stained cells were filtered by gravity through a sterile sorter mesh to 

remove large cell aggregates. To exclude dead cells from the analysis, in some 

experiments samples were stained for 5 min at RT with a 1/20000 dilution of 

SYTOX Blue stock solution (Molecular Probes, #S34857), a vital fluorescent dye 

emitting in the UV range (Excitation: 444 nm, Emission: 480 nm). For 4-color 

stainings, samples were analysed on a FACS Calibur cytometer (Becton Dickinson) 

equipped with a band pass filter (HQ780/60, i.e., 780 ± 30 nm; AF 

Analysentechnik, Tübingen, Germany) in the FL-3 channel to allow simultaneous 

detection of PE-Cy5.5/PE-Cy7 and tdRFP. When more than 4 colours were needed, 

cells were acquired on a BD Aria cell sorter. FACS assisted cell sorting was 

performed in the flow cytometry facility of the institute using a FACS-Star or a 

FACS ARIA cell sorter (Becton Dickinson). 

18.3. 5-fluorouracyl (5-FU) injection in mouse 

 For in vivo depletion of proliferating BM cells, 400-µL of 5-FU (10 mg/mL) 

or PBS as control were injected intraperitoneally. 4 days later, tibia and femurs of 

the injected mice were collected, BM cells harvested (18.1) and analyzed on a 

FACS Calibur to determine the level of red fluorescence in resting cells. 
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18.4. Immuno-histochemistry (IHC) 

 Organs were dissected and fixed by immersion in 25 mL PBS/ 4% (w/v) 

paraformaldehyde, pH 7.4 for 2-hrs at room temperature on a rotary wheel. 

Spleens were cut in half for better penetration of the fixative agent. Tissues were 

extensively washed in PBS to remove excess of paraformaldehyde by four 

successive changes of washing solution and a final overnight step on a rotary 

wheel at room temperature. Fixed tissues were dried briefly with tissue paper and 

frozen directly in Tissue-Tec OCT (Fisher; Pittsburgh, PA) above dry ice. Frozen 

tissue blocks were brought to –20°C, and 5-μm sections were cut using a cryostat. 

Sections were transferred onto pre-cleaned glass slides (Superfrost/Plus, Fisher 

Scientific), which were dried at room temperature for 30 min, and then either 

probed with antibodies or stored at –70°C. For antibody staining, slides were 

placed in PBS/1% (v/v) BSA for 5 min to remove the OCT. All slides were blocked 

with anti-CD16/CD32 (2.4G2) antibodies in PBS/1% (v/v) BSA for 15 min in a 

humidified chamber. Slides were washed once for 5 min in PBS/1% (v/v) BSA 

before being probed with the antibodies anti-CD45R-APC (RA3–6B2) and/or 

anti-CD3-FITC (17A2) for 1 h in a humidified chamber. Cryo-sections were then 

washed three times for 5 min in PBS/1% BSA, mounted in Fluoromount (Southern 

Biotech) and dried for 30 min at room temperature. Images were taken on a Zeiss 

Axioskop with the ORCA ER camera (Hamamatsu) and processed using Openlab 

software (Improvision). 

19. IMAGING PROCEDURES 

19.1. Fluorescence Stereomicroscopy 

 Before and after in vitro deletion of the NeoR-transcritpional stopper, 

fluorescence of multiple ROSA26 targeted clones was assayed on a fluorescence 

inverted microscope (Axiovert 25, Zeiss) equipped with optimal filters for the 

detection of EGFP (Band Pass for Excitation [BP Ex]: 470 ± 20 nm, Band Pass for 

Emission [BP Em]: 525 ± 25 nm) and DsRed (BP Ex: 465 ± 20 nm, BP Em: 620 ± 

30 nm). Unless otherwise stated, pictures were exposed for 34-ms (bright field) or 

1 to 3-s (epifluorescence), captured with a ORCA ER camera (Hamamatsu) and 

processed using Openlab software (Improvision) 
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19.2. Fluorescence Stereoscopy 

 Fluorescent imaging of newborn (2-day-old) animals was performed with a 

fluorescence stereoscope (Leica MZ16FA) equipped with an external light source 

and appropriate filter sets (excitation: 545 c 15-nm band pass filter; emission: 620 

± 30-nm band pass filter, Leica, Heerbrugg, Switzerland). Pictures were exposed 

for 34-ms (bright field) or 1 to 3-s (epifluorescence), captured with a ORCA ER 

camera (Hamamatsu) and processed using Openlab software (Improvision). For 

direct comparison of the level of red fluorescence in ROSA26-RFP and C57BL/6 

animals (Fig. 3B), organs from 5- to 6-week-old mice were dissected and stored at 

4°C in PBS/5% (v/v) FCS. Organs of the control mouse were placed side by side 

to their ROSA26-RFP counterparts and simultaneously observed. Except for the 

pancreas (300 ms) exhibiting very strong red fluorescence in ROSA26-RFP animal, 

all pictures were exposed for 34-ms (bright field) or 1-s (epifluorescence) on a 

Leica DFC480 digital camera. Details of lymphoid organs from a pTα-iCre x 

ROSA26-RFP mouse and a C57BL/6 control were observed using the same live 

imaging system at a higher magnification and an optimized exposure time 

depending on the level of fluorescence emitted: thymi (1x, 1-s), detail of spleens 

(3.4x, 3 s), kidney (2x, 300-ms), Peyer's patches (4.2x, 3-s), and inguinal (3.2x, 

3-s) and mesenteric (2.5x, 400-ms) lymph nodes. 

19.3. Whole body fluorescence imaging 

 ROSA26-RFP, ROSA26-RFP and pTα-iCre x ROSA26-RFP mice were 

euthanized by cervical dislocation and placed in a dark box system for imaging of 

fluorescence macroscopy (Hamamatsu, AEQUORIATM). Whole body fluorescence 

pictures were taken at optimal exposure time (3-s) and fluorescence intensity was 

normalized to the ROSA26-RFP control mouse. 

19.4. Confocal Microscopy 

For confocal microscopy, stained histological sections previously used in 

immuno-histochemistry were observed on a LSM 510 (Zeiss). Images were 

processed using LSM Images Browser Software (Zeiss). 
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RESULTS 

20. GENERATION OF A REPORTER MICE WITH CRE INDUCIBLE RFP EXPRESSION 

20.1. DsRed2 "knock-in" in the ROSA26 locus 

20.1.1. Strategy for Cre-inducible DsRed2 reporter expression 

At the time the project was initiated, only two RFP variants were available 

from Clontech: DsRed1 and DsRed2, from the reef coral Discosoma sp. In order to 

engineer Cre-inducible reporter cassette, DsRed1 and 2 targeting vectors were 

engineered following the strategy which has already been applied succesfully to 

EGFP, EYFP and ECFP reporters71, 85. Briefly, the RFP cDNA was fused to a SV40 

poly-A signal (p(A)n) and cloned behind a neomycine resistance (NeoR) gene 

terminated by three successive p(A)n from the bovine growth hormone (BGH). 

This "stopper" module has been shown to promote an efficient termination of the 

transcription after the NeoR casette125. The NeoR-stopper was flanked by loxP 

sites in the same orientation (or "floxed") for Cre-inducible removal. The resulting 

expression cassette was fused to an adenoviral splice acceptor to trap the 

endogenous ROSA26 transcripts as described by Soriano et al.81. Two sets of 

targeting constructs were generated with either a NeoR cassette driven by the 

Thymidine kinase (TK) promoter (pHL-BP) or an IRES-NeoR cassette (pHL-BS) to 

positively select recombinant clones. In order to screen for targeted insertion 

events, a similar plasmid (pHL-BO) with an extended 5' sequence of homology 

(control arm) was generated by PCR amplification from E14.1 genomic DNA, 

cloned in place of the short arm of homology and electroporated in E14.1 ES cells 

after linearisation. 10 neomycin resistant clones were picked, expanded and 

genomic DNA (gDNA) was prepared to set up the screening PCR. Using a forward 

primer (HL16) outside of the targeting construct and a reverse primer (HL15) in 

the splice acceptor of the expression cassette (Fig. 17A), a 1.3 kb recombinant 

PCR product was amplified. In order to optimize the PCR conditions, gDNA of the 

clone yielding the weakest signal, as revealed by fluorescence intensity of the 

amplicon upon ethidium bromide staining116, was serialy diluted in 1 µg/mL E14.1 

gDNA as illustrated in figure 16. 
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Figure 16: PCR screen for ROSA26 targeted clones (M: Marker, U: undiluted control genomic DNA of ES cells 
electroporated with pHL-BO control construct, 1:10 to 1:30: serial dilutions of control DNA in 1 µg/µL E14.1 gDNA). 
 
 

pHL-BP and BS-DTa were linearised using Sac II restriction digest and 

electroporated into E14.1 ES cells. After 9 days of selection using 250 µg/mL 

G418, the number of recombinant colonies were scored. As expected, pHL-BP-DTa 

targeting construct yielded more colonies (n=104 in 1 electroporation) than 

pHL-BS-DTa (n=4 in 3 electroporations). Small number of colonies were obtained 

using pHL-BS-DTa construct in contrast to previously reported gene trapping of 

the ROSA26 locus (n=23 for one electroporation81). BS-DTa clones showed a 

severe growth retardation in comparison to their BP-DTa counterparts, supporting 

the idea that NeoR expression from a bi-cistronic transcript is really weak in 

recombinant ES clones. Attal et al126 reported that IRES-dependent translation is 

generally less efficient than cap-dependent translation. 96 BP-DTa clones were 

picked, and finally screened by PCR as pool of 16 clones. BS-DTa clones were 

picked and screened as individual clones (Fig. 17B). Only BS-DTa#1 clone yielded 

a PCR fragment of expected size (1.29 kb). This clone is further referred to as 

E14-BS. To characterize the targeting event in E14-BS clones, the integrity of the 

ROSA26 locus was analysed by Southern blotting using a probe external to the 

targeting construct (Fig. 17A and C). E14-BS clone showed an additional band of 

expected size as compared to the parental E14.1 ES cell (Fig. 17C, right panel). 

20.1.2. In vitro Cre-excision of the floxed stopper sequence 

To test whether the Cre recombinase could activate the expression of 

DsRed2 at the ROSA26 locus, E14-BS#1 clone was transiently transfected with 

pCre-AC; Cre expressing cells were sorted (Fig. 18A) and grown for 6 days. 

Sub-clones were picked and tested for their sensitivity to 250 µg/mL G418. 5 

neomycin-sensitive (NeoS) clones were expanded and gDNA was prepared. All 

NeoS clones retained the KI allele as detected by PCR (data not shown). Correct 

deletion of the IRES-NeoR-Stopper cassette was investigated in E14-BSdNeo#1 by 

Southern hybridization using NeoR as a probe. As expected, no signal was 
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detected in E14.1 cells (Fig. 17C, Lane 1). A 2.3 kb band observed in E14-BS#1 

(Fig. 17C, Lane 2) corresponding to the floxed NeoR-stopper cassette was lost in 

E14-BSdNeo clone (Fig. 17C, Lane 3), confirming the Cre-mediated excision of 

NeoR cassette. An additional band of larger size (over 6 kb) was detected in 

E14-BS#1 as well as in E14-BSdNeo#1 (Fig. 17C, Lane 2 and 3), suggesting an 

additional off target integration site of the IRES-NeoR cassette. The absence of 

size variation for this additional fragment could be explained by the loss of one 

loxP site flanking the IRES-NeoR-stopper cassette after random integration. 

Southern blotting analysis using DsRed2 as a probe (Fig. 17C, left panel) further 

confirmed this hypothesis. Only one fragment of 3.96kb was detected in E14-BS 

(Fig. 17C, lane 2) which uniformely decreased in size after NeoR deletion (Fig. 

17C, lane 3).  

 
Figure 17: Targeting of DsRed2 into the ROSA26 locus. A. Schematic representation of DsRed2 targeted alleles. 
Oligonucleotide binding sites used in PCR screen as well as restriction sites of relevant enzymes used for the 
characterization of targeted events are given. B. Screen of targeted clone by PCR (M: Marker, 1 to 4: individual clones, P1 
to P6: pools of clones, 1:20 to 1:30: dilutions of control DNA). C. Southern blot analysis using one probe external to the 
targeting construct and two internal probes, Neo and DsRed2. Restriction digest for each Southern hybridization are given. 
Size of resulting specific fragments are indicated with arrowheads. 1: E14 WT, 2: E14-BS, 3: E14-BSΔNeo, ?: unexpected 
additional fragment. 
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 The selection for an additional intregration site exclusively for the 

IRES-NeoR cassette is another strong indication that a single IRES-NeoR 

integration is insufficient to provide G418 resistance for appropriate positive 

selection in this experiment. 

20.1.3. Activation of DsRed2 expression, lack of fluorescence emission 

As documented in figure 18A, DsRed2 was not expressed in sorted EGFP+ 

E14-BS#1 cells 18 hrs after transient transfection with pCre-AC. Fluorescent 

aggregates could be specifically detected in constitutively activated 

ROSA26-DsRed2 colonies (E14-BSΔNeo#1) in contrast to WT ES cells (Fig. 18B). 

One possible explanation for the abence of apparent red fluorescence in 

E14-BSΔNeo#1 by FACS (data not shown) could be the lack of recombinant 

transcript expression. To adress this question, RNA from E14.1, Cre-activated 

ROSA26-DsRed2 and ROSA26-EGFP71 was extracted and analyzed by 

semi-quantitative RT-PCR (Fig. 18C). Recombinant cDNA was not detected in 

E14.1 ES cells but was specifically amplified in ROSA26-DsRed2 as well as 

ROSA26-EGFP cells. The unspliced form of the recombinant transcript could not 

be amplified from any of the samples analyzed even when 3 min of extension 

were used (Fig. 18C) indicating that splicing of ROSA26 transcripts to the 

adenoviral splice acceptor was correctly processed by the spliceosome. 

 

Semi-quantitative RT-PCR analysis showed that the DsRed2 recombinant 

transcript was 10-times less expressed than EGFP from Cre-activated ROSA26 

locus (Fig. 18C). This relative under-representation might be due to the presence 

of an endogenous start codon80 in a weak Kozak concensus context80, 127 in the 

first exon of ROSA26 transcripts. The endogenous ATG is maitained in the 

recombinant transcript (Fig. 18D) and can initiate the translation of a short 

peptide (n=15). This 5' upstream ORF (uORF) can have a strong incidence on the 

expression of genes inserted in the ROSA26 locus at the translational level. 

Empirical evidence shows that uORFs usually diminish translation of the main ORF 

by reducing the number of ribosomes reaching and initiating at the main AUG start 

codons16. A minority of ribosomes reaches the main initiation codon either by 

leaky scanning or by translation reinitiation mechanism128. After translation 
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termination, ribosomes can start translation at a second Kozak ATG when found in 

the vincinity of the stop codon. Translation reinitiation has been shown to be one 

important way to regulate the level of protein expression129 as it is overall 50 to 

70% less efficient than cap-dependent translation intiation. Efficiency of 

reinitiation is partly depending on the length of the intercistronic sequence127: a 

short (<50 nucleotides) or too long (>130 nucleotides) intercistronic sequence 

strongly decreased the amount of expressed protein from the second ORF127, 130. 

The loxP site 5' of DsRed2 was introduced in the pHL-BS-DTa targeting vector 

using a 121 bp Xho I/Sal I fragment from pL2Neo plasmid. 

 
Figure 18: Analysis of E14-BS ES cells after Cre-mediated removal of IRES-NeoR. A. FACS analysis of E14-BS ES cells 
electroporated with pCRE-AC before and after sort of Cre-expressing EGFP+ cells. B. Red fluorescence emission in ROSA26 
targeted ES cells after NeoR excision. DsRed2 expression (E14-BSΔNeo) was specifically detected in small aggregates 
(pointing arrows) whereas HcRed1 fluorescence was homogeneous within AB-DCΔNeo colony as compared to wild-type 
AB2.2 control. C. Schematic representation of DsRed2 recombinant transcripts (1. E14-BS, 2: E14-BSΔNeo without intron 
splicing, 3: E14-BSΔNeo after correct splicing) and expression analysis by RT-PCR. D. DNA sequence of recombinant 
ROSA26-DsRed2 transcript. Start (ATG) and stop (UGA) codons are indicated. CDS: Coding sequence, SA: splice acceptor 
cassette. Oreintation of DsRed2 CDS is shown by an arrow. 
 
 

After Cre-mediated recombination of the ROSA26 locus in E14-BS, it 

resulted in the addition of 58 nucleotides 3' of the 34-bp loxP site in 

ROSA26-DsRed2 recombinant transcript (Fig. 18D). This additional sequence 

absent in ROSA26-EGFP71 might negatively effect ROSA26-DsRed2 transcript 

stability by lowering the efficiency of translation reinitiation. Less protected by 

polysomes, ROSA26-DsRed2 transcript might then be more accessible for RNA 
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degradation. Whether other mechanisms at the transcriptional, translational or 

post-translational level are responsible for the lack of red fluorescence in 

constitutively expressing DsRed2 E14 ES cells, has not been investigated in this 

work. However, the presence of fluorescent aggregates in Cre-activated 

ROSA26-DsRed2 colonies could indicate a problem of correct maturation or folding 

of DsRed2 protein in ES cells. This hypothesis is strengthend by reports from 

others of a similar punctuated staining in a perinuclear region when DsRed2 

expression in ES cells was driven from other promoters72, 109, 131, 132. 

20.1.4. Impaired DsRed2 expression in ES cells 

To test whether constitutive expression of DsRed variants was toxic for ES 

cells, vectors with either EGFP (EGFP.C1), DsRed1 (pDsRed1.C1) or DsRed2 

(pDsRed2.C1) expressed from a CMV promoter were linearized and electroporated 

in E14.1 ES cells. 18 hours post transfection, DsRed1+ cells were not detected 

(0%), very few were DsRed2+ (0.3%) whereas 8.3% of cells were EGFP+ 

(Fig.19A). After G418 selection, no stable ES clone expressing any of the DsRed 

variant could be derived. In contrast, 3 EGFP+ clones showing a strong and 

homogeneous fluorescence were isolated as observed by fluorescence microscopy 

(Fig. 19B) and flow cytometry (Fig. 19C). 

 

 The apparent incapacity of ES cells to express transiently (Fig. 19A) and in 

a sustained manner (Fig. 18B) DsRed variants could be a sign of their relative cell 

toxicity, although the true absence of DsRed protein should be correlated with a 

lack of immunostaining using anti-DsRed antibody. Nevertheless, our observations 

and reports from others72, 108 infer that DsRed variants are not developmentally 

neutral. DsRed1 and 2 apparent toxicity might be a consequence of their obligate 

tetramerization in vivo and their tendency to form aggregates97. 
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Figure 19: A. Transient expression of DsRed1, DsRed2 and EGFP fluorescent proteins in E14.1 ES cells. Only stable clones 
expressing EGFP could be maintained. EGFP fluorescence (B) and FACS profile (C) from one stable clone obtained after 
random integration of pEGFP.C1. Heterogenous EGFP fluorescence was observed in all ES cells of the colony. 
 
 

20.2. Use of HcRed1, a far-red fluorescent reporter 

Our inability to derive ES cells expressing tetramers of DsRed2 from the 

ROSA26 locus prompted us to test other red fluorescent proteins with a lower 

oligomerization state. HcRed1 (Clontech) is a far-red fluorescent reporter derived 

from a non-fluorescent chromoprotein found in the reef coral Heteractis crispa. 

HcRed1 was generated using random and site-directed mutagenesis133. This dimer 

emits fluorescence at 645-nm and has a codon-optimized sequence for enhanced 

expression in mammalian cells. 

20.2.1. HcRed1 gene targeting into the ROSA26 locus 

To target HcRed1 in the ROSA26 locus, DsRed2 was exchanged to HcRed1 

in pHL-BS-DTa. The resulting targeting construct (pHL-DC) was linearised with Sfi 

I and electroporated in AB2.2, another ES cell line as we had just tested AB2.2 for 

germline transmission. In parallel, the Cre-inducible HcRed1 cassette was 

subcloned in an expression vector (pHL-DD) and electroporated in AB2.2. pHL-DD 

was used as positive control to optimize HcRed1 detection in our flow cytometry 

setup. Upon random integration, HcRed1 will be expressed as a transgene from 

the pCAGGS promoter, a synthetic promoter driving high level of gene expression 

in ES cells independently of the chromosomal insertion site72, 108. 
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A somewhat lower G418 concentration (220 µg/mL) was used for the 

selection of recombinant clones. 9 days after selection, 8 clones were picked, 

propagated and screened by PCR for the presence of a targeted recombination 

event. The ROSA26 locus in clone AB-DC#1 was correctly targeted (Fig. 20A). An 

other positive clone (AB-DC#2) out of 5 additional recombinant colonies was 

obtained from an independent targeting experiment (data not shown). 

20.2.2. In vitro Cre-activation of ROSA26-HcRed1 reporter locus 

The IRES-NeoR cassette of AB-DC#1 and one transgenic AB-DD clone was 

removed by in vitro Cre-mediated excision. PCR amplification of the KI allele in 

AB-DC#1 and neomycin sensitive (NeoS) AB-DCΔNeo clone confirmed that the 

maintenance of the targeted allele after Cre-mediated excision (Fig. 20B). The 

stopper cassette was properly removed in neomycin-sensitive targeted clones as 

revealed by PCR analysis: using HL70/HL54 primers flanking the HcRed1 

expression cassette (Fig. 20D), a 1.3 kb product could only be amplified from 

genomic DNA of HcRed1 targeted clones after NeoR excision (Fig. 20B). Southern 

blot analysis using an internal NeoR probe revealed a single band in AB-DC 

targeted clone. Loss of detection of the 2.4 kb band in neomycin-sensitive clones 

documented further the correct excision of IRES-NeoR (Fig. 20C). 

20.2.3. Weak fluorescence emission in HcRed1 expressing cells 

After Cre-activation, a similar amount of recombinant transcript was 

expressed from ROSA26-HcRed1 as compared to DsRed2 by semi-quantitative RT-

PCR (Fig. 18C). However, in contrast to ROSA26-DsRed2 clones, red fluorescence 

could be detected on a epifluorescence inverted microscope. (Fig. 18D). Direct 

comparison of HcRed1 targeted clones by flow cytometry demonstrated the 

successful Cre-mediated induction of reporter expression (Fig. 20E): AB-DCΔNeo 

but not AB-DC ES cells emitted red fluorescence. Although homogeneous within 

ES cell colonies (Fig. 18B), the intensity of fluorescence was weak when expressed 

from the ROSA26 locus (Fig. 20E, histograms). Constitutive expression of HcRed1 

from the strong pCAGGS promoter resulted in a brighter signal (Fig. 20D) but still 

sub-optimal for a truly complete separation of HcRed1 expressing from 

non-expressing cell populations (Fig. 20E, histograms). Moreover, constitutive 

expression of HcRed1 presented some side effects on ES cell morphology, which 
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could be a sign for cell toxicity. Cell size (FSC-H) and granularity (SSC-H) were 

dramatically increased in AB-DCΔNeo as compared to unactivated AB-DC cells 

(Fig. 20E, dotplot), probably due to the formation of protein aggregates. 

 
Figure 20: HcRed1 targeting into the ROSA26 locus. A. PCR screen of HcRed1 targeted ES pools (1 to 8). DsRed2 targeted 
clones before (BS) and after NeoR excision (BSΔNeo) were used as control for the amplifcation of recombinant PCR 
fragment. B. Characterization of Cre-induced HcRed1 reporter activation by PCR: targeted alleles were amplified in AB-DC 
clones before (DC) and after Neo excision (DCΔdNeo) using HL15/HL16 primers. Specific amplification in DCΔNeo using 
HL70/HL54 primers confirmed NeoR removal. C. Southern blot hybridization using NeoR probe. HcRed1 targeted clones 
before (DC#1 and #2) and after NeoR deletion (DCΔNeo), M: Marker. HcRed1 fluorescence expression in ROSA26 targeted 
and random inserted clones (AB-DCΔNeo and AB-DDΔNeo respectively) as detected by epifluorescence microscopy (D) and 
FACS analysis (E). 
 
 

20.3. tdRFP, the optimal RFP reporter for lineage tracing experiment 

DsRed2-obligate tetramerization to emit fluorescence, slow maturation time 

and potential toxicity prevented its application as a fluorescent reporter in mouse. 

Tsien et al.110 reported the generation of DsRed variants with improved properties, 

namely a reduced oligomerization state and a faster maturation time. The 

monomer mRFP1 (t½< 1 hr) and the concatemerized tandem-dimer tdimer2(12) 

or tdRFP (t½: 2 hrs) were suitable for expression in mammalian cells110. We 

therefore tested these new DsRed variants to identify the best fluorescent reporter 

for gene targeting in ES cells. 
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20.3.1. tdRFP: a very bright RFP variant for expression in mamalian cells 

To compare these new variants with all the fluorescent reporters tested so 

far, mRFP1 and tdRFP were cloned in an expression vector derived from pEGFP.C1 

(Clontech). [Reporter expression will be driven by the same pair of promoter 

(CMV)/polyadenylation signal (SV40) transcriptional elements for all variants]. The 

level of fluorescence intensity and the frequency of labeled cells observed in 

transient transfection should give some qualitative information on the relative 

maturation time and brightness of a given fluorescent protein. BHK cells were 

transfected with circular forms of pEGFP.C1, pDsRed1.C1, pDsRed2.C1, 

pHcRed1.C1, pHL-FA and pHL-FB expression vectors. 18 hours later, 

microphotograph of cells were taken on an epifluorescence inverted microscope, 

and the emission of fluorescence was analysed by flow cytometry. With 90% of 

BHK cells emitting red fluorescence shortly after transfection, mRFP1 was 

expressed as efficiently as EGFP, illustrating the fast maturation and 

biocompatibility of this reporter. tdRFP was the second most expressed red 

fluorescent variant (80%), followed by DsRed2 (64%), DsRed1 (38%) and HcRed 

(34%). Consistent with their spectral properties (See introduction, Table 2), 

reporters could be arranged according to their fluorescent intensities. Of all 

variants tested in this experiment, EGFP exhibited the brightest fluorescence 

followed by the DsRed variants tdRFP > DsRed2 > DsRed1 > mRFP1 (Fig. 21A). 

Fluorescence intensity of HcRed1 was the lowest of all. 

 

Ideally, the emission spectrum of a red fluorescent reporter should be 

distinct from EGFP to allow a combined use in multicolor lineage tracing 

experiments. As wild-type DsRed fluorophore matures through green fluorescent 

intermediates97, we asked whether cells expressing a red fluorescent variant could 

be separated from EGFP+ cells. Green fluorescence was only detected in EGFP 

transfected cells by epifluorecence microscopy (Fig. 21B). None of the RFP 

variants showed detectable level of green intermediate in our optical setup. 

However, DsRed1 and DsRed2 showed a substantial proportion of RFP+ cells by 

flow cytometry with green fluorescence that could not be adjusted by 

compensation (Fig. 21C). We found that mRFP1 and tdRFP could be distinctively 
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detected from EGFP by flow cytometry, being therefore both suitable for gene 

targeting experiment. However, tdRFP showed a superior brightness compared to 

mRFP1, we decided to target this particular reporter to the ROSA26 locus. 

 
Figure 21: Transient expression of RFP variants in BHK cells. A. Fluorescence intensity profile of BHK cells expressing 
EGFP (green curve) and multiple RFP variants (red curve) 18 hrs after transfection. Relative fluorescence background of 
untransfected BHK cells are shown as gray filled histograms. B. Brightfield and epifluorescence pictures of BHK cells 
transfected with multiple fluorescent variants using FITC and Texas Red filters. C. Separation of EGFP expressing cells from 
multiple RFP variants by flow cytometry. 
 
 

20.3.2. tdRFP targeting into the ROSA26 locus 

tdRFP was subcloned into pHL-FH, a targeting vector similar to 

pHL-BS-DTa. Vector linearization, electroporation and selection were as in HcRed1 

gene targeting experiment. ES cells used were AB2.2. 21 NeoR DTaS clones were 

recovered, among which 3 clones were correctly targeted as identified by PCR 

screen (Fig. 22A). Southern blot analysis using an internal probe specific to the 

neomycin sequence revealed a single integration of the IRES-NeoR cassette in all 

targeted clones (Fig. 22B and data not shown). Transient transfection of Cre 

recombinase in each AB-FH targeted clones yielded neomycin-sensitive colonies 

with a correct excision of the transcriptional stopper cassette (Fig. 22B). However, 

fluorescence emission profile of AB-FH clones before and after Cre activation 

revealed the expression of tdRFP before stopper excision (Fig. 22D). This 
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unexpected observation could be a sign of read-through across our transcriptional 

stopper resulting in background tdRFP fluorescence of unacceptable intensity. 

 

Constitutive expression of tdRFP from the ROSA26 locus was well tolerated 

in ES cells. The fluorescence was evenly distributed throughout the nucleus and 

cytoplasm (data not shown). tdRFP fluorescence was homogeneous within an ES 

cell colony as observed by epifluorescence microscopy (Fig. 22C). Most probably, 

the artificial dimer tdRFP is well tolerated in ES cells as it cannot form multimers of 

higher order interfering with cellular proteins and their functions. 

 
Figure 22: tdRFP targeting to ROSA26 locus yields high intensity fluorescence, even before Cre-activation of the reporter 
locus. A. PCR screen of tdRFP targeted event in individual AB2.2 ES clones (BS: DsRed2 targeted clone). B. Southern blot 
hybridization of tdRFP targeted clones after Neo deletion using NeoR probe. C. tdRFP fluorescence emission in targeted 
clones before (AB-FH) and after reporter activation (AB-FHΔNeo) detected by epifluorescence spectromicroscopy. Pictures 
of HcRed1 expressing AB-DCΔNeo targeted clone (3-s and 5-s exposure time) are shown to illustrate the higher brightness 
of tdRFP expressed from ROSA26 locus. D. Flow cytometry analysis of tdRFP targeted clone before and after reporter 
activation. AB-FH13: tdRFP targeted clone before Neo deletion (blue filled histogram), AB-FH13ΔNeo: after Neo deletion 
(red filled), AB2.2: wildtype parental ES cell line (gray filled). 
 
 

Expression of tdRFP from the ROSA26 locus yielded a fluorescence of high 

intensity as opposed to HcRed1 targeted clones (Fig. 22C). Fluorescence in 

AB-FHΔNeo clones was dramatically increased (≈1 log) when compared to the 

parental AB2.2 ES cell line, giving an optimal separation of tdRFP+ cells from 

tdRFP- cells (Fig. 22D). We therefore kept tdRFP as fluorescent reporter and 

designed an alternative strategy to prevent any spurious reporter expression 

before Cre activation of the ROSA26 locus. 
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20.3.3. Targeting of an inverted tdRFP to the ROSA26 locus 

We constructed pHL-HH targeting vector, in which the tdRFP-encoding 

cDNA was located in reverse orientation relative to ROSA26 promoter (Fig. 24A). 

This approach was possible by combining WT loxP sites with mutant lox2372 sites, 

in which two nucleotides of the wild-type spacer sequence GCATACAT had been 

exchanged to GGATACCT64, 134. In order to minimize the impact of transcription 

reinitiation failure on the overall expression of ROSA26 recombinant transcripts, all 

loxP and lox2372 sites were introduced via linker cloning to reduce the distance 

between the endogenous ROSA26 stop codon and NeoR/tdRFP initiation codon. To 

ensure a more efficient positive selection, the IRES sequence was removed to 

directly fuse Neo with the ROSA26 transcripts. Due to the specific position and 

orientation of pairs of WT (black triangles) and lox2372 mutant sites (green 

triangles), Cre-mediated recombination would first induce inversion of the 

sequences either flanked with loxP or lox2372 sites, followed by irreversible 

excision of the neomycin stopper cassette along with its neighboring loxP or 

lox2372 site, respectively (Fig. 24A). 

 

pHL-HH targeting vector was linearized using Xho I restriction digest and 

electroporated in BRUCE4 ES cells, which are derived from mice of the widely used 

inbred C57BL/6 strain. Positive selection with 220 µg/mL G418 yielded 152 clones 

in one electroporation. This high number of clones recovered after selection 

indicates that gene trapping was more efficient than when IRES-NeoR was used. 

All pools (n=8) of 16 clones had a correctly targeted clone as detected by PCR 

(Fig. 23A). The Cre-inducible tdRFP cassette was successfully targeted into the 

ROSA26 locus of 23 individual BRUCE4 ES clones (Fig. 23B and data not shown). 

Whithout Cre-activation, tdRFP fluorescence was not detected in BRUCE4-HH 

targeted clones (Fig. 23C) confirming the "leak-proof" property of our system. The 

targeted locus of one recombinant clone was characterized by Southern blotting 

using an external probe (Fig. 23D). The pattern of fragments observed was as 

expected (Fig. 12A). 
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Figure 23: Targeting of tdRFP to the ROSA26 locus and succesful Cre-induction of reporter expression. Targeted events in 
pools (A) and individual clones (B) of recombinant BRUCE4 ES clones were screened by PCR using HL15/HL16 primer pair. 
M: Marker, 1:1 to 1:20 serial dilution of positive control DNA, H2O: negative control. C. tdRFP fluorescence emission in 
targeted clones before (BRUCE4-HH) and after reporter activation (BRUCE4-HHΔNeo) as detected by epifluorescence 
stereomicroscopy. D. Southern blot analysis of wildtype and recombinant ROSA26 locus using a probe external to pHL-HH 
targeting construct. Size of respective fragments is given. 
 
 

We assessed the ability to induce expression of our reporter in vitro by 

transient expression of Cre. HHΔNeo clones were deleted for the transcriptional 

stopper (Fig. 23D, third lane) and showed strong red fluorescence (Fig. 23C). No 

adverse effects of tdRFP expression on ES cell growth or morphology were 

noticeable. 

20.3.4. Rapid induction of tdRFP expression upon Cre-mediated reporter 

inversion and stopper excision 

To achieve a complete and irreversible reporter activation at the 

Cre-inducible ROSA26-RFP reporter locus (Fig. 24A, top), Cre recombinase should 

mediate at least two successive recombination reactions. The reversible 

Cre-mediated inversion at the loxP or lox2372 sites generates two alternative 

recombination intermediates (Fig. 24A, middle). In each case, the recombination 

reaction bring one of the non-intervening lox sites in the same orientation as its 

respective counterpart. Subsequently, the Cre recombinase can catalyze an 

irreversible excision reaction, using either the mutant lox2372 (Fig. 24A, left 

panel) or the original loxP sites (Fig. 24A, right panel). The final recombination 
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reaction place tdRFP under the full transcriptional control of the ROSA26 locus 

(Fig. 24A, bottom). Because the two remaining lox sites are incompatible with one 

another, no further recombination reaction can occur. 

 

To investigate whether this Cre-mediated reporter activation was a rapid 

and complete process, we followed the onset of tdRFP by flow cytometry in a bulk 

of sorted EGFP+ BRUCE4-HH ES cells expressing Cre/GFP after transient 

transfection with pCre-AC. At the peak of Cre expression 18 hours post-

transfection, very few cells were expressing tdRFP (≈0.16%, data not shown) 

whereas another 18 hours later, 1% of cells were readily tdRFP+ (Fig. 24B, top 

panel). 24 hours later, the majority of ES cells were expressing tdRFP (69%). The 

mean fluorescence intensity of tdRFP increased over time starting from 3.5x101 36 

hrs post Cre-induction to almost double 24 hours later (6x101). The level of tdRFP 

accumulated within activated cells reached a maximum 60 hours after 

Cre-induction (Fig. 24B). One can infer from this experiment that Cre-induction of 

tdRFP expression is a rather fast reaction (18 hrs) and yields a maximum of 

fluorescence 60 hours after Cre-activation. 

 

We then tried to isolate the intermediate products of the Cre-mediated 

reporter activation reaction (Fig. 24A, middle) to ask whether the constitutively 

activated ROSA26-tdRFP allele was indeed the main final recombination product in 

our system. After transient transfection of BRUCE4-HH cells with pCre-AC, Cre 

expressing cells (EGFP+) were sorted and single-cell deposited in a 96-well cluster. 

6 days later, 25 colonies were analysed by FACS (Fig. 24C) and were separated in 

3 groups according to their fluorescence profile. 20% (n= 5) of the colonies were 

tdRFP-, 13% tdRFPint and 68% tdRFPhigh. The genomic DNA of one clone per group 

was prepared and charaterized at the molecular level using a combination of 

primer pairs to detect the 5' and 3' end of all possible recombination products 

(Fig. 24A). The tdRFPhigh clone (#1) was only found in activated configuration 

whereas the intermediate stages of recombination were detected in the two other 

groups. The HL54/HL160 PCR product, diagnostic for the inversion between the 

loxP sites (Fig. 24A, right panel), was only amplified in the tdRFPint clone #2. The 

other intermediate form was detected in the tdRFP- clone (#4) as revealed by 
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HL154/HL54 PCR. Other products were amplified from tdRFPint and tdRFP- clones, 

which indicates that these populations were actually mixtures of germline and 

recombinated forms. 

 
Figure 24: Efficiency of reporter activation upon Cre-mediated recombination reactions. A. Schematic representation of 
ROSA26-RFP, intermediates of Cre-mediated recombination and Cre-activated ROSA26-RFP locus. LoxP and lox2372 sites 
are depicted using black and green filled triangular respectively. Annealing site of primers used for PCR analysis (IV) are 
shown. ATG: start codon, SA: splice acceptor, Neo-Stop : transcriptional stopper. B. Time course of fluorescence emission 
upon Cre-mediated reporter activation in Cre/EGFP+ sorted BRUCE4-HH ES cells. C. Flow cytometry analysis of tdRFP 
fluorescence emission in individual BRUCE4-HHΔNeo colonies obtained after single cell sorting of Cre-expressing BRUCE4-
HH ES cells. D. PCR analysis of ROSA26 locus in BRUCE4-HH ES cells and three BRUCE4-HHΔNeo subclones after NeoR 
excision. 
 
 

Thus, Cre-mediated induction of the reporter expression is a really efficient 

reaction as a majority (2/3) of BRUCE4-HH cells showed an activated locus after a 

brief expression of Cre recombinase. Expression of Cre in a more sustained 

manner should yield really high level of reporter activation. As no detrimental 

effect of tdRFP expression was observed on ES cells, the targeted BRUCE4-HH 

clone #11 was used to generate inbred C57BL/6 reporter mice following standard 

methodology. 



 

- 86 - 

21. GENERATION OF A T-CELL SPECIFIC DELETER LINE : THE PTα-ICRE KNOCK-IN 

MOUSE 

The succesful knock-in of iCre into the pTα locus required many gene 

targeting attempts. The several targeting strategies performed in this work are 

presented in the following section. 

21.1. hCre targeting in the pTα locus of E14.1 ES cells 

In a former gene targeting experiment, an intronless hCD4 minigene was 

targeted into the first exon of the pTα gene of 129/Sv-derived RW4 ES cells. The 

resulting pTα-hCD4 knock-in mice could not be used for the study of immature 

thymocyte development as the hCD4 expression was too low, most probably due 

to the the absence of an intron in the expression cassette135-137 (see introduction, 

3.2). To ensure an optimal expression of the Cre recombinase from the pTα locus, 

we fused a human codon-optimized Cre recombinase with an intronic sequence 

and splicing signals of the rabbit β-globin. This cassette has been readily used for 

robust expression of exogenous cDNA in transgenic mice113. We fused this 

expression cassette with the long and short sequences of homology taken from 

pKAW, the hCD4 targeting construct. A "flipped" Tk-NeoR cassette flanked by FRT 

sites was cloned 3' of hCre polyadenylation signal for positive selection (Fig. 25A) 

and subsequent FlpE-mediated NeoR excision. The PCR screen was established 

using dilutions of genomic DNA of ES cells in which a control arm plasmid was 

randomly integrated. PCR amplification using 13024/HL14 primer pair yielded a 

specific 1,4 kb amplicon, absent in WT E14 ES cells (Fig. 25B). pHL-AI was 

linearized with Spe I, electroporated in E14 ES cells and positively selected with 

250 µg/mL G418. Random integrants were killed using 2 µmol/L Gancyclovir. 

Using this targeting construct, more than 3000 clones were screened and no 

correctly targeted clone could be identified (Fig. 25C and data not shown). 
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Figure 25: hCre targeting in the pTα locus. A. Schematic representation of pTα locus and pHL-AI targeting construct. pTα 
exons (roman numerals) and primers used for PCR screen are depicted. FRT site (blue filled triangular), SD: splice donor, 
SA: splice acceptor. B. Sensitivity of PCR screen using 13024/HL14 primer pair established on dilutions of positive control 
gDNA. C. PCR screen of pools of recombinant clones resulting from pHL-AI gene targeting experiment in E14.1 ES cells. 
 
 

Exchanging the TK negative selection cassette to DTa in the targeting 

vector (pHL-AP) did neither yield a positive clone (n=400). Therefore, we decided 

to change the region of hCre targeting into the pTα locus. 

21.2. iCre targeting into 5' UTR of pTα gene 

As we failed to target the hCre recombinase in the first exon of pTα, we 

tried to target Cre into the 5' UTR of pTα . Cre cDNA was fused with pTα 

transcript by targeting an IRES-Cre-p(A)n cassette between pTα stop codon and 

polyadenylation signal (Fig. 26A) as previously described for other loci138-140. As we 

were concerned that hCre GC-rich sequence could be subject to gene silencing via 

CpG methylation141, we used another codon-optimized Cre recombinase (iCre) 

described by Shimshek et al.114, which is well expressed and highly active in 

transgenic mice. The long and short strings of homology were PCR amplified on 

AB2.2 genomic DNA. pHL-CI was linearized with Not I, electroporated in AB2.2 ES 

cells and positively selected with 250 µg/mL G418. Random integrants were killed 

using 2 µmol/L Gancyclovir. Although a very robust PCR screen was established 

using the primer pair 8361/HL74 (Fig. 26B), no targeted event could be identified 

among 576 clones analysed (Fig. 26C). 
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Figure 26: IRES-iCre targeting into 5' untranslated region (UTR) of pTα locus. A. Schematic representation of pTα locus 
and pHL-CI targeting construct. pTα exons (roman numerals) and primers used for PCR screen are depicted. FRT site (blue 
filled triangular), SD: splice donor, SA: splice acceptor, IRES: Internal Ribosome Entry Site. B. Sensitivity of PCR screen 
using 8361/HL74 primer pair established on dilutions of positive control gDNA (1:1 to 1:30). C. PCR screen of pools of 
recombinant clones resulting from pHL-CI gene targeting experiment in AB2.2 ES cells. M: Marker of molecular weight. D. 
Detection of wild-type pTα locus by Southern blot hybridization using a probe external to the targeting construct. DNA 
fragments resulting from two restriction digest are shown and corresponding size is given. 
 
 

Alternatively, the strong and specific signal observed by Southern blotting 

analysis using a probe external to the targeting construct (Fig. 26D) would have 

enabled us to screen more clones by Southern blotting. However, the success in 

identifying a pTα targeted clone in another gene targeting experiment (see 21.3) 

led us to discontinue this approach. 

21.3. iCre targeting into the first exon of pTα 

Sequence comparison of the pTα locus from C57BL/6 (Ensembl website), 

129/Ola (Celera) and 129/Sv (our laboratory) showed that the sequence used in 

our targeting vector was highly polymorphic, especially in a region 3' of exon I 

(data not shown). A 250 bp sequence present in 129/Sv genomic DNA was 

deleted in the 129/Ola genome. This polymorphism could be a possible 

explanation for our inability to target efficiently the pTα locus. Previous targeting 

of E14.1 (129/Ola derived) with pHL-AI, a targeting vector with 129/Sv-derived 

sequences of homology, could result in a drop of targeting efficiency limiting 

homologous recombination reactions142. Gene targeting of ES cells derived from 

129/Sv mouse strain like AB2.2 should help us to increase pTα targeting 

efficiciency. 
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21.3.1. pHL-IE targeting construct and gene targeting experiment in 

AB2.2 

We improved former pHL-AI targeting construct in replacing hCre cDNA by 

iCre. For positive selection of the recombinant clones, a fliped NeoR cassette was 

inserted in reverse orientation to the pTα promoter. The resulting targeting 

construct (pHL-IE, Fig. 28F) was linearized with Not I, electroporated in AB2.2 ES 

cells and colonies were screened using a new PCR screen, which was more 

sensitive than the one previously described (Fig. 27). 

 
Figure 27: New PCR screen (M: Marker, 1:1: undiluted control genomic DNA of ES cells electroporated with pHL-AL#inv 
control construct, 1:10 to 1:40: serial dilutions of control DNA in 1 µg/µL E14.1 gDNA) for iCre targeting into the first exon 
of pTα 
 
 

204 colonies were individually screened this time by single clone PCR (Fig. 

28A). As the quality of genomic DNA preparations is crucial for the detection of a 

targeted event, the A260/A280 spectrophotometric ratio was measured for each 

individual clones. In most of the samples, A260/A280 ratios were normal ranging 

from 1,7 to 1,9 (data not shown). PCR amplification of a 600-bp diagnostic 

fragment using gp120 specific primer pair HL36/HL37 (Fig. 28B) further confirmed 

the high-quality of genomic DNA preparation. One positive clone (#44) was 

identified by HL50/HL51 PCR screen (Fig. 28A). The correct targeting event was 

confirmed on a second DNA preparation using the HL50/HL51 screening PCR 

(Fig. 28C) and hCD4 screening PCR (Fig. 28D). 
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Figure 28: Identification and characterization of pTα-iCre targeted clone. A. PCR screen of individual clones for iCre 
targeting into pTα locus. Clone #44 was identified as positive. B. Assay of genomic DNA quality for each DNA preparation 
from individual clone by PCR amplification of gp120 as previously described in section 16.7. C. Confirmation of the targeted 
event by PCR on an independent gDNA preparation. ´Genomic DNA of a pTα-hCD4 targeted clone was used as positive 
control. Targeted event was further confirmed by PCR using an alternative primer pair for PCR screen (D) and an additional 
primer combination with JF26 (E) located 5' of the external Southern probe. F. Schematic representation of pTα locus, pHL-
IE targeting construct and resulting recombinant pTα-iCre locus before and after FlpE-mediated NeoR excision. Primer 
location and restriction sites used in the characterization of the targeting event are shown. G. Southern blot hybridization of 
pTα-iCre targeted clone before (AB-IE) and after FlpE-mediated NeoR excision (AB-IEΔNeo) using an internal iCre probe. 
Size of specifc DNA fragments are given. 
 

We failed to establish a sensitive Southern blot analysis using a probe 

external to the targeting construct (data not shown), mostly due to the presence 

of multiple repetitive sequences in the pTα locus47. Therefore, another PCR 

analysis was performed with a forward primer lying further upstream of the short 

sequence of homology used in the targeting construct (Fig. 28E). Together with a 

Southern blot analysis using iCre as a probe (Fig. 28G), the integrity of the 

targeted locus was confirmed. An additional targeted clone (AB-IE#281) out of 

300 recombinant colonies was otained from an independent targeting experiment 

in AB2.2 ES cells and characterized following the same strategy (data not shown). 

In both targeted clones, the FRT flanked NeoR cassette was removed in vitro by 

transient transfection with a FlpE-expressing plasmid (data not shown). One NeoS 

subclone per targeted line was injected into C57BL/6 blastocyst following standard 

methodology58. 
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21.3.2. pTα-iCre x ROSA26-tdRFP double KI ES cells and chimera 

analysis 

The succesfull excision of the NeoR selection cassette in pTα-iCre targeted 

clone allowed for re-targeting of AB-IE#44ΔNeo cells with constructs using NeoR 

as positive selection cassette. Knowing the high targeting efficiency of ROSA26 

locus, we could easily generate double targeted ES cells (Fig. 29). Out of 10 pools 

of 16 clones, 3 pools showed a homologous recombination event as identified by 

PCR (Fig. 29A, top). 3 individual clones were correctly targeted to the ROSA26 

locus (Fig. 29A, middle and data not shown) and conserved the pTα-iCre allele 

(Fig. 29A HL50/HL51). Each targeted clone was confirmed twice by PCR on 

independent DNA preparation (Fig. 29A, bottom and data not shown). 2 double 

targeted clones (#3 and #74) were injected into C57BL/6 blastocysts. Although 

50% of these blastocysts gave rise to chimeras (Fig. 29B), the contribution of 

targeted ES cells to the chimeras was low (10 to 30%). Intercross of chimeric 

males with C57BL/6 female never gave transmission of the targeted alleles to the 

germline (Fig. 29B). Similar results were obtained with the parental pTα-iCre 

AB-IE ES cell line (Fig. 29B). Despite the fact that untargeted AB2.2 ES cells had 

been tested before hand and showed germline transmission (data not shown), our 

negative results and reports from others (Madan, our laboratory) indicate that the 

AB2.2 ES cells used in our gene targeting experiments have lost their pluripotency, 

possibly during a round of ES cell expansion. 

 

We took advantage of the chimeras to test whether our pTα-iCre deleter 

allele could activate the ROSA26 reporter locus in a specific manner. The ES cell 

contribution to the hematopoietic system of the chimeras we analysed (n=3) was 

really low (0.10 to 1%) as indicated by the expression of Ly9.1, a congenic marker 

specifically expressed on lymphocytes of the 129 mouse strains (Fig. 29C and E). 

tdRFP+ cells were found in the thymus (Fig. 29C and D) and in peripheral organs 

such as spleen (Fig. 29E) and lymph nodes (data not shown). All tdRFP+ 

thymocytes were CD3+ in the thymus (Fig. 29C). Although some immature double 

positive CD4+CD8+ thymocyte as well as single positive CD4+ were labeled in the 

chimeric mouse we analysed,  the main population of tdRFP+ cells was CD8+ (Fig. 
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29D). Due to the limited number of chimeras generated from double targeted ES 

cell injections, we could not investigate whether this developmental bias to the 

CD8 subset was statistically relevant or was a chimera artefact. Analysis of 

splenocytes in chimeric animals reproducibly showed that ES-derived CD19+ cells 

were never tdRFP+ (Fig. 29E). In contrast, all tdRFP+ splenocytes were CD3+ (data 

not shown) illustrating the T-lineage specificity of reporter induction. 

 
Figure 29: tdRFP targeting to the ROSA26 locus in pTα-iCre ES cells and analysis of double KI chimeras. A. PCR screen of 
pools (top) and individual clones (middle top) of AB-IE44ΔNeo ES cells targeted with pHL-HH. Maintenance of pTα-iCre 
allele in ROSA26-RFP targeted clones was confirmed by PCR (middle bottom). Targeted event was confirmed on an 
independent gDNA preparation (bottom) using ROSA26 knock-in screening primer pair. M: Marker, P1-P10: Pools, 1:20 : 
dilution of positive control DNA, IE: parental pTα-iCre targeted clone. B. Statistics of transgenesis using double knock-in 
pTα-iCre x ROSA26-RFP and parental pTα-iCre#44 AB2.2 ES cells. C. Evaluation of the degree of ES cell contribution to 
the lymphoid lineage by flow cytometry using Ly9.1 donor marker. 129/Ola mice were used as postive control for the Ly9.1 
staining. D. Developmental status of tdRFP+ thymocyte in chimeric mice according to CD4/CD8 expression. E. FACS 
analysis of splenocytes in double knock-in chimera. CD19+ B cells derived from the ES cell are not expressing tdRFP. 
 
 

 These results were very encouraging as they show that our reporter system 

is working in principle and can specifically label cells of the T-lineage. We 

therefore performed a new set of targeting experiments in other ES cell lines to 



 

- 93 - 

generate pTα-iCre deleter mouse. 

21.3.3. iCre targeting in the pTα locus of E14.1 and BRUCE4 ES cells 

To target efficiently iCre in BRUCE4 ES cells, isogenic sequences of 

homology were amplified by PCR and exchanged in the final targeting vector 

(pHL-IG). Although a good number of recombinant clones was recovered after 

G418 selection (n=232) with this targeting construct, we failed to identify BRUCE4 

targeted clones. In parallel, we tried one more gene targeting experiment in E14.1 

ES cells using non-isogenic pHL-IE targeting construct. 5 pools of 16 clones 

showed a PCR product using HL50/HL51 primers (Fig. 30A). Individual targeted 

clones were identified in every positive pools (Fig. 30B and data not shown). This 

relatively high targeting efficiency (1,25%) of pHL-IE in contrast to previous 

attempts with pHL-AI is difficult to explain. Clearly, non-isogenicity of the targeting 

vector was not the main obstacle for successful gene targeting experiment. The 

change of NeoR orientation between pHL-AI/pHL-IE targeting construct might 

have been beneficial. May be, the decisive change was the use of a more sensitive 

PCR screen to identify correct homologous recombination event. The single 

integration event in the ES cell genome was confirmed by Southern blot analysis 

using iCre as an internal probe (Fig. 30D). A PCR analysis similar to the one in 

figure 28E was performed and confirmed the correct targeting of iCre to the pTα 

locus (data not shown). In all positive clones, the neomycin cassette was 

succesfully removed as shown by Southern analysis (Fig. 30D). A PCR analysis 

using JF26/13758 primers confirmed the correct deletion of the neomycin cassette 

at the pTα locus (Fig. 30F). In this PCR, the forward primer JF26 outside of the 

targeting construct and a reverse primer (13758) located immediately after the 5' 

FRT site (Fig. 30E) amplified two products in E14-IEΔNeo clones which 

corresponds to the WT (2.6 kb) and the targeted allele of pTα (≈5.3 kb). The KI 

allele from NeoR E14-IE cells could not be amplified because the NeoR cassette 

was increasing the size of the JF26/13758 product over the limit of extension used 

in this PCR. 

 

To inject a pTα-iCre KI clone with the best chance of germ line 

transmission, we analyzed the expression of several genes associated with the 
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pluripotency of ES cells143 by semi-quantitative RT-PCR. dppa2, 3, 4, 5, nanog and 

oct3/4 were highly expressed in most of the targeted clones as in the E14.1 

control except for clone E14-IE#191ΔNeo5. Expression of pramel4, 5, 6 and 7 

genes in E14-IE#236ΔNeo3, #265ΔNeo4 and #358ΔNeo1 was ≈10 times less 

than in E14.1. 

 

 
Figure 30: Screening and characterization of E14-IE targeted clones. A. Positive pools (*) of recombinant clones were 
identified by PCR screen. B. Individual clones with targeted event were found for each positivie pools using the same PCR 
screen. C. Expression of pluripotency associated genes in independent clones of pTα-iCre after FlpE-mediated excision as 
detected by RT-PCR amplification. D. Karyotype analysis of 5 independent pTα-iCre targeted clones after FlpE-mediated 
excision. Frequency of normal caryotype is highlighted in blue. E. Schematic representation of pTα locus, pHL-IE targeting 
construct and resulting recombinant pTα-iCre locus before (E14-IE) and after FlpE-mediated NeoR excision (E14-IEΔNeo). 
Primer location and restriction sites used for characterization of targeted event are shown. F. Southern blot hybridization of 
pTα-iCre targeted clone using an internal iCre probe. Size of specifc DNA fragments is given. AB-IEΔNeo from previous 
AB2.2 gene targeting experiment is used as control for NeoR deletion. G. Confirmation of pTα-iCre targeted locus integrity 
using multiple PCR amplification. PCR using primer pair HL50/HL51 was used to confirm presence of KI allele. NeoR 
excision was confirmed by PCR using JF26/13758 primer pair. 
 
 

The lack of pramel gene expression in E14-IE#44ΔNeo2 could be due to 

the use of a lower amount of starting cDNA in this particular sample. 

E14-IE#191ΔNeo5 was not used for blastocyst injection as it showed a completely 

different transcriptome, lacking the expression of nanog and oct3/4 which are the 

key regulators for the maintenance of pluripotency in mouse ES cells54. Loss of 
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heterozygosity of one allele144 or chromosome145 is frequent in ES cells and can be 

associated with loss of pluripotency. Therefore, we performed a karyotype analysis 

of metaphasic chromosomes in pTα-iCre targeted clones (Fig. 30D). With more 

than 75% metaphases showing a normal set of 40 chromosomes, clones 

E14-IE#44ΔNeo2 and #358ΔNeo1 were selected to generate pTα-iCre deleter 

line. Both clones produced chimeras and E14-IE#44ΔNeo2 transmitted pTα-iCre 

KI allele to the offspring. 

22. CRE-INDUCIBLE ROSA26-RFP MOUSE: ONE REPORTER FOR MULTIPLE 

APPLICATIONS 

22.1. Characteristics of ROSA26-RFP mice prior Cre-activation 

Un-activated ROSA26-RFP reporter mice were successfully derived from 

BRUCE4 ES cells and maintained on a pure C57BL/6 background. Inter-cross of 

heterozygous animals produced offspring of all genotypes as typed by PCR 

(Fig. 15A). The ROSA26-RFP allele segregated with predicted Mendeleian ratio 

(data not shown). Homozygous ROSA26-RFP animals were viable, fertile and 

were used to maintain the ROSA26-RFP line. Knock-in of one reporter allele in the 

ROSA26 locus did not significantly alter the normal cellularity of lymphoid organs 

(data not shown). Importantly, we never detected background expression of 

tdRFP in ROSA26-RFP mice (Fig. 33A, right pannel and Fig. 34A) due to the 

reverse orientation of the reporter to the ROSA26 promoter (Fig. 32A). These data 

show that introduction of the tdRFP encoding nucleotide sequence into the 

ROSA26 locus does not interfere with mouse development. 

22.2. Germline activation of the ROSA26-RFP reporter in the mouse 

To assess the efficiency of in vivo reporter activation and compatibility of 

ubiquitous tdRFP expression with normal development and postnatal life, 

ROSA26-RFP reporter mice were inter-crossed with huCMV-Cre transgenic animals 

for ubiquitous deletion of the loxP-flanked transcriptional stopper including germ 

cells. Splenocytes of resulting offspring was analyzed by FACS to monitor the 

induction of tdRFP expression. Unexpectedly, ROSA26-RFP activation was not 

complete in all animals, varying from 30 to 100% of total splenocytes depending 

on the individual analysed (Fig. 31A). The deletion was not mosaic as the degree 
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of tdRFP labeling was the same in multiple lymphoid organs of a given mouse 

(data not shown). Similar fluctuations of reporter activation were found in 

huCMV-Cre x ROSA-GFP reporter animals (data not shown). Therefore, the 

observed compound deletion cannot be explained by a technical limitation specific 

to our reporter locus, but most likely by the variegated expression of multi-copy 

huCMV-Cre transgenes50. tdRFP reporter expression was not altering the lineage 

equilibrium between T and B cells in the spleen as compared to a WT C57BL/6 

mouse (Fig. 31B). Thus, reporter expression did not seem to negatively influence 

the development of one given lineage at the expense of another. Importantly, the 

T/B-cell ratio was the same in tdRFP+ and tdRFP- populations of chimeric animals 

indicating that a normal cell homeostasis is maintained regardless of tdRFP 

expression. 

 
Figure 31: A. Mosaic reporter activation in huCMV-Cre x ROSA26-RFP animals. Histogram of tdRFP fluorescence emission 
in erythrocyte-depleted spenocytes from C57BL/6 and 3 huCMV-Cre x ROSA26-RFP animals. Percentage of tdRFP+ cells is 
given for each mice. B. Expression of tdRFP in lymphocyte does not alter T/B lineage ratio of splenocytes. Proportion of 
CD3/CD19 splenocyte populations for each tdRFP- (black) and tdRFP+ (red) splenocyte subsets as defined in A (I and II 
populations). 
 
 

To generate a constitutively activated reporter mice, we backcrossed animal 

typed positive for Cre and the reporter allele onto C57BL/6. Offspring typed 

positive for Cre and ROSA26-RFP reproduced the incomplete activation 

phenotype, most probably because the compound deletion was also found in germ 
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cells. ROSA26-RFP (activated reporter) progeny typed negative for Cre was 

further backcrossed onto C57BL/6. All heterozygous offspring for the reporter 

locus showed a complete recombination event as shown by Southern hybridization 

(Fig. 32A and B, lanes RFP/WT). ROSA26-RFP animals were fertile, allowing the 

establishment of a mouse line constitutively expressing tdRFP as a donor marker 

for cell transplantation analogous to ROSA26-EGFP, EYFP and ECFP strains71, 85, 

125. Activated reporter ROSA26-RFP allele was stably transmitted to the offspring 

at expected frequency (data not shown). ROSA26-RFP mice did not show any 

obvious phenotype. 

 
Figure 32: A. Schematic representation of wildtype, targeted (ROSA26-RFP) and activated (ROSA26-RFP) ROSA26 locus. 
ROSA26 exons are depicted as numerals. Location of restriction sites used for Southern hybridization and size of resulting 
fragments detected using an external probe are given. SA: splice acceptor, Probe: location of external probe. B. Southern 
blot hybridization of Bam HI digested genomic DNA from thymus (T) and spleen (S) samples using the external probe 
depicted in A. Genotype for ROSA26 and pTα locus of animals used in this experiment are indicated. WT: wildtype, RFP: 
floxed ROSA26-RFP, RFP: activated ROSA26-RFP. 
 
 

Intercross of heterozygous ROSA26-RFP animals produced offspring of all 

genotypes as shown by Southern (Fig. 32B). Homozygous ROSA26-RFP animals 

were obtained at expected frequency (data not shown). These mice showed 

normal behavior, were viable and fertile highlighting the innocuity of constitutive 

RFP expression on mouse development. 

22.3. Strong ubiquitous expression of tdRFP in ROSA26-RFP mice 

 Heterozygous ROSA26-RFP animal exhibited robust ubiquitous red 

fluorescence as seen by whole body fluorescence imaging (Fig. 33A, left panel). 

Tissues from the three germ-layers were labeled (Fig. 34A, right pannel). The 

fluorescence intensity was high, far over the background autofluorescence as 

shown by direct comparison of several organs of WT and ROSA26-RFP mice 

(Fig. 34B, left panel). 
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Figure 33: Fluorescence imaging of ROSA26-RFP and reporter activated ROSA26-RFP animals. A. Left: Whole body bright 
field and fluorescence imaging (34-ms and 3-s exposure time respectively). Right: Brightfield and fluorescence stereoscopy 
of several ROSA26-RFP organs and tissues: Following magnification and exposure time were used for each organ: brain 
(0.71x, 1s), blood vessels (10x, 5s), heart (2x, 1s), lung (0.71x, 1s). B. Litter of newborn pubs from an inter-cross of 
heterozygous ROSA26-RFP parents (I). Genotype for each newborn is indicated: WT: wild-type; WT/RFP: heterozygous 
ROSA26-RFP; RFP /RFP: homozygous ROSA26-RFP. (II) tdRFP expression in adult tissues of heterozygous ROSA26-RFP 
mouse; Brightfield and fluorescence imaging of organs from a C57BL/6 control animal (left) and ROSA26-RFP mouse 
(right). Following magnification and exposure time were used for fluorescence picture acquisition: thymus (1x, 1s), spleen 
(0.71x, 1s), pancreas (1x, 300ms), kidney (0.71x, 1s), tail (0.71x, 1s). C. Expression of tdRFP in different erythrocyte 
stages. 3-color FACS analysis of splenocytes stained with anti-TER119 and anti-CD71 (anti-transferrin receptor) antibodies. 
Shown are only cells electronically gated through a lymphocyte-like gate to include lymphocytes, erythrocyte progenitor 
stages and few mature erythrocytes. The dot plots show the gates used to discriminate erythrocyte maturation stages. 
Histograms of tdRFP fluorescence in the TER119/CD71 subsets defined on dotplots are shown (note corresponding color 
code). 
 
 

Homozygous ROSA26-RFP animals showed an even stronger fluorescence 

than their heterozygous littermates (Fig. 34A, right panel). Rigorous inspection of 

ROSA26-RFP mice using fluorescence stereoscopy revealed that hairs were the 

only macroscopic structures devoid of tdRFP expression. Collectively, these data 
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document the maintenance of ubiquitous ROSA26 expression upon Cre-mediated 

reporter activation in the entire mouse. 

22.4. 100% of cells are labeled in ROSA26-RFP mice 

To evaluate the degree of labeling in activated ROSA26-RFP mice, the 

fluorescence profile of cell suspensions extracted from several lymphoid organs 

was analysed by FACS (Fig. 34A). Quantification of tdRFP+ cell populations from 

heterozygous and homozygous ROSA26-RFP mice revealed that virtually all cells 

were expressing tdRFP (≈ 99%), with a notable lower labeling found in bone 

marrow due to contaminating mature erythrocytes. Indeed, in the hematopoietic 

system, late stages of adult erythrocytes were not labeled as detected by flow 

cytometry (Fig. 33C). Erythrocytes develop from a TER119–CD71+ (I) 

pro-erythroblast stage via TER119+CD71+ (II) and TER119+CD71int (III) 

erythroblasts to TER119+CD71– (IV) mature erythrocytes146. While 

proerythroblasts (TER119–CD71+) express tdRFP at essentially the same frequency 

and exhibit similar fluorescence intensities as other nucleated cells (e.g., TER119–

CD71– lymphocytes), tdRFP expression was lost towards more mature erythrocyte 

stages, in which an increasing fraction of cells had expelled the nucleus. A similar 

observation was made in activated ROSA26-GFP mice (Fig. 33C, right column) 

confirming previous report from others71. 

 

This essentially complete degree of cell labeling in ROSA26-RFP was 

observed without variance in all mice analyzed (n=12). As previously observed by 

fluorescence stereoscopy (Fig. 33B), homozygous ROSA26-RFP showed a brighter 

fluorescence (mean intensity: 8.5x102) than heterozygous animals (mean 

intensity: 5x102) for a given cell suspension (lymph nodes and spleen). Cells of 

thymus and bone marrow showed heterogeneity with respect to fluorescence 

intensities (Fig. 34A). This was not due to partial recombination reactions at the 

reporter locus as intermediate products were not detected in ROSA26-RFP mice 

by Southern blotting or PCR (data not shown). 

 

An experiment in which 5-Fluorouracil (5-FU) was injected in the 

peritoneum of ROSA26-RFP mice gave some hints on the biological relevance of 
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this fluorescence heterogeneity. 5-FU is a nucleotide analogue that inhibits the 

activity of thymidylate synthetase which affects pyrimidine synthesis and leads to 

depletion of intracellular TTP pools147. The resulting alteration of the balance of 

deoxynucleotide (dNTP) pools disrupts DNA synthesis, blocking cellular 

proliferation and cell cycle progression. Upon 5-FU i.p. (intra-peritoneum) injection 

of ROSA26-RFP animals, all bone marrow cells became tdRFPhi. This effect was 

specifically seen with 5-FU injected animals. Control ROSA26-RFP mouse only 

injected i.p. with PBS had a normal heterogeneous profile of fluorescence 

intensity. Thus, the proliferation status seems to determine the overall 

fluorescence intensity of a cell (Fig. 34B). Full accumulation of tdRFP was only 

seen in resting cells. 

 
Figure 34: A. FACS analysis of erythrocyte-depleted, unfractionated hematopoietic cells from the indicated lymphoid 
organs of C57BL/6, floxed ROSA26-RFP, heterozygous and homozygous activated ROSA26-RFP animals. Red shaded 
histogram: tdRFP expressing cell; gray shaded histogram: tdRFP- controls. T: thymus, LN: lymph Nodes, S: spleen, BM: 
bone marrow. B. Flow cytometry analysis of 5-FU-treated unfractionated bone marrow cells of heterozygous ROSA26-RFP 
mice. The obvious heterogeneity with respect to fluorescence intensity is due to differences in cell cycle status of the bone 
marrow cells in untreated ROSA26-RFP. C. Comparison of fluorescence intensities between different thymocyte subsets of 
heterozygous and homozygous activated ROSA26-RFP mouse and a heterozygous activated ROSA26-GFP mouse71. The 
gates used to discriminate CD4/CD8 subpopulations are shown on each dot plots (top). The histograms show the 
fluorescence intensities of the different CD4/CD8 subsets. The gray shaded histograms (negative control) represent cells of 
the corresponding thymocyte subpopulations from a floxed ROSA26-RFP reporter mouse. DN: double negative, DP: double 
positive.  
 
 

Flow cytometric analysis of the thymocyte compartments further showed 

that the level of red fluorescence is defined by the particular cell type and its 

developmental stage (Fig. 34C). Single positive CD4+ and CD8+ thymocytes were 

significantly more fluorescent double positive CD4+CD8+ immature thymocytes, 

which are highly proliferative. The double negative CD4-CD8- pre-thymocytes show 
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an heterogenous level of fluorescence, which is expected as this subset is 

comprised of a mix of proliferating and resting cells. Similar heterogeneity in 

fluorescence intensity was observed in ROSA26-GFP mice (Fig. 34C, left column), 

confirming that this phenomenon was dependent on the biology of a cell and not 

associated with the mis-expression of our activated reporter. Flow cytometric 

analysis of thymocytes from ROSA26-RFP mice also showed that high level of 

tdRFP expression was not impairing the development of T-cells at any stage as the 

frequencies and absolute cell numbers of each subsets were similar to WT mice 

(data not shown). These data illustrate the complete absence of troublesome 

reporter expression variegation effects upon constitutive activation of tdRFP from 

the ROSA26 locus. 
 

22.5. Inducible activation of ROSA26-RFP in T-cell specific Cre deleter 

mice 

To test whether ROSA26-RFP reporter expression could be activated in a 

cell-type specific manner, ROSA26-RFP mice were inter-crossed with Lck-Cre 

transgenic animals76. The Lck-Cre deleter line is the most commonly used 

Cre-deleter strain for specific genomic manipulation in the T-cell compartment. 

Flow cytometric analysis of splenocytes from the resulting offspring revealed 

specific RFP expression activation in CD3+ T-cells whereas CD19+ B cells remained 

RFP- (Fig. 35A). However, deletion patterns that were more complex than 

expected using transgenic Lck-Cre deleter mice, precluded a true quantification of 

reporter activation (presented in a later section). 

 

To rigorously exclude any problem with lineage-specific activation of the 

ROSA26-RFP knock-in allele as explanation for the observed deletion fluctuations, 

we inter-crossed our reporter mice with pTα-iCre deleter mice. Progeny showed a 

highly specific and efficient (≈98%) labeling of T-lineage cells (see section 23.3). 

The high specificity and efficiency of reporter activation is illustrated in figure 35B. 

Upon a short para-formaldehyde fixation step, tdRFP retained its fluorescent 

properties and could be combined with immunohistochemistry stainings on 

histological sections for lineage tracing analysis. tdRFP fluorescence was 

exclusively found in the cytoplasm and nucleus of reporter activated cells in pTα-
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iCre x ROSA26-RFP mice (Fig. 35B). In lymph nodes of such animals, virtually 

100% of CD3+ T lymphocytes expressed tdRFP whereas no CD45R+ B-cells were 

labeled (Fig. 35B). Moreover, tdRFP proved sufficiently stable to support reliable 

detection of red fluorescence in all tdRFP-expressing cells even in fixed tissues 

using confocal microscopy (Fig. 35C). tdRFP reporter line is the second mouse 

strain expressing a Cre-inducible fluorescent protein from the ROSA26 locus that 

can be monitored efficiently both cytofluorometrically and histologically, adding an 

alternative to EYFP for multicolor lineage tracing analysis85. 

 
Figure 35: A. Specific activation of reporter expression in Lck-Cre x ROSA26-RFP mice. Dot plots of CD3/CD19 expression 
for total CD45+ or tdRFP+CD45+ cells are shown. CD3+ but not CD19+ splenocytes express tdRFP, highlighting the T-cell 
specific induction of tdRFP expression in this T-cell specific Cre-deleter strain. B. Immunohistochemistry of lymph node 
section from a pTα−iCre x ROSA26-RFP mouse (magnification: 40x). Note that virtually 100% of CD3+ cells 
(T-lymphocytes) exhibit red fluorescence. C. Confocal image of the section shown in B. D. Two-color-FACS analysis of 
lymph node cells of the indicated mouse strains, illustrating easy discrimination of tdRFP and YFP-expressing cells. The 
analysis of the individual samples was done with identical FACS Calibur instrument settings. E. Total peripheral blood cells 
were gated based on FSC/SSC and CD45 expression (not shown). Data are shown left to right from control C57BL/6 mice, 
mice heterozygous for a constitutively activated ROSA26 allele (either ROSA26-RFP or ROSA26-YFP), and triple-compound 
mice. These mice which were generated by mating an animal carrying a constitutively activated ROSA26-YFP allele and a 
ubiquitously deleting Cre transgene with a floxed ROSA26-RFP reporter mouse. Due to variegated expression of the Cre 
transgene, mice with mosaic activation of ROSA26-RFP allele allowed simultaneous detection and separation by FACS of 
RFP/YFP double positive cells from cells expressing only YFP fluorescent reporter. 
 
 

These data illustrate the successful lineage-specific Cre-mediated activation of 

ROSA26-RFP reporter locus. 
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22.6. Full compatibility of tdRFP with EGFP and EYFP fluorescent 

reporter 

For muticolor lineage tracing experiments, it would be useful to see 

whether tdRFP could be distinctly discriminated from commonly used EGFP or 

EYFP. We therefore analysed lymph node cells from germline activated 

ROSA26-RFP and ROSA26-YFP by FACS and showed that tdRFP expressing cells 

could be nicely separated from EYFP expressing cells using standard parameter 

cross-compensation (Fig. 35D). In addition, population of cells co-expressing 

tdRFP and EYFP could be detected and separated from single reporter expressing 

cells inside a same animal (Fig. 35E). To generate these mice, we took advantage 

of the previously described variegated Cre expression in huCMV-Cre transgenic 

mice (see section 22.2): we inter-crossed a mouse carrying an activated 

ROSA26-YFP allele with a floxed ROSA26-RFP mouse on a Cre deleter 

background. Resulting offspring showed occasionaly a chimeric activation of 

ROSA26-RFP reporter. Flow cytometry analysis of leukocytes from peripheral 

blood of heterozygous ROSA26-RFP, ROSA26-YFP or triple compound 

(huCMV-Cre/ROSA26-YFP/RFP) mice allowed the simultaneous visualization of 

single positive YFP+, RFP+ and double positive YFP+RFP+ cells. This is the first 

report of simultaneous detection of YFP+ from YFP+RFP+ within the same animal, 

overcoming the technical limitation encountered when the pair of YFP/GFP 

reporters was combined89 (see introduction, section 4.2). 

22.7. ROSA26-RFP cells are primed for Recombinase Mediated Cassette 

Exchange (RMCE) 

Expression of transgenes in mammalian cells or transgenic animals is 

difficult to control because it is markedly influenced by position effects148. 

Recombinase-mediated cassette exchange (RMCE) in ES cells should be useful to 

facilitate the insertion of multiple transgenes into well-characterized pre-targeted 

loci that imparts specific and reproducible regulation of transgenes in the 

mouse149. RMCE is a two-step procedure. First, recognition sites (loxP or Frt) for a 

site-specific recombinase (Cre or FlpE) are targeted to the locus of interest by 

homologous recombination. Second, site-specific recombination inserts a 

replacement sequence into this pre-tagged site150. Upon Cre-activation and 
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complete recombination reaction, the final configuration of ROSA26-RFP locus is 

RMCE primed as the tdRFP-p(A)n cassette is flanked by two incompatible lox sites 

(Fig. 36A). We asked whether we could use our activated reporter locus to 

exchange tdRFP to a floxed expression cassette at the ubiquitously expressed 

ROSA26 locus. In vitro generated ROSA26-RFP ES cells were transformed with an 

exchange vector (pX2GFP) bearing a floxed EGFP cDNA fused to BGH p(A)n 

sequence and a Cre-expression vector (pCre-AC). 18 hours post transfection, 200 

EGFP+ cells expressing Cre were sorted and single-cell deposited onto 96-well 

clusters. After 6 days of culture, the ES cell colonies were screened by eye 

whithout the use of a selective agent for the loss of tdRFP expression and gain 

EGFP fluorescence on an epifluorescence microscope. 

 
Figure 36: Recombination Mediated Cassette Exchange (RMCE) at the ROSA26 locus. A. Schematic representation of 
RMCE reaction. Cre recombinase catalyse the integration reaction of loxP/2372 flanked GFP-p(A)n cassette at the activated 
ROSA26-RFP cells. As the lox site flanking tdRFP and EGFP expression cassettes are incompatible, the integration remains 
stable. B. Fluorescence stereomicroscopy of ROSA26-RFP and ROSA26-X2GFP cells. Clones with exchanged ROSA26 locus 
lose tdRFP expression and display EGFP fluorescence. C. Concomittent detection of tdRFP and EGFP expressed from 
ROSA26 locus by FACS. tdRFP or EGFP-expressing cells can be separated in a mix of ROSA26-RFP and ROSA26-X2GFP ES 
cells. D. Schematic representation of activated ROSA26-RFP and exchanged ROSA26-X2GFP alleles. Primer location and 
size of amplified fragments used in (E) are shown. E. Characterization of the exchanged event by PCR. ROSA26-RFP and 
ROSA26-X2GFP maintained the knock-in allele (top). E14.1 genomic DNA was used as negative control. SA-loxP sequence 
was detected in both tdRFP and EGFP-expressing cells whereas tdRFP-specific fragment amplified using HL70/HL99 primer 
pair was absent in ROSA26-X2GFP (middle). The exchanged clone has lost tdRFP to EGFP expression cassette as observed 
by amplification of ROSA26-X2GFP but not ROSA26-RFP specific fragment (bottom). 
 
 

Among 148 colonies recovered after the sort, 2 clones showed the expected 

fluorescence pattern. One of these exchanged clones (X2GFP#1) shown in figure 

36B, was further characterized by PCR (Fig. 36 E). Amplification of a 1,3 kb 
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product using ROSA26 KI screening primers from X2GFP DNA confirmed that 

RMCE did not alter sequences of the ROSA26 targeted allele outside of the 

"floxed" fragment (Fig. 36D and E, top). No PCR product was amplified using 

primer pairs specific for the ROSA26-RFP allele [HL70/HL99 for SA-tdRFP] 

showing that tdRFP had been excised from the ROSA26 locus (Fig. 36E, middle). 

Finally, a multiplex PCR amplifying the whole reporter expression cassette in RMCE 

primed ROSA26-RFP [HL70/HL72 for SA-tdRFP-SV40 p(A)n] and in exchanged 

ROSA26-X2GFP allele [HL70/HL162 for SA-tdRFP-BGH p(A)n] proved that tdRFP 

had indeed been replaced to X2GFP at the ROSA26 locus (Fig. 36E, bottom). 

Southern blot analysis using a probe outside of the KI allele remains to be 

performed to unambiguously prove the exchange of tdRFP to X2GFP via RMCE. 

 

Interestingly, while analysing a mixture of ROSA26-X2GFP and 

ROSA26-RFP cells by FACS (Fig. 36C), we noticed that ROSA26-X2GFP clones 

exhibited a much brighter fluorescence than observed in ROSA26-GFP KI animals 

(Mao et al71. and Fig. 36C) although the analysis was done with identical 

instrument settings. This discrepancy is of importance as ROSA26-GFP KI animals 

have been bearly used so far in lineage tracing experiments, mostly due to the 

really moderate fluorescence shift obtained after Cre-mediated activation of the 

reporter. Presence of a residual proviral sequence 5' of the reporter cassette in 

ROSA26-EGFP71 but absent in ROSA26-X2GFP might explain this difference in 

EGFP level by negatively affecting EGFP expression. Alternatively, the EGFP-p(A)n 

cassette could have integrated a second time in a gene expressed in ES cells. 

Southern blotting analysis remains to exclude this possibility. 

 

Taken together, these data illustrate the feasibility of selection-free RMCE 

to our activated ROSA26-RFP locus. The exchanged clones are easily detected 

using our screening method based on fluorescence expression. RMCE at the 

ROSA26 locus can allow for the rapid generation of reporter strains with enhanced 

detection properties to add more tint to the multicolor palette available for lineage 

tracing experiments. 
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23. THE PTα-ICRE DELETER MOUSE: A RELIABLE CRE KNOCK-IN STRAIN FOR 

EFFICIENT GENOME MANIPULATION IN T-LINEAGE CELLS 

23.1. Non-toxicity of iCre-expression in pTα-iCre deleter mice 

pTα-iCre deleter mice were successfully derived from E14.1 ES cells and 

backcrossed for at least 5 generations on C57BL/6 background. Heterozygous 

pTα-iCre mice were genotyped by multiplex PCR (Fig. 15B). These animals were 

fertile and had normal behavior. Cellularity of cell suspensions from several 

lymphoid organs was completely normal (data not shown) indicating that the level 

of iCre expression in these mice is well tolerated and not associated with 

Cre-mediated cell toxicity151. Inter-cross of heterozygous pTα-iCre animals 

produced offspring of all genotypes (data not shown). Homozygous progeny was 

viable and fertile. When backcrossed onto C57BL/6 background, pTα-iCre allele 

segregated with predicted Mendeleian ratio (data not shown). Homozygous 

pTα-iCre mice were used to maintain the deleter line or mated with homozygous 

ROSA26-RFP animals to generate pTα-iCre x ROSA26-RFP mice. Offspring were 

normal in regard to cellularity and proportion of all hematopoietic lineages (data 

not shown). These date illustrate the innocuity of pTα-iCre expression on mouse 

development. 

23.2. Specific labelling of lymphoid organs in pTα-iCre x ROSA26-RFP 

mice 

To assay the specificity of our pTα-iCre deleter strain, pTα-iCre x 

ROSA26-RFP reporter mice were analysed by epifluorescence stereoscopy (Fig. 

37A). Whole body fluorescence intensity imaging showed bright fluorescence 

restricted to primary (thymus, spleen) and secondary (lymph nodes, tonsils, 

Peyer's patches, appendix) lymphoid organs (Fig. 37B). Reporter activation was 

delineating specific fluorescent zones in Peyer's patches and appendix (Fig. 37A). 
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Figure 37: tdRFP expression in pTα-iCre x ROSA26-RFP mouse. A. Fluorescence spectroscopy of tissues in compound 
mouse confirmed presence of tdRFP-expressing cells in thymus (cervical and thoracic thymi), spleen, lymph nodes (axiliary, 
inguinal, mesenteric and tonsils), Peyers patches and appendix. The skin also showed a peculiar pattern of reporter 
activation. B. Intensity plot of whole-body fluorescence of a pTα-iCre x ROSA26-RFP mouse. Blue: low level of 
fluorescence expression, white: high level of fluorescence, black: no fluorescence. Area of high fluorescence intensity are 
restricted to lymphoid organs. 
 
 

 Interestingly, the skin of pTα-iCre x ROSA26-RFP was also labeled 

(Fig. 37A, top right). The discovery of this particular array of low intensity 

fluorescence pattern along the whole body of pTα-iCre x ROSA26-RFP animals is 

a surprising finding as the skin, beside dendritic epidermal T-cells (DETC), is not 

densely populated by cells of lymphoid origin. 

 

Direct comparison of internal organs from pTα-iCre x ROSA26-RFP with 

floxed ROSA26-RFP and activated ROSA26-RFP control mice further illustrated 

the lymphoid specificity of reporter activation. Whereas heart, kidney and liver 

showed no detectable red fluorescence (Fig. 38A); thymus, spleen and lymph 

nodes were strongly fluorescent (Fig. 38B). The intensity of fluorescence in 
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pTα-iCre x ROSA26-RFP was lower than in ROSA26-RFP organs, suggesting that 

not all cells of lymphoid organs had activated RFP expression. 

 
Figure 38: Comparison of fluorescence emission in adult tissues of pTα-iCre x ROSA26-RFP mouse (middle) with C57BL/6 
negative control (left) and heterozygous ROSA26-RFP (right) animals. Fluorescence was not detected in heart, kindey and 
liver (A) in contrast to lymphoid organs (B) of pTα-iCre x ROSA26-RFP mouse in contrast to the ubiquitous expression 
observed in ROSA26-RFP animal. Note that fluorescence emission is restriced to areas in the spleen of pTα-iCre x ROSA26-
RFP. 
 
 

The most strinking difference was seen in the spleen (Fig. 38B, bottom). 

Fluorescence was specifically compartmentalized in circular areas. These peculiar 

fluorescent structures within the spleen were T-cell zones of the white pulp as 

observed by immunohistochemistry of pTα-iCre x ROSA26-RFP spleen sections. 

Specific reporter activation in CD3+ T-cells was detected in zones surrounding 

unlabeled CD19+ B-cells (Fig. 39A). Flow cytometry analysis of splenocytes 

allowed for the quantification of reporter activation efficiency. Virtually all (99%) 

of αβ-TCR+CD3+ T-cells were distinctly labeled in contrast to CD3- splenocytes 

which comprise mostly B-cells (Fig. 39B). Altogether, these data illustrate the high 

specificity of reporter expression in zones of lymphoid organs normally colonized 

by T-cells. Of note is the surprising fluorescence pattern seen in the skin which 

has been further addressed in section 23.4. 
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Figure 39: A. Specific localization of tdRFP expression to T cell zones in the spleen. Immunohistochemistry of spleen 
sections from a pTα-iCre x ROSA26-RFP mouse and a C57BL/6 control (magnification: 10x). CD3+ splenocytes specifically 
express tdRFP in pTα-iCre x ROSA26-RFP animals. B. Faithful, lineage-specific induction of tdRFP expression in pTα-iCre 
mice. Flow cytometry analysis of splenocytes from a pTα-iCre x ROSA26-RFP mouse. The dot plots to the left show the 
position of the electronic gates for the identification of non-T lineage cells (gray) and TCRαβ-expressing T lymphocytes (red 
arrow). Note that virtually all αβ T-cells exhibit strong uniform red fluorescence. 
 
 

23.3. Specific reporter activation in all T-related lineages of pTα-iCre x 

ROSA26-RFP mice 

Our system allows the identification of cells that go through a 

pTα-expressing stage. Rigorous inspection of all lineages of the hematopoietic 

system by flow cytometry demonstrated a T-cell specificity of reporter activation 

of our pTα-iCre deleter line. Cells of myeloid and erythroid lineage (Fig. 40A) were 

not marked in pTα-iCre x ROSA26-RFP mice suggesting that pTα is not expressed 

in progenitors and mature cells of lineages branching off early the T-cell 

developmental pathway (see introduction, section 1.1). Among the lymphoid 

lineage, T and B-cells are developmentally linked and thought to share a common 

progenitor in the bone marrow (CLP)18. Splenic and thymic CD19+ B cells were 

completely lacking reporter activation (Fig. 40B). In contrary, ≈ 98% of CD3+ 

T-cells in the thymus and in the periphery had activate the reporter (Fig. 40B). 

Exclusive reporter activation in T but not B-cells indicates that pTα-iCre expression 

occurs after the T/B lineage decision. This is an interesting finding as it challenges 

results obtained from others in which the expression of a pTα-controlled reporter 

was already detected in the CLP progenitor population22, 24. This discrepancy will 

be questioned further in a next section (24.3) by delineating the expression of 

pTα-iCre in BM subsets. 

 

Abolition of NK-T cell development in pTα KO mice48 showed that NK-T cell 

was linked to T cell development as opposed to NK cells which were found at 
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normal cell number and frequencies. Not surprisingly, almost all NK-T cells were 

labeled (97 % in the thymus) in pTα-iCre x ROSA26-RFP mice (Fig. 40C) whereas 

NK cells did not activate the reporter locus. This result confirms that NK-T cells 

represent a distinct lineage of NK cells which express pTα during its development. 

In contrast, pTα is not expressed during NK-cell development. 

 

αβ but not γδ-T cell development is severely impaired in pTα KO mice. This 

fact might infer that expression of the pre-TCR is required to direct immature 

thymocytes to the αβ-lineage. Normal αβ vs γδ lineage commitment could take 

place via stochastic expression of pre-TCR components exclusively in αβ-T cell 

precursors or an instructive signal driven by the pre-TCR upon productive β-chain 

rearrangement (see introduction, section 1.5). In order to test whether pTα 

expression could be used as a lineage marker for αβ-T cells, we analysed the 

degree of reporter activation in αβ and γδ-T cells in the thymus (Fig. 41A). The 

high level of tdRFP labelling found in thymic γδ-T cell of pTα-iCre x ROSA26-RFP 

animals unambiguously prove that most γδ-T cell are derived from pTα−expressing 

precursors at one stage of their development. This result is the first genetical 

evidence that pTα might be expressed in both αβ and γδ-T cell precursors. Thus, 

pTα-expression is not a marker for αβ vs γδ-T cell lineage commitment which is in 

itself a strong indication for the instructive role of the pre-TCR in this lineage 

decision. 
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Figure 40: Reporter activation is restricted to T-cell related lineages in pTα-iCre x ROSA26-RFP mice. A. tdRFP expressing 
cells are only found in αβ, γδ CD3+ and NKT-cells in the thymus and in the periphery (spleen). The number of animal 
analysed per lymphoid subset is indicated on top of each corresponding bar. B. Flow cytometry analysis of thymocytes and 
splenocytes from a pTα-iCre x ROSA26-RFP mouse and a C57BL/6 control. The dot plots (top) show the position of the 
electronic gates used for the identification of B-cells and CD3-expressing T lymphocytes. In both thymus and spleen, 
fluorescence emission was specifically detected in T-cells (≈ 98%). C. Similar approach was used to analyse tdRFP 
expression among the NK-lineage cells. The gates used to discriminate NK/NKT/T-cell subpopulations are shown on each 
dot plots (top). The histograms show the fluorescence intensities of the corresponding subsets. 
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Most of γδ-T cells express pTα during their development and activates the 

reporter locus. Interestingly, we reproducibly noticed a lower degree of γδ-T cell 

labeling compared to αβ-T cells (Fig. 41B). On average, 91.7±4.46% of γδ-T 

activated the reporter in the thymus as opposed to 97.5±0.62% for αβ-T cells. 

Efficiency of labeling was even lower in the periphery (88.1±2.52%) whereas the 

proportion of reporter expressing cells remained constant for αβ-T cells 

(97.4±0.59%). This somewhat lower level of reporter expression was not due to 

specific silencing of ROSA26 locus in a subset of γδ-T cells as virtually all (99%) 

γδ-T cells in ROSA26-RFP mice were tdRFP+ (Fig. 41D). We hypothesized that 

these tdRFP- γδ-T cells might express a certain subtype of γδ-TCR at their cell 

surface. To see whether tdRFP- γδ-T cells express a peculiar type of Vγ chain, 

thymocytes from pTα-iCre x ROSA26-RFP, floxed ROSA26-RFP and constitutively 

activated ROSA26-RFP mice were stained for anti-Vγ chain antibodies, CD3 and 

γδ-TCR. CD3+γδ-TCR+ total thymocytes expressed normal frequencies for each 

Vγ1, 4, 5 and 7 chains (Vγ chain numbers according to Tonegawa's 

classification152) in pTα-iCre x ROSA26-RFP (Fig. 41C). No obvious bias of tdRFP 

labeling was seen in γδ-T cells expressing each type of Vγ chain (Fig. 41D) 

inferring that tdRFP- cells were found at similar frequencies in all Vγ-expressing 

γδ-thymocytes. 

 

All together, these data illustrate that pTα-iCre deleter mice label 

specifically and efficiently (almost completely) all T-cell related lineages (αβ-, γδ- 

and NK-T cells). Our results show for the first time that most thymic γδ-T cells 

(≈ 95%) expressed pTα at one stage of their development which is a prerequisite 

for the instructive model of αβ vs γδ-T cell lineage commitment153. The somewhat 

lower level of RFP labeling in γδ-T cells might infer that few immature thymocytes 

are committed to the γδ-T cell lineage before the onset of pTα expression. We are 

at present performing more experiments (RT-PCR analysis on sorted tdRFP-γδ-T 

cells, PCR amplification of β-chain rearrangements) to further characterize this 

interesting population of unlabeled γδ thymocytes. 
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Figure 41: A. γδ-T cells are efficiently labeled in pTα-iCre x ROSA26-RFP mouse. Flow cytometry analysis of thymocytes 
from a pTα-iCre x ROSA26-RFP mouse and a C57BL/6 control. The dot plots (top) show the position of the electronic gates 
used for the identification of αβ and γδ CD3-expressing thymocytes. ≈ 90% of γδ-T cells expressed the reporter. B. 
Somewhat reproducible lower reporter activation in γδ than in αβ-T cells of thymus ( ) and lymph node ( ). C. γδ-T cells 
show normal Vγ-chain usage in pTα-iCre x ROSA26-RFP mouse as compared to C57BL/6 control. Total thymocytes were at 
first gated on FSC/SSC and γδ-TCR/CD3 expression (not shown). Percentage of total γδ-TCR+CD3+ cells expressing each Vγ 
chain. Data are shown left to right from control C57BL/6 mouse, pTα-iCre x ROSA26-RFP mouse and a constitutively 
activated ROSA26-RFP allele. D. No bias of reporter activation in γδ T-cell subtypes. γδ T-cells with particular Vγ-chains 
express similar level of tdRFP. Note the constant somewhat lower reporter activation observed in pTα-iCre x ROSA26-RFP 
mouse compared to constitutively activated ROSA26-RFP control. 
 
 

23.4. pTα-iCre marks dendritic epidermal T-cells (DETC) in the murine 

skin 

As previously reported, direct comparison of the skin of pTα-iCre x 

ROSA26-RFP with floxed ROSA26-RFP and constitutively activated ROSA26-RFP 

animals revealed a distinct and organised fluorescence pattern (Fig. 42A). To 

identify the nature of the cells responsible for these arrays of tdRFP fluorescence 

in pTα-iCre x ROSA26-RFP animals, we first looked at subsets of T-cells known to 

reside in the murine skin. The main population of T-cells in the murine epidermis 

are γδ-T cells expressing a distinct subtype of γδ-TCR34. The Vγ5/Vδ1 γδ-T cells 

referred to as dendritic epidermal T cells (DETC), are exclusively produced by the 

fetal thymus since DETC development cannot be supported by an adult thymus34. 
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These cells express CD90.1, CD3 and form a continuous network among the basal 

layer of keratinocytes34. 

 
Figure 42: tdRFP expression in the skin of pTα-iCre x ROSA26-RFP animals. A. Skin details of the indicated mouse strains 
seen by fluorescence stereoscopy.The unusual fluorescent reporter activation pattern is specifically observed in pTα-iCre x 
ROSA26-RFP mice on WT and nude background. Green autofluorescence was substracted from the fluorescence observed 
in the red chanel using Openlab processing software to get a better resolution of tdRFP expressing cells (magnification: 5x, 
exposure time: 2s). B. Dendritic epidermal T-cells are labeled in pTα-iCre x ROSA26-RFP animals. Immunohistochemistry 
of an ear section from a pTα-iCre x ROSA26-RFP animal (magnification: 20x). Vγ5+CD3+ DETCs are indicated with white 
arrowheads. C. Skin DETC express tdRFP. Quantitative analysis of tdRFP expression in epidermal cells of indicated mouse 
strains by FACS. Extracted cells were gated based on FSC/SSC and expression of the pan-hematopoietic marker CD45 (not 
shown). FoxN1(nu/nu) animals are devoid of DETC. D. Total cells from ear suspension were analysed for the expression of 
CD45 and tdRFP. Some CD45- cells express tdRFP in the skin of pTα-iCre x ROSA26-RFP on C57BL/6 and nude background 
(red rectangular). 
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Immunohistochemistry analysis of mouse ears showed specific tdRFP 

fluoresence emission in pTα-iCre x ROSA26-RFP (Fig. 42B) compared to 

ROSA26-RFP (data not shown). tdRFP+ cells were stained positive for CD3 and 

Vγ5 cell surface antigens (Fig. 42B) and presented the characteristic dendritic 

shape of DETC cells (Fig. 42B).To quantify the level of DETC expressing the 

reporter in our deleter mice, epidermal cell suspensions of ears from several 

mouse strains were prepared using mild enzymatic digestion and were 

subsequently stained for CD3, Vγ5 and the pan-hematopoietic marker CD45. 

DETCs (CD45+CD3+Vγ5+) were the main population of cells of hematopoietic origin 

(≈ 70%) and encompassed all CD3+ expressing cells in our skin preparation 

(Fig. 42C). As expected, no DETC of C57BL/6 control mice showed reporter 

activation (Fig. 42C) whereas ≈ 90% of DETC in pTα-iCre x ROSA26-RFP were 

expressing tdRFP [Note that the number of cells expressing the reporter might be 

underestimated. This preliminary experiment was done without live staining and 

need to be repeated for a careful evaluation of RFP+ frequency in DETC cell type]. 

We confirmed the identity of CD45+CD3+Vγ5+ cells by analysing epidermal cell 

suspensions of athymic FoxN1nu/nu (nude) animals in which DETCs development is 

abbrogated. As expected, DETC could neither be detected in nude nor in 

compound pTα-iCre x ROSA26-RFP nude animals. 

 

Reporter activation in DETC cell-type could not solely explain the red 

fluorescence emitted in the skin as athymic FoxN1nu/nu pTα-iCre x ROSA26-RFP 

animals, devoid of DETCs (Fig. 42C), showed the same pattern of reporter 

expression (Fig. 42A). FACS analysis of total cell suspension from mouse ears of 

several strains demonstrated the presence of an additional CD45- cell population 

expressing the reporter specifcally in pTα-iCre x ROSA26-RFP animal and its nude 

counterpart (Fig. 42D). Immunohistochemistry of skin sections from pTα-iCre x 

ROSA26-RFP mice revealed labeling of cells located around the end of the bulb of 

hair follicules (Fig. 43, indicated with *). Careful examination of hair follicules in 

control C57BL/6 mice never showed background fluorescence at this location apart 

from the hair shaft which emitted strong autofluorescence both in the green and 

red channel (Fig. 43, top, indicated with H and pointing arrow). Interestingly, 

these RFP+ cells were not CD3+ in contrast to DETCs as detected by histology 
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(Fig. 43). More experiment are needed to better characterized these interesting 

cells and to understand why they are specifically labeled in pTα-iCre lines. Taken 

together, these data illustrate that pTα should be expressed really early during 

thymus ontogeny as the first waves of γδ-T cells produced in fetal thymus are 

labeled by pTα-iCre. pTα-iCre could be applied for studying fetal thymopoiesis. 

 
Figure 43: Immunohistochemistry of skin section from a pTα-iCre x ROSA26-RFP and C57BL/6 control mouse 
(magnification indicated). CD3- tdRFP-expressing cells were found at the bulge of hair follicules. H: hair autofluorescence, *: 
tdRFP labeled hair follicule. 
 
 

23.5. pTα-iCre expression labels extrathymic T cell development 

In the absence of a thymus, residual T lymphopoiesis occurs mainly in the 

mesenteric lymph node and less in the Peyer’s patches154. Ontogenic steps of this 

lymphopoiesis resemble those of thymopoiesis155, but present an apparent bias 

towards γδ-T cell production with a paucity of polyclonal αβ-T cells154. To see 

whether pTα was expressed in unconventional extrathymic T-cells, we analysed 

pTα-iCre x ROSA26-RFP mice on a nude background. Fluorescence stereoscopy of 

Peyer's Patches (PP) and inguinal lymph nodes (ILN) from euthymic and athmic 

mice showed specific labeling in both lymphoid organs (Fig. 44A). Fluorescence 
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was bearly detectable in Peyer's Patch of pTα-iCre x ROSA26-RFP FoxN1nu/nu 

compared to euthymic counterpart. Although of weak intensity, Peyer's Patch 

fluorescence was exclusively restricted to the interfollicular T-cell zone as in 

pTα-iCre x ROSA26-RFP animals. Inguinal lymph nodes of nude pTα-iCre x 

ROSA26-RFP mice were larger than in euthymic animals but exhibited less 

reporter activation. FACS analysis of PP cell suspension was conducted to see 

whether the observed low intensity of fluorescence was due to an inefficient 

reporter activation in T cells produced from the extrathymic pathway (Fig. 44B). 

Notably, B cells were not labeled in both euthymic and athymic mice. Although 

under-represented in the PP of athymic mice (0.4 to 4%) compared to euthymic 

mice (10-15%), CD3+ T-cells in nude animals activated the reporter expression as 

efficiently as in euthymic mice (96%). More experiments are currently performed 

to search for the onset of reporter activation to map the early events of 

extrathymic development. One can already conclude from these initial experiments 

that alike thymopoiesis, extrathymic T-cell production necessarily goes through a 

pTα expressing stage. In addition, the overall fluorescence intensity of the 

reporter is directly correlated to the number of T-lineage cells residing in a given 

organ, which opens new avenues for live cell imaging and monitoring of 

extrathymic immune response. These preliminary data illustrate that pTα-iCre 

deleter mice should be extremely useful for T-cell specific deletion of genes 

involved in extrathymic T-cell development in athymic mice. 



 

- 118 - 

 
Figure 44: tdRFP expression in extrathymic T-cell development. A. Fluorescence spectromacroscopy of Peyers Patch and 
inguinal lymph nodes of the indicated mouse strains. pTα-iCre x ROSA26-RFP mice on C57BL/6 and nude background 
showed similar pattern of reporter activation in T-cell zones of Peyers Patch (magnification: 3.5x, exposure time: 2s). ILN of 
FoxN1(nu/nu) are larger and less fluorescent than euthymic counterpart (magnification: 1x, exposure time: 1s). Green 
autofluorescence was subtracted to the fluorescence observed in red chanel for a better resolution of tdRFP expressing 
cells. B. Quantitative analysis of tdRFP expression in T-lymphocytes of indicated mouse strains by FACS. Extracted PP cells 
were gated on lymphocytes based on FSC/SSC and expression of the pan-hematopoietic marker CD45 (not shown). The dot 
plots (top) show the position of the electronic gates used for the identification of B- and CD3-expressing T-lymphocytes. In 
both athymic and euthymic pTα-iCre x ROSA26-RFP mice, fluorescence emission was specifically detected in ≈ 96% of T-
cells. The variation of CD3+ cell frequency between both athymic mice is normal and often seen in nude animals. 
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24. PTα-ICRE MARKS EFFICIENTLY EARLY STAGES OF T-CELL DEVELOPMENT 

T cells are generated in the thymus after colonization by bone 

marrow-derived progenitors via the peripheral blood. To investigate whether pTα 

expression could mark early stages of thymocyte development, we sought for the 

most immature T-cell subset with reporter activation. 

24.1.  Onset of pTα-iCre–mediated reporter activation in the thymus 

The development of T lymphocytes involves multiple steps of progressive 

cellular differentiation that can be resolved using cell surface expression of CD4 

and CD8 markers. Flow cytometry analysis of pTα-iCre x ROSA26-RFP thymoctes 

showed that essentially all single positive (SP) CD4+ (99%) or CD8+ (98%) naive 

T-cells were expressing the reporter (Fig. 45A). Double positive CD4+CD8+ 

immature T-cells exhibited a similarly high degree of reporter activation (98.4%). 

The double negative CD4-CD8- subset, which contains the most immature 

thymocyte population, showed consistently a lower number of labelled cells 

(69.5%). The triple negative subset, defined by the absence of CD4, CD8 and 

CD3, can be further sub-divided into developmentaly linked subpopulations 

according to CD44 and CD25 cell surface expression: TN1, TN2 TN3 and TN4 (see 

section 1.3, introduction). Reporter activation in TN subsets of pTα-iCre x 

ROSA26-RFP animals (n=5) showed similar results without variance (Fig. 45B). 

13.3±2.8% of cells in the most primitive subset (TN1) were expressing the 

reporter. Surprisingly, TN2, the consecutive developmental stage, entailed 10 

times less tdRFP+ cells (2±0.5%). To discriminate TN2 from TN3 cells, gates were 

carefully set according to CD117 expression. The proportion of tdRFP+ cells further 

increased in TN3 (36,1±7.4%) to reach a maximum of labeling in the TN4 subset 

(91±3.5%). A similar pattern of fluorescence was observed in pTα-iCre x 

ROSA26-YFP animals (Fig. 45B): the TN2 subset contained less cells with an 

activated reporter (6%) than TN1 (44%); EYFP expression was massively 

upregulated in TN3 cells (86.9%) to reach a maximum in the TN4 subset (98.7%). 

In conclusion, the increase in  reporter activation between TN2 and TN3 stages is 

observed in two independent reporter mice, thus most likely correctly reflecting 

the sequential activation of pTα transcription.  
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Figure 45: Quantitative analysis of tdRFP expression in thymocytes of pTα-iCre x ROSA26-RFP mice by FACS. A. 
Extracted thymocytes were gated on lymphocytes based on FSC/SSC (not shown). The dot plots (left) show the position of 
the electronic gates used for the identification of single positive CD4 and CD8, double positive (DP) and double negative 
(DN) subsets. The histograms (right) show the fluorescence intensities of the different CD4/CD8 subsets. The gray shaded 
histograms (negative control) represent cells of the corresponding thymocyte sub-populations from a floxed ROSA26-RFP 
reporter mouse. Fluorescence emission was maximal (≈ 98%) in DP, CD4 and CD8 SP. tdRFP expression was somewhat 
less in DN subset. B. Onset of tdRFP expression in TN2 subset. The dot plots (top) show the position of the electronic gates 
used for the identification of TN subsets. The histograms show the fluorescence intensities of the different CD44/CD25 
subsets of corresponding mouse strains. PC: pTα-iCre. 
 
 

The difference in proportion of TN1 and TN2 cells expressing the reporter 

seemed puzzeling. To understand this discrepancy, we subdivided the 

heterogeneous TN1 subset according to CD117 expression. Early thymic 

progenitors (ETP)30 found in the CD117high TN1 subset (see section 1.4, 

introduction) were neither labeled in pTα-iCre x ROSA26-RFP nor in pTα-iCre x 

ROSA26-YFP animals (Fig. 46A). Futher refinement of TN1 cells using CD24 

expression according to the scheme of Petrie et al.33 confirmed this observation 

(Fig. 46B): TN1c (8.4±4.5%), d (38.4±4.4%) and e (96.5±5.2%) but not TN1a+b 

which contains the ETP, had detectable reporter expression in pTα-iCre deleter 

mice. One possibility to explain this result is to assume that the amount of Cre 
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recombinase might be too low in ETP for efficient reporter activation, despite 

pTα-transcription. Analysis of mice (n=5) homozygous for pTα-iCre revealed a 

significant increase in the proportion of TN2 (6.8±3.9%) and TN3 (62.5±9.7%) 

cells expressing tdRFP supporting the hypothesis to some extent (Fig. 45B). This 

increase was not completely attributable to changes in the cellular composition in 

the thymus of pTα KO mice as control pTα(iCre/hCD4) KO mice with a single pTα-iCre 

allele did not confer a similar level of reporter activation in TN2 (4%) and TN3 

(56.3%) subsets. These results demonstrate that doubling the expression of iCre 

in homozygous pTα-iCre reporter mice can indeed increase the proportion of cells 

activating the reporter in TN2/TN3 subsets somewhat. However, CD117hiTN1 cells 

remained unlabeled in these mice (Fig. 46A). 

 

The observed lack in marker activation can be interpreted in at least two 

ways. The most straight-forward explanation would be that the mainstream ETP 

does not yet express pTα. Alternatively, cells of the ETP stage might exit this 

earliest maturational stage too rapidly, leaving not sufficient time for Cre-mediated 

recombination of the targeted ROSA26 locus and maturation of tdRFP protein. 

Rigorous inspection of endogenous pTα expression in TN subsets using a highly 

sensitive RT-PCR assay (Fig. 46C) strongly supported the first hypothesis. TN1c 

and d but not TN1a+b express pTα. The nature of cells expressing pTα in TN1c 

and d subsets is unclear and remains to be investigated. Endogenous pTα 

transcripts were detected at increasing levels in consecutive developmental 

stages. The peak of pTα expression was found at the TN3 stage, which correlates 

with the massive upregulation and accumulation of tdRFP in pTα-iCre x 

ROSA26-RFP mice. Taken together, these data demonstrate that the mainstream 

ETP is not labeled in pTα-iCre x ROSA26-RFP mice and that the onset of reporter 

activation takes place at the TN2 stage of classical thymopoiesis. More 

experiments are required to better characterize TN1c/d cells expressing pTα. 
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Figure 46: Quantitative analysis of tdRFP expression in TN1 thymocyte subset of the indicated mouse strains by FACS. A. 
Extracted thymocytes were gated on lymphocytes based on FSC/SSC and lineage marker negative cells (not shown). The 
dot plots (top) show the position of the electronic gates used for the identification of ETP (I) and CD44+CD117lo/- (II) TN1 
subsets. RFP fluorescence emission was detected only in CD44+CD117lo/- TN1 cells. B. TN1a and b do not express tdRFP. 
The dot plots (top) show the position of the electronic gates used for the identification of TN subsets according to the 
scheme of Petrie et al.33. TN1c, d and e subsets express tdRFP. C. Sensitive RT-PCR analysis of pTα expression in 
thymocyte subsets. Top: Range of RT-PCR sensitivity. CD44+CD25+ TN3 cells were single cell sorted in 10 000 CD19+ 
splenocytes according to the indicated frequency. Reliable detection of pTα transcript was observed in sample #3. Limit of 
detection of this assay is 0.5% of pTα expressing cells. Bottom: 10 000 cells of indicated thymocyte subsets (5000 for TN1 
a+b) were sorted and prepared for mRNA extraction. cDNA preparations were adjusted according to the signal given by 
HPRT amplification. TN1 c and d but not a,b and e were expressing pTα. Other immature thymocyte subsets but not 
mature CD4 and CD8 SP expressed pTα. Negative controls: Gr-1: 10000 myeloid cells from the spleen, #8 and -: -RT 
controls, +: positive control (10 000 CD44+CD25+ cells). 
 
 

24.2. pTα-iCre: a superior tool for Cre-mediated genomic modifications 

in the T-cell lineage 

While using Lck-Cre deleter mice, we noticed deletion patterns that were 

more complex than expected. Inspection of Lck-Cre x ROSA26-RFP animals of the 

same litter under a fluorescence microscope revealed 3 kinds of reporter activation 

(Fig. 47A). In some animals as in mouse #248, tdRFP was specifically detected in 

lymphoid tissues. Using the same exposure time for video capture, it was apparent 

that tdRFP fluorescence was significantly less intense in Lck-Cre x ROSA26-RFP 

than in pTα-iCre compound mice (Fig. 47A, middle panel) probably indicating a 

lower efficiency of reporter activation when using lck-cre. In strong contrast to the 

fluorescence pattern regularly observed in pTα-iCre x ROSA26-RFP mice, mosaic 

and ubiquitous ROSA26-RFP activation in Lck-Cre x ROSA26-RFP animals 
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(Fig. 47A, left and right panel respectively) clearly demonstrate nonspecific Cre 

expression in cells unrelated to the T-cell lineage. FACS analysis of splenocytes 

from 13 Lck-Cre x ROSA26-RFP animals showed a majority of mice (n=10) with 

specific tdRFP-labeling in the T cell compartment while 3 mice also showed 

labeling in the B-cell lineage (Fig. 47B). Similar observations have been reported 

by Wilson et al. (see http://depts.washington.edu/immunweb/faculty/wilsonlab-reagent.html) 

indicating that Lck-Cre transgenic animals are not optimal for Cre-mediated 

genomic manipulations in the T-cell compartment. Percentage of tdRFP-positive T 

lymphocytes varied remarkably between individual Lck-Cre mice as opposed to 

pTα-iCre animals (Fig. 47B). Similar variations were found in Lck-Cre x 

ROSA26-GFP and Lck-Cre x ROSA26-YFP reporter animals (71, 78, 125 and our own 

observations) revealing a general unreliability of Lck-Cre expression. 

 

To further investigate the efficiency of reporter activation in both Lck-Cre 

and pTα-iCre deleter strains, the degree of tdRFP-labeling in each CD4/CD8 

thymocyte subset was analysed by FACS (Fig. 47C). Although Lck-Cre and 

pTα-iCre deleter mice showed the same ratio of CD4 SP, CD8 SP, DP and DN cells 

(Fig. 47C, top), the percentage of tdRFP+ thymocytes in all subsets varied 

dramatically between individual Lck-Cre mice. In sharp contrast, the same high 

efficiency of reporter activation was observed in all pTα-iCre animals studied so far 

(Fig. 47C, bottom). Inefficient and non-specific activation of a reporter locus in 

Lck-Cre mice has been observed by others too78 and can be explained with 

position effect variegation (PEV) of multi-copy transgenes, a well known inhibitory 

effect of hetero-chromatin51. In addition, pTα-iCre was 3 times more efficient than 

Lck-Cre transgenic mice to activate the ROSA26-RFP reporter in the DN subset as 

shown by considerable lower mean level of tdRFP-labeled cells in Lck-Cre mice 

(23±17.0%) than in pTα-iCre animals (68.5±7.9%) (Fig. 47C, bottom). 

http://depts.washington.edu/immunweb/faculty/wilsonlab-reagent.html
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Figure 47: More specific, efficient and reliable reporter activation in the T-cell compartment of pTα-iCre knock-in mice 
than in Lck-Cre transgenic animals. A. Fluorescence stereoscopy of 3 Lck-Cre transgenic littermate. A pTα-iCre x ROSA26-
RFP animal was used as a control for T-cell specific reporter activation. The striking great variability of reporter activation 
pattern seen in Lck-Cre animals as opposed to specific pTα-iCre mouse is illustrated for the head part (top) and gut 
(bottom). B and C. Level of reporter activation in B/T-lymphocyte (B) or CD4/CD8 thymocyte (C) subsets in corresponding 
mouse strains: black bar: ROSA26-RFP, red bar: activated ROSA26-RFP, gray bars: lck-Cre or pTα-iCre x ROSA26-RFP 
respectively, green bar: mean value of reporter actiation for the indicated deleter line. Each bar represents the level of 
reporter activation in one mouse. D. Labelling of αβ- and γδ-T cells in the thymus and in the periphery (LN) of Lck-Cre 
(light gray) and pTα-iCre (dark gray) deleter animals crossed onto ROSA26-RFP background. Each bar represents the level 
of reporter activation in one mouse of indicated strain. 
 
 

Finally, although γδ T-cells are absolutely dependent on Lck for their 

development156, less than 50% of γδ T-cells in the thymus and periphery were 

labelled in most Lck-Cre mice, (Fig. 47D) precluding the use of Lck-Cre to optimaly 

trace γδ T-cell development. Collectively, these results reflect the superiority of 

pTα-iCre deleter mice in terms of timing, efficiency and specificity of reporter 

activation over the most commonly used Lck-Cre transgenic line to study T-lineage 

cells and their development. pTα-iCre KI mice set a new standard for T-lineage 

specific Cre-mediated genome manipulations in mature and developing 

thymocytes. 

24.3. Cells expressing tdRFP in the bone marrow of pTα-iCre x 

ROSA26-RFP mice 

Although no Cre-inducible reporter activation was detected in the main ETP 

population of pTα-iCre x ROSA26-RFP mice, 0.3% bone marrow cells depleted of 

mature cell lineages (Lin-) were expressing tdRFP (Fig. 48A). Lin-tdRFP+ cells were 

specifically found in the CD117-Sca-1- (0.3%) CD117-Sca-1+ (2.1%) but not in the 
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CD117+Sca-1+ compartment which entails hematopoietic stem cells (HSC) and 

multipotent progenitors (LMPP and ELP). These data exclude HSC, LMPP and ELP 

from the bone marrow cell population in which Bruno et al.43 described pTα 

expression. Reporter activation in BM subsets was correlated with endogenous 

expression of pTα, as assessed by sensitive RT-PCR (Fig. 48B). Resolution of BM 

cell populations according to cell surface expression of lineage markers, CD117 

and Sca-1 showed that only CD117-Sca-1+ cells among the Lin- BM fraction were 

expressing pTα. The apparent lack of pTα expression in CD117-Sca-1- fraction, the 

main Lin- subpopulation of BM cells, could be due to the detection limit of our 

RT-PCR assay (sensitivity of 1:200). 

 

In order to investigate the nature of tdRFP+ cells in the BM of pTα-iCre x 

ROSA26-RFP animals, we asked whether the CLP population defined as Lin-

CD117intCD127+ had detectable level of reporter activation (Fig. 48C, left panel). 

Interestingly, only few CLPs were expressing tdRFP (0.8%). The majority of Lin-

tdRFP+ BM cells were found in a cell population homogeneous for CD127 

expression (Fig. 48C, right panel). 5.4% of these Lin-CD117-CD127+ cells showed 

an activated reporter (Fig. 48C, left panel). Using a transgenic mouse that 

expresses the human CD25 (hCD25) marker as a reporter driven by the pTα 

promoter and enhancer, Von Boehmer et al. 24, 157 showed recently that CLP2, 

another BM-resident progenitor with T/B lymphoid potential, was found in the Lin-

CD117-CD127+CD45R+ fraction. 

 

It remains to be elucidated whether tdRFP+Lin-CD117-CD127+ cells likewise 

express CD45R and possess T/B-cell potential upon adoptive transfer. Collectively, 

these data document the presence of a pTα-expressing BM progenitor with a cell 

surface phenotype in part similar to CLP2. We are currently performing in vitro 

clonal analyses and adoptive transfer experiments to charaterize these cells and 

understand their developmental potential. 



 

- 126 - 

 
Figure 48: A. tdRFP+ cells are found in the lin-CD117- bone marrow fraction. Bead-depleted BM cell for lineage marker 
expressing cells were analysed for each indicated mouse strains.The histograms show the fluorescence intensities of the 
different CD117/Sca-1 subsets. B. RT-PCR analysis of pTα expression in indicated BM subsets. Purified mRNA from 10 000 
sorted cells/BM subset were used for cDNA amplification. Each preparation was normalised according to the level of HPRT 
expression. Detection sensitivity was determined as in figure 46C. C. Lin-CD117-CD127+ but not CLP show significant level 
of reporter activation (left). BM cells were depleted of cells expressing lineage marker using magnetic beads and analysed 
using the gating strategy indicated on top. The dot plots (top) show the position of the electronic gates used for the 
identification of CLP and the Lin-CD117-CD127+ cell population. Alternative gating on Lin-tdRFP+ cells (right) showed that 
tdRFP expression was exclusively found in CD117- cells expressing heterogenous level of Sca-1 surface antigens. 
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DISCUSSION 

25. CRE-INDUCIBLE ROSA26-RFP REPORTER STRAIN 

 Here, we report the modification of the ROSA26 gene locus to engineer a 

reporter mouse strain suitable for in vivo monitoring of Cre recombinase-mediated 

excisions in the longer wavelength range of the light spectrum. A cDNA encoding 

the artifically dimerized red fluorescent protein variant tandem-dimer RFP (tdRFP) 

was targeted to the ROSA26 locus along with a transcriptional stopper to generate 

a new Cre-inducible reporter line. 

 

Our data show that the tdRFP fluorescent reporter overcomes the 

limitations of previously described DsRed-variants (DsRed1 and 2), which are 

expressed as obligate tetramers resulting in cell-toxicity in murine ES cells. Our 

work also demonstrates the developmental neutrality of tdRFP expression in ES 

cells and mice. Although two earlier reports have similarly showed non-toxicity of 

a RFP variant (monomer of mRFP-1) in transgenic mice109, 111, the absence of flow 

cytometry data precluded any qualitative comparison of the respective red 

fluorescence intensity with our reporter mouse. Nevertheless, the relative 

brightness of the non-oligomerizing artificial dimer tdRFP is unmatched to other 

RFP variants such as mRFP1 (Table 2, introduction), being thus ideal for single-

copy gene integrations. 

 

Similarly to our approach, Vintersten et al. recently generated a 

Cre-inducible transgenic RFP reporter mouse by random integration of several 

copies of a CMV enhancer/chicken-β-actin promoter-driven 

DsRed.T3-transgene108. Although Cre-inducible expression of tetrameric DsRed.T3 

illustrated the advantages of RFP reporters over fluorescent proteins with lower 

wavelength emissions, like increased tissue penetration and reduced background 

autofluorescence, the authors did not carefully examine in these mice the extent 

of green fluorescence emission by DsRed.T3 intermediate forms of maturation 

originally described by Bevis et al.92. The resulting contamination of GFP signal is a 

strong disadvantage for dual color experiments and could hinder correct multicolor 
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lineage tracing analysis. We showed that ROSA26-RFP mice did not present such 

adverse phenotype further reensuring that ROSA26-RFP strain is best suited for 

live imaging of red fluorescent cells in a genetically traceable mouse line. In 

addition, despite the use of a promoter that is considered to be active in many cell 

types, DsRed.T3-transgene expression could be variegated because of the lack of 

critical additional cis-regulatory elements or chromosomal positional effects, 

compromising the use of such reporter strain in lineage tracing studies. With our 

gene targeting approach, the single copy integration of Cre-inducible tdRFP into 

the well-characterized ROSA26 locus of inbred C57BL/6 mice get around these 

uncertainties. We have observed virtually complete penetrance of tdRFP 

expression in ROSA26-RFP mice with bright and widespread red fluorescence in 

both juvenile and adult animal tissues (Fig. 34A and -B) illustrating ubiquitous 

expression of the excision-activated locus. 

 

T cell-restricted excision of floxed sequences and tdRFP expression after 

mating with T-cell specific Cre deleter mice provides the complementary validation 

of the Cre-inducibility of our reporter strain. Ubiquitous, inducible, and 

lineage-specific activation of tdRFP was obtained demonstrating the accessibility 

and functionality of the modified floxed ROSA26 locus during early embryogenesis 

and development of the lymphoid lineage. 

 

If Cre is specifically expressed in one progenitor cell or a group of 

progenitor cells, excision activated tdRFP expression mark progeny both 

temporally and spatially thereafter. In cases where Cre is expressed only 

transiently in a group of cells in a developing embryo, progeny could be traced by 

the constant expression of tdRFP, even in the absence of Cre expression at later 

stages of development. Such approaches have been used successfully in the study 

of neural progenitors158. The ROSA26-RFP reporter strain (together with the YFP 

reporter strain currently available) will thus be very useful for monitoring the 

expression of Cre in living tissues, or tracing the lineage of these cells and their 

descendants, in cultured embryos or organs. 
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While tdRFP gene expression from the excision-activated ROSA26 locus 

mimics that of other ROSA26 knock-in lines71, 81, 85, our reporter strain exhibited 

marked additional advantages. ROSA26-RFP provide a non-invasive marker for 

cell isolation because fluorescence detection does not require initial fixation or 

hypotonic permeabilization of cells as opposed to βgeo reporter lines. Moreover, 

data generated using tdRFP fluorescent protein proved to be highly reproducible in 

contrast to what has been reported using ROSA26-βgeo mice54, 125, because the 

generation of the fluorescent signal in cells is not dependent on the variable 

penetration of a β-galactosidase fluorescent substrate into cells. In contrast to 

other fluorescent reporters (EGFP or ECFP)71, 85, tdRFP provides sufficient signal 

above autofluorescence to be reliably detected by epifluoresence in fixed and 

sectioned tissue. In addition, the tdRFP reporter proved to be sufficiently 

photostable to be imaged by confocal microscopy (Fig. 36B). 

 

tdRFP cells can easily be distinguished from cells expressing GFP/YFP 

spectral variants by both imaging using standard optics, and molecular analyses. 

We have demonstrated the concomitant detection and separation of cells 

expressing either one or simultaneously two fluorescent proteins 

cytofluorometrically without encountering problems of compensation. Our 

tdRFP-reporter mice can thus be used in conjunction with the many available 

transgenic and knock-in mouse mutants expressing GFP-based marker genes. 

Because of the ubiquitous expression of tdRFP in hematolymphoid cells, which can 

be monitored by FACS in conjunction with antibody stainings, these mice offer a 

powerful new tool for the study of hematolymphoid stem and/or progenitor cell 

populations. ROSA26-RFP animals represent a new resource for analyzing 

development in mouse embryos and adults. They can also be used as tagged 

populations of cells in chimeras, in addition to transplantation and cell isolation 

experiments. 

 

The fact that the level of red fluorescence appears to be defined by the 

proliferation status of a cell provides an additional asset. 5-FU injection 

experiments proved that the intermediate peak of red fluorescence intensity seen 

in ROSA26-RFP mice corresponds to rapidly dividing cells which highlights the 
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possibility of using the level of tdRFP fluorescence emission as a qualitative marker 

for cell cycle progression. 

 

One important feature of our reporter mice was its generation and further 

maintenance on a C57BL/6 background, the most frequently used and best 

characterized inbred mouse strain. As syngeneic recipients can be used, the 

genetically defined background of tdRFP reporter mice should facilitate the 

adoptive transfer of sorted cell populations, thus avoiding complications like graft 

rejection due to histoincompatibility. Such adoptive cell transfer experiments are 

critical in lineage-tracing studies and required to rigorously assess the 

developmental potential of labeled and unlabeled cell populations in vivo. 

 

Finally, we have shown that the activated ROSA26-RFP locus was suitable 

for recombinase mediated cassette exchange (RMCE). Fidelity of tdRFP expression 

from the ROSA26 locus during embryogenesis and in adult life makes it an 

excellent choice to achieve ubiquitous expression of other genes or cDNAs. Our 

locus enabled selection-free targeting in ES cells to facilitate the production of new 

kinds of ROSA26-based reporter mice. Similarly to the RMCE-ASAP targeting 

methodology described by Toledo et al at the p53 locus159, ROSA26-RFP could 

also be used to quickly introduce siRNA at a defined locus in somatic cells, thus 

accelerating phenotypic analysis in cells in which targeting point mutations by 

homologous recombination is extremely inefficient62. In addition, as disruption of 

the ROSA26 locus by insertion of fluorescent reporters or other cDNAs has been 

shown to have no obvious deleterious effect on the biology of the targeted cell, 

the activated ROSA26-RFP locus presents a clear advantage over RMCE into the 

p53 locus in which disruption of one p53 allele has strong effects on cell cycle 

progression and irradiation sensitivity. 
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26. THE PTα-ICRE-DELETER STRAIN AND T- LINEAGE TRACING 

Specific insertion of a cell surface, fluorescent or enzymatic marker behind 

a well-characterized promoter should label all cells normally expressing this 

gene. To understand the sequence of critical differentiation events required for 

multipotent HSCs to give rise to T-cells and to improve our current models of 

T-lymphopoiesis, we tested whether pTα-expression could be a good marker for 

T lineage-committed precursor cells. To obtain meaningful results in lineage 

tracing experiments, the promoter of choice should have a narrow expression 

pattern, ideally only in a given lineage. This pre-requisite is however not a 

guaranty for success: in their attempt to label early stages of myelopoiesis using 

a lysozyme-Cre knock-in mouse crossed with ROSA26-EYFP reporter mice85, Ye 

et al.78 showed that the lysozyme gene was expressed at low levels in a subset 

of HSCs and that these cells exhibited long-term repopulation potential. The fact 

that a myeloid lineage affiliated gene was expressed in HSCs whithout abolishing 

their “stem cell-ness” stressed for a revision of the current view that 

lineage-specific transcription factors establish and maintain cell fate by 

regulating cell type-specific gene expression programs. Moreover, Hu et al. 

showed that single cells from pluripotent hematopoietic cell lines not only 

express a variety of lineage restricted transcription factors but also classical 

lineage affiliated marker genes such as β-globin and myelo-peroxidase160. These 

results seriously challenged the principle and applicability of lineage tracing 

methodology for mapping lineage restriction in progenitor cells. HSC could 

indeed express stochastically a broad range of genes which expression is 

normally restricted to one given lineage. In this work, we did not find any 

evidence for promiscous expression of pTα. In contrast, we clearly showed that 

the pTα promoter can be successfully used for in vivo lineage tracing and to 

map specifically T-related lineages (see section 23.3). 

 

The pTα protein is expressed at very low amounts and does not reach the 

cell surface before pairing with the TCR-β chain161. It was therefore difficult to 

directly study pTα-expressing cells as they cannot easily be sorted and tested for 
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their developmental potential. To test whether pTα-expression could be a good 

marker for T lineage-committed precursor cells, we developed lineage-tracing 

strategies to identify intra- and extrathymic pTα-expressing cells and assess 

their development potential in vivo in a non-invasive manner. We (see section 

3.2) and others162 attempted to tag pTα-expressing cells in vivo with a reporter 

that can be used to isolate viable cells. Both the direct introduction of marker 

genes into the mouse ptcra locus using gene targeting and bacterial artificial 

chromosome (BAC) transgenesis163, 164 failed to yield sufficient level of reporter 

expression to reliably identify pTα expressing cells, especially in the BM. To 

circumvent this problem, we reasoned that expression of the site-specific Cre 

recombinase from the pTα locus would be sufficient for conditional Cre-mediated 

activation of a reporter allele whose expression is otherwise blocked by a 

"floxed" transcriptional stopper fragment38. Success of Cre/lox gene modification 

strategies requires a sufficient amount and defined pattern of Cre expression. 

For rapid and efficient reporter activation, we had to develop a Cre expression 

cassette to ensure an optimal level of Cre protein in pTα-expressing cells and 

minimize the risk of transgene silencing via epigenetic mechanisms. In addition, 

to minimize unpredictable effects of variegated reporter expression associated 

with multicopy transgene insertion, we opted for a knock-in approach of the pTα 

locus to ensure reliable expression of the reporter. We therefore introduced an 

improved version of the cre recombinase gene into the first exon of the pTα 

gene by homologous recombination (see section 21). The functionality of 

pTα-iCre knock-in mice was assessed in vivo by intercross with the ROSA26-RFP 

reporter strain115. iCre expression from the pTα locus showed to be sufficient for 

reliable reporter activation (see section 23.2 and 23.3). Rigorous inspection of 

internal organs by fluorescence stereoscopy (see section 23.2) and various 

hematopoietic lineages by flow cytometry (see section 23.3) indicated that the 

minimal modifications resulting from the engineering of pTα-iCre maintained the 

lymphoid specificity of pTα expression. In addition, we showed that the onset of 

reporter activation correlated with endogenous pTα-expression in the thymus 

(see section 24.1) and in the bone marrow (see section 24.3) which further 

reensured us about the physiological relevance of the data obtained with our 
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pTα-iCre deleter mice. Thus, we showed that pTα-iCre “ancestry” mice can be 

used to detect individual cells that are either expressing pTα or that have 

expressed the gene earlier during their development. 

 

A critical parameter for the success of lineage tracing experiments is the 

efficiency of Cre-mediated modification that a lineage-specific Cre recombinase 

can induce. A lack of complete penetrance of recombination is obviously a 

disadvantage in circumstances where a phenotype can only be revealed clearly 

by inducing a mutation in all T cells. Selection for or against unexcised cells may 

occur in vivo which is a serious obstacle for functional analysis of the inactivation 

of a given gene. In contrast to other T-cell specific deleter lines available so 

far54, 73, 75, 76, the pTα-iCre line showed full penetrance of Cre-mediated 

recombination with virtually 100% of T-cells showing reporter activation (see 

section 23.3). In addition, we did not observe any variation regarding the 

efficiency of Cre-mediated tdRFP activation between individual mice in contrast 

to Lck-Cre transgenic animals. Using Lck-Cre transgenic animals, excision 

although substantial, was not complete among T cells (see section 24.2 and 

report from other studies71, 78, 125). Very likely this property reflects in part some 

variegated expression of the multicopy Lck-Cre transgene51. The report of Zhang 

et al.54 that the distal part of the Lck promoter was really sensitive to regulatory 

influences from the site of the genome into which it integrates goes along this 

line. Only two lines exhibited the expected delayed reporter activation in late 

stage thymocytes illustrating the high sensibility of some parts of the Lck 

promoter to epigenetic regulations. Our results indicate that the pTα-iCre deleter 

mouse strain does not exhibit such detrimental effects of position effect 

variegation. pTα-iCre knock-in mice should thus become the standard 

Cre-deleter line for reliable and efficient T-cell inactivation of floxed genes to 

study, for example, their role in T-cell development. 

 

We showed that reporter activation was highly specific to T-related 

lineages (see section 23.3): mature NK and B lymphocytes as well as myeloid 

and erythroid cells were not marked in pTα-iCre x ROSA26-RFP mice whereas 

mature αβ-, γδ- and NK-T lymphocyte showed virtually all reporter activation (95 
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to 99%). This key finding demonstrates that pTα can be used to specifically 

mark T-lineages in vivo. This is a substantial improvement over Lck-Cre 

transgenic mice in which significant B-cell labeling was sometimes observed in 

animals presenting an overall lymphoid specific reporter activation (see section 

24.2). The fact that NK-T but not NK cells are labeled is an additional strong 

genetic evidence that NK-T cells develop independently from NK cells through a 

pTα-expressing precursor. Our deleter mouse could thus be used to better 

understand the individual contribution of each NK/NK-T lineages in the immune 

response by inactivating, specifically in NK-T cells, genes thought to be involved 

in NK-cell function. 

The analysis of pTα-iCre x ROSA26-RFP mice enabled us to improve the 

currently unclear model of αβ vs γδ lineage commitment. γδ-T cells showed a 

high degree of reporter activation (see section 23.3) inferring that γδ-T cells 

should be derived from pTα+ precursors. This new information is compatible 

with an instructive model of αβ vs γδ-lineage commitment. In this model, pre-

TCR expression is thought to occur in a common αβ-γδ thymic precursor and 

exclusively promote αβ-T-cell lineage commitment by diverting TCR-β expressing 

cells away from the γδ T-cell lineage whereas γδ T-cell lineage commitment 

would only proceed in γδ-TCR expressing cells and would result in a rapid 

extinction of pTα expression161, 165. Some of γδ-thymocyte precursors might 

diverge from the main thymocyte developmental pathway before the onset of 

pTα expression as thymic γδ-T cells appear to show consistently less reporter 

activation than αβ-T cells (see section 23.3). Further analysis, such as detection 

of TCR-β chain rearrangements in these cells, might be needed to confirm or 

refute this hypothesis. 

 

Reporter activation was also efficiently detected in atypical subtypes of 

T-lymphocytes such as dendritic epidermal T cells (DETC) of the skin or 

extrathymic T-cells found in athymic mice (see section 23.4 and 23.5). γδ DETC 

cells develop exclusively prenatally as they depend on properties of the 

fetal/newborn stroma, i.e. DETC development cannot be supported by an adult 

thymus34. Considering that γδ DETC cells are the first T-cells to develop during 
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fetal life, it is possible that all T-lineage committed cells - even the earliest one 

produced during thymus ontogeny- necessarily go through a pTα-expressing 

stage during their development. This hypothesis goes in hand with the report 

from Bruno et al.43 that pTα expression starts as early as d14.5 of fetal life, far 

before the onset of TCR-β chain rearrangements34. The high degree of T-cell 

labeling in athymic pTα-iCre x ROSA26-RFP nude mice further confirms that 

pTα-expression might be an absolute marker for all T-cell developmental 

pathways described so far during fetal and adult life. Tracing the onset of 

reporter activation in pTα-iCre x ROSA26-RFP nude mice could help us to 

unravel the true sites of extra-thymic T lymphopoiesis, which are still highly 

disputed so far. 

 

The use of our pTα-iCre knock-in mouse allowed the discovery of a yet 

undescribed type of cells expressing or having expressed pTα which form a small 

rim at the margin of the hair follicle in the skin (Fig. 45). Interestingly, these 

reporter activated cells were localized in pTα-iCre x ROSA26-RFP mice of both 

WT and nude background (Fig. 44) demonstrating that these cells were not of 

DETC origin. This result could have important implications as it might help us to 

better characterize the immune function of hair follicles. It is conceivable that 

hair follicles might be a site for extrathymic T-cell development. Indeed, 

keratinocytes in the outer root sheath of hair follicles present some interesting 

characteristics. These keratinocytes produce biologically relevant amounts of 

IL-7166 and could experimentally provide an adequate micro-environment to 

sustain T-cell development like thymic nurse cells as reported by Aiba 167 and 

Clark168. In addition, transcription factors playing a major role in thymopoiesis 

such as Lef-1169, Gata-3169 and Runx-1170, as well as BMP2/4 morphogens171 

have been shown to be expressed in the bulge of hair follicles. Finally, multiple 

Notch receptors and ligands are expressed in both developing and adult 

epidermis and hair follicles172. OP9/OP9dl1 co-culture assays will help us to 

investigate the developmental potential of these reporter activated cells. 
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As pTα-iCre reporter activation was only detected in T-related lineages, 

pTα-iCre might be a good marker to study early steps of T-lymphopoiesis. 

Analysis of the onset of reporter activation amongst the subsets of immature 

thymocytes indeed gave us some indication on the developmental stage 

initiating the T-lineage specific genetic program. The first induction of reporter 

activation was seen in the TN2 subset of the canonical T-cell developmental 

pathway (see section 24.1). The absence of labeling in TN1a and b ETPs 

contradicts previous reports from Krueger et al.28 who used a pTα transgenic 

line to trace T-lymphopoiesis. In these transgenic mice, a hCD25 reporter gene 

was placed under the control of the pTα promoter and upstream regulatory 

region, which contains the transcriptional enhancer of pTα gene157. Krueger et 

al. showed that most of the hCD25+ expressing cells were found in the TN1b 

subset. TN1d and e were completely negative and TN1c subset was not 

investigated. This discrepency to our results might be explained by the 

methodology used to trace pTα-expressing cells. Only one transgenic line with ~ 

40 integrations showed sufficient amounts of transgenic marker expression with 

a pattern resembling that of the endogenous pTα22. Unexpectedly, B-cells in the 

bone marrow and thymic γδ-T cells also expressed the transgene in these 

animals despite the lack of detection of endogenous pTα transcripts22. The 

authors argued that these cells displayed hCD25 on the cell surface because 

they were recently derived from pTα expressing uncommitted precursors22. 

However, these surprising observations could equally be due to an experimental 

artefact of reporter expression variegation due to epigenetic influences. 

Alternatively, the time required for the expression and the synthesis of sufficient 

amount of iCre from one pTα-iCre knock-in allele might be too long to efficiently 

activate the ROSA26-RFP reporter in immature TN1a and b subsets as Rocha et 

al. recently pointed out43. Our results using homozygous pTα-iCre knock-in mice 

clearly demonstrate that twice as much pTα-iCre expression does not alter the 

phenotype of TN1a and b subsets (see section 24.1). These data were further 

confirmed by the absence of endogenous pTα transcript detection in TN1a+b 

subsets using a sensitive RT-PCR analysis (Fig. 46c). 
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Observations concerning Notch-deficient intratymic precursors suggest 

that T cell commitment in the adult mouse might occur exclusively in the 

thymus172. On the other hand, pTα mRNA is detected by RT-PCR in BM cells (see 

section 24.3), even in cells from thymus-deficient nude mice43, which is 

consistent with the idea that commitment to the T lineage might also occur 

before entry of cells into the thymus. Analysis of BM subsets by flow cytometry 

and RT-PCR (Fig. 24-3) proved that pTα was neither expressed in HSC nor in 

MPP and ELP, the subsequent stages of hematopoietic development. Complete 

absence of labeling in mature B-cells strongly suggest that immature B-cell and 

previously described T/B bipotent common lymphoid progenitor (CLP) 

populations in the bone marrow are not expressing pTα. Prospective analysis of 

reporter expression in BM cell populations of pTα-iCre x ROSA26-RFP mice 

confirmed this hypothesis (see section 24.3). Bone marrow progenitor cells 

expressing tdRFP did not entail CLP. They formed a homogenous cell population 

defined as Lin-Sca-1loCD117-IL7-Rα+. In contrast, Martin et al.24 reported that 

5% of CLP were expressing the pTα-hCD25 transgene. Transfer of hCD25+ Lin- 

BM population yielded T, B and NK cells. These data should be regarded with 

great caution as the authors mentioned that the reporter transgene was more 

highly expressed than ptcra in BM compared to thymus which could be due to a 

transgenic artefact. Thus, the physiological relevance of a hCD25+ CLP subset in 

bone marrow might be questioned. In addition, the author identified CLP-2, a 

T-lineage specified subset in the BM defined as Lin-CD45R+CD19- which seemed 

to migrate efficiently into the thymus if placed in the blood24. We are currently 

evaluating the degree of overlap between our pTα+ BM population and CLP2. 

Martin et al.24 claimed that the CLP2 phenotype was identified in the thymic DN1 

compartment of pTα-transgenic reporter mice, but that this CLP2 appeared 

considerably less efficient than ETPs in their T lineage potential24. The low 

cloning efficiency that is seen in assays using CLP-224 might be explained by the 

fact that CLP-2 cells include Ly6C+ cells22 that are plasmacytoid DCs lacking 

lymphoid potential. Hence, it appears unlikely that ETPs are descendents of 

CLP2s. One implication of these findings is that the detection of a lineage 

potential in experimental assays does not necessarily mean that a progenitor 

gives rise to cells of that lineage physiologically. The high degree of labeling 
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specificity seen in our pTα-iCre x ROSA26-RFP mice and the reproducible 

reporter activation phenotype solve these ambiguities. It remains to be 

investigated whether Lin-Sca-1loCD117-IL7-Rα+ pTα-expressing precursors can 

directly home to the thymus. Alternatively, this subset of cells could entail the 

resident bone marrow progenitor of an extrathymic T-lymphopoiesis pathway. 

Isolation of Lin-RFP+ cells in pTα-iCre x ROSA26-RFP mice and analysis of their 

developmental potential might help to distinguish between these possibilities. 

 

Genes that are expressed downstream of HSCs might direct thymic homing 

by circulating progenitors. Candidate genes currently evaluated are encoding the 

chemokine receptor CCR9173 and the cytokine receptors FLT3174 and IL-7Rα18. 

However, other candidate genes might exist but remain to be discovered. Fate 

mapping of the early steps of T-cell development using transgenic reporter mice 

such as pTα-hCD2522 or Lck-EGFP strains53, 175 appear to bring more confusion 

than conclusive evidence with regard to issues of lineage commitment. We 

showed that these critical issues should be preferably addressed using a 

knock-in approach for rigorous and meaningful lineage tracing. Knock-in 

approaches and Cre/loxP conditional reporter activation should be favored to 

analyse the lineage of cells and create animal models of human diseases for 

pathogenesis and therapy. 
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SUMMARY 

 The pTα gene encodes the pre-T cell receptor alpha chain, an essential 

component of the pre-TCR complex. Using pTα expression as a specific marker for 

early T lineage cells, we developed a lineage-tracing strategy to visualize early 

intra- and extra-thymic T lineage-committed precursor cells and their progeny. To 

this end, a cDNA encoding an improved version of the Cre recombinase (iCre) was 

targeted into the pre-T cell receptor alpha-chain (pTα) gene locus. In parallel, we 

introduced a Cre-inducible expression cassette encoding for a very bright and 

non-toxic variant of red fluorescent protein (tandem-dimer RFP = tdRFP) into the 

ubiquitously expressed mouse locus ROSA26. Correctly targeted ES cells were 

used to generate “pTα-iCre deleter” and “ROSA26-tdRFP indicator” mouse strains, 

respectively. In cells bearing both “knock-in” alleles, pTα-driven iCre recombinase 

expression leads to permanent activation of the ROSA26-tdRFP reporter locus. As 

a result, pTα-expressing cells and their progeny exhibited persistent red 

fluorescence. Using this system, we routinely achieved strong and essentially 

complete labeling of peripheral T-cells (~98% RFP+ cells by flow cytometry). 

Importantly, we did not observe any variation regarding the efficiency of 

Cre-mediated tdRFP activation between individual mice, a common problem in 

many other Cre-deleter/indicator strain combinations. 

 

 Red fluorescence was detected exclusively in cells considered to belong 

developmentally to the T-lineage (αβ, γδ, natural killer-T (NKT) cells, but not in 

other hematopoietic cells (myeloid, erythroid, B and NK cells), demonstrating the 

exquisite specificity of pTα expression. Exclusive reporter activation in T but not 

B-cells indicates that onset of pTα-iCre expression occurs after the T/B lineage 

decision and not in immature B-cell precursor populations or in the T/B bipotent 

common lymphoid progenitor (CLP) bone marrow subset. Most interestingly, > 

95% of γδ-TCR expressing thymocytes and peripheral T cells were tdRFP-positive, 

demonstrating for the first time that almost all γδ-T cells develop – like TCRαβ 

lymphocytes - from a pTα-expressing precursor. This finding is surprising, as pTα 

and the pre-TCR are essential for normal αβ T lymphopoiesis, but not for the 

development of γδ cells. Importantly, even dendritic epidermal T-cells (DETC) 
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showed reporter activation, despite the fact that they are considered to develop 

from a separate, embryonic progenitor population in a first wave of T 

lymphopoiesis. Our findings provide an important piece of information with regard 

to current models of αβ/γδ lineage commitment. The extent of T-cell labeling in 

athymic pTα-iCre x ROSA26-RFP nude mice indicate that pTα is also expressed 

during extrathymic T-cell development. Analysis of the skin of pTα-iCre x 

ROSA26-RFP mice led to the discovery of a - to our knowledge – as yet 

undescribed cell population located in a characteristic pattern around the hair 

follicle, which either expresses pTα or must have developed through a 

pTα-expressing stage. 

 

 In the thymus, onset of reporter activation was found at the TN2 to TN3 

stage but not in the thymic population considered to be the most immature (ETP). 

Finally, red fluorescence was detected in a minute subset of bone marrow cells 

depleted of mature cell lineages. pTα-iCre deleter mice should thus be useful for 

both efficient T-lineage-specific genome manipulations and identification of 

pTα-expressing T precursor cells in extra-thymic tissues, like the bone marrow. 
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