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Chapter 1

1. Ly-6 gene and hematopoietic stem cells

1.1 Characterization of hematopoietic stem celis

Hematopoietic stem cells (HSCs) are defined as celis that are able to self-
renew and to multilineage reconstitufe the hematopoietic system. Within this
hicrarchical system, HSCs differentiate along a pathway, giving rise to progenitor
cells, such as lymphoid and myeloid progenitor cells, which have a limited ability to
contribute to multilineage hematopoiesis. Further maturing progenitors, such as
granulocyte or macrophage progenitors are committed and contribute to only a single
lineage of cells (Keller, 1992). HSCs exist at very low frequencies in the adult bone
Iarrow, representing approximately one out of 10*-10° nucleated cells (about 0.05%)
(Boggs et al., 1982) (Figure 1).
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Figure 1. Schematic representation of the hematopoietic hierarchy. LTRC: long-term
repopulating cell; STRC. short-term repopulating cell; CMP: common myeloid progenitor.
CLP: common lymphoid progenitor. CFC: colony-forming cell; Eo: Eosinophil; GM:
granulocyte/macrophage; G: granulocyte PMN: polymorphonuclear phagocyte; Mo:
monocyte; Md: macrophage; BFU-E: burst-forming unit-erythroid; CFU-E: colony-forming
unit-erythroid; E: erythrocyte; Meg: megakaryocyte; pro-B: progenitor B cell; HSC:
hematopoietic stem cell.

The initial experiments to characterise the multilineage progenitor cells were
done by Till and McCulloch in the early 60°s (Till, 1961; Wu et al., 1967). Bone
marrow cells were intravenously injected into irradiated adult mice, from which




General Introduction

macroscopic colonies on the spleen were formed after 8-11 days of injection, referred
to as colony forming unit-spleen, CFU-S. The cells of CFU-S were composed of
erythroid, myeloid and megakaryocytic lincages and these cells can also give rise to
CFU-8 in secondary irradiated transplanted recipient mice (Siminovitch L., 1963;
Siminovitch L., 1964). Further experiments showed that there is some heterogeneity
within the CFU-S cells of bone marrow. Colonies taken 12 days post injection of bone
marrow had a greater potential to form secondary colonies than those taken 8§ days
post injection (Magli et al., 1982; Worton et al., 1969). However, neither of them
were able to give rise to long term reconstitution (Jones et al., 1990; van der Loo et
al., 1994). Al these data together indicate that CFU-S assay is a useful tool for
analysis of hematopoietic progenitor activity for muyeloid, erythroid and
megakaryocytic lineages, but not a suitable approach to test primary hematopoietic
stem cells (Medvinsky et al., 1993; Moore and Metcalf, 1970).

In addition to in vivo CFU-S assays for progenitor cells, many in vifro culture
systems have been developed for the study of hematopoietic potency. Generally for
such analyses the hematopoietic cells are grown in semisolid media, like
methylcellulose, in the presence of well-defined growth factors and/or on a stromal
cell layer. Hematopoietic progenitors are then scored according to their ability to give
rise to differentiated hematopoietic progeny (Metcalf and Nicola, 1984). This method,
referred to as the colony forming unit-culture (CFU-C) assay, which is normally used
for detecting only cells of myeloid and erythroid lineages, is still one of the most
widely used in vitro assays. For detecting differentiation of the lymphoid lineage,
other specific culture systems have been employed. For example, B lymphopoiesis is
detected from putative progenitors using specific stromal cells and growth factor
supplements in a co-culture system (Ogawa et al., 1988). T lymphopoiesis can be
monitored by using T cell depleted fetal thymic explants as a stromal support to
provide the source of growth factors and cellular signals for the specific
proliferation/differentiation of T cell progenitors (Liu and Auerbach, 1991). In
addition to the method described above, several multistep culture systems have been
reported. For example, the single cell multipotential assay {SMA) (Godin et al.,
1995b) is a two culture step assay, in which cells are first seeded at single cell dilution
onto stromal cells in the presence of several interleukins and c-kit ligand (KL). After
10 to 15 days each clonally derived culture is assayed for multipotency by testing the
cells in myeloid, B and T cell lineage differentiation cultures as described above. The
long term culture initiating cell (LTC-IC) and cobblestone area forming cell (CAFC)
assays (Dexter et al, 1977, Lemieux et al, 1995) are also co-culture systems,
requiring bone marrow stroma layer, complex cocktail of growth factors and highly
specific culture conditions. It should be taken into account that each different culture
assay has its own significance and measures cells at different levels in the
hematopoietic hierarchy. For example, the LTC-IC and CAFC assays provide an
assessment of the hematopoietic progenitor content of a popuiation but do not test the
potential of single cells, while SMA assay provides information on the multilineage
potential of a single cell.

The most stringent and widely accepted assay for hematopoietic stem cells is
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to test the ability of such cells to give rise to long-term multilineage reconstitution of
an irradiated adult recipient mouse {(Abramson et al., 1977; Orlic and Bodine, 1994),
QOur current understanding about hematopoietic stem cells is based on studies using
this type of in vive transplantation assay. The crucial requirement for such
transplantation experiments is to design a practical approach to discriminate donor-
derived and recipient hematopoietic cells. These approaches include the use of
different mouse strains displaying allelic differences in expression of certain cell
surface antigens, like Thy-1.1 and Thy-1.2, or Ly-5.1 and Ly-5.2 (Spangrude et al.,
1988), also the use of polymorphisms in hemoglobin (Down et al., 1991; Neben et al.,
1993) or electrophoretically distinguishable enzymes, such as glucose phosphate
isomerase {(GPD) (Down et al, 1991; Harrison and Lerner, 1991) and
phosphoglycerate kinase (PGK) (Neben et al., 1991). A highly sensitive method, from
which signals can be amplified by the polymerase chain reaction (PCR), makes use of
differences between donor and recipient at the DINA level. Previously, at the DNA
level, the most often used discriminating methods were radiation induced
chromosomal markers (Abramson et al., 1977). More recently, donorrecipient sex-
mismatched transplantations (Jones et al., 1990), different transgenic markers (de
Bruijn et al., 2000a; Miles et al,, 1997) and retroviral transfection of donor stem cells
{Dick et al., 1985; Keller et al., 1985; Lemischka et al., 1986) have been used together
with PCR methods, resulting in an increase in the sensitivity and reliability of donor-
marker detection.

To elucidate if an individual hematopoietic stem cell can repopulate all
hematopoietic lineages and if clonality of hematopoietic reconstitution exists, various
assays were established by using cells marked by the methods described above. The
first experiment examining these questions involved the induction of cytological
damage to donor bone marrow cells by irradiation. The radiation induced
chromosomal markers allowed following the fate of these donor cells after
transplantation into lethally irradiated recipient mice. In such experiments, progeny of
the donor marked cells were detected in all hematopoietic lineages of the recipient
mice, demonstrating clonal repopulation of the adult hematopoietic system by a singie
hematopotetic stem cell (Abramson et al., 1977; Wu et al., 1968).

The other approach of studying cell lineage and precursor/progeny in more
detail is the use of replication defective recombinant refroviruses that harbour marker
genes. The advantage of this method is the ability to avoid potentially damaging
chromosomal changes (like chromosomal translocation) induced by irradiation
(Dzierzak and Mulligan, 1988; Lemischka et al., 1986). Bone marrow or any test cell
population can be infected with the replication-defective retrovirus, which will
integrate randomly into the DNA of each infected cell. Given the size of the genome,
it is likely that no two cells of those originally infected will have the same viral
integration site. When cells from the original pepulation divide, each specific
integration pattern will be inherited; therefore the progeny of each starting cell can be
clonally marked. Analysis of radiation chimaeras generated from retrovirally marked
bone marrow demonstrated that a single cell could differentiate into all hematopoietic
lineages and provide long term reconstitution (Dick et al., 1985; Keller et al., 1985;
Lemischka et al., 1986).

10
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1.2 Isolation and purification of hematopoietic stem cells

Because HSCs are present at a very low frequency in bone marrow, the
development of highly efficient enrichment procedures was necessary. Hence, the
powerful fluorescence activated cell sorting (FACS) technology was employed in the
purification of HSCs through the use of fluorochrome-labeled antibodies specific for
markers expressed on H5Cs (Herzenberg and Sweet, 1976). To date, there is no single
antibody identified that marks HSCs exclusively. However, through the combination
of several different antibodies to cell surface markers, it is possible to achieve
significant enrichment of HSCs from murine bone marrow (Spangrude, 1989) (Table

1).

Table 1. The mouse hematopoietic cell surface markers

Cell surface marker | Major lineages of expression  Expression on
HSCs/Multipotent progenitors

Thy-1 T cells Low

Sca-1 T cells High

c-kit Progenitors Positive

Mac-1 Granulocytes, Monocytes Negative or low

CD34 Progenitors Positive

CD4 T cells Negative or low

CDg T cells Negative

B220 B cells Negative

Gr-1 Granulocytes Negative

Terll9 Erythroid progenitors Negative

H-2K All hematopoietic cells High

Ly-5 Most hematopoietic cells Positive

CD27 Short term repopulating cell  Negative

CD31 Endothelial cells Positive

Data compiled from (Aihara et al., 1986; Muller-Sieburg et al., 1986; Smith et al,,
1991; Spangrude et al.,, 1988; Spangrude and Scollay, 1990) and (de Bruijn et al.,
2002; Norih et al., 2002; Wiesmann et al., 2000).

1t has been shown that mouse HSCs could be highly enriched among H-2K"8"
WGA” fraction of bone marrow cells in 1984 (Visser et al., 1984). Shortly thereafter,
monoclonal antibodies directly against the Thy-1 glycoprotein were also found as a
marker for bone marrow HSCs isolation, and the bone marrow HSCs fall in the
population of Thy-1" and/or Thy-1"". For higher enrichment of stem cells, a negative
selection procedure was employed in which bone marrow was depleted of cells
expressing markers of B cells (B220), T cells {CD4 and CD8), granulocytes {Gr-1)
and myelomonocytic cells {(Mac-1). Bone marrow cells expressing low levels of Thy-
1 in the absence of mature lineage markers (Thy-1", Lin’) were 50-200 fold enriched
in hematopoietic progenitor activity (Muller-Sieburg et al., 1986). This Thy-1%, Lin
population has been further enriched using a monoeclonal antibody E13-161.7 (Aihara
et al., 1986) which reacts with antigen referred to as Sca-1. The Sca-1 marker is a
member of the Ly-6 family and is also known as the Ly-6A/E antigen (Spangrude and
Brooks, 1993; van de Rijn et al., 1989). The Thy-lk‘, Lin", Sca-1" fraction of bone
marrow from C57BL/Thy-1.1 mice represents approximately 0.05% of bone marrow
cells and is approximately 2,000 fold enriched for HSC activity in vifro assays and

11
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long term multilineage reconstitution assays (Li and Johnson, 1992; Smith et al.,
1991; Spangrude et al., 1988). It is of considerable importance to choose certain
mouse strains for HSC sorting studies, since both Thy-1 and Sca-1 exhibit strain
specific polymorphisms, resulting in different antibody staining profiles in bone
marrow of mice of different backgrounds. Tt has been shown that HSCs in Thy-1.2
strains of mice are both Thy-1' and Thy-1", while the vast majority of HSCs activity
was found only in Thy-1" population in Thy-1.1 strains (instead of both Thy-1' and
Thy-1" in Thy-1.2 strains) (Spangrude and Brooks, 1992). Moreover, Sca-1 is not
expressed on all marrow-repopulating cells in Ly-6E strains {only 25% of HSCs are
Sca-1") but is expressed on virtually all marrow-repopulating cells in Ly-6A strains
(Spangrude and Brooks, 1993). Despite the allelic differences, Sca-1 is now used
routinely for HSC enrichment (Jurecic et al., 1993; Okada et al., 1992; Spangrude and
Brooks, 1993), and it has been shown that the Thy-il" Lin" Sca-1" population from
bone marrow of the C57BL/Ka-Thyl.l strain includes almost all the detectable
multipotent progenitors (Uchida and Weissman, 1992).

The Thy-1" Lin Sca-1* bone marrow fraction can be further enriched by using c-
kit receptor marker. Separation of Thy-1' Lin" Sca-1* bone marrow cells into c-kit
expressing and non-expressing subsets demonstrated that only c-kit cells possessed
CFU-S activity and were enriched in long-term repopulating activity (Tkuta and
Weissman, 1992). Furthermore the analysis demonstrated that Sca-1 expression is
associated with more immature bone marrow hematopoietic stem cells than is c-kit.
During HSCs maturation and differentiation, they rapidly lose Sca-1 antigen from
their cell surface, while the ¢-kit maker is maintained till the committed progenitor
stage. Combining Sca-1 and c-kit antibodies provide a powerful system for HSC
enrichment (fkuta and Weissman, 1992; Okada et al., 1991; Okada et al, 1992).
Nowadays, several other markers have also proven useful for enriching HSCs, such as
CD34, AA4.1 and CD31 (de Bruijn et al., 2002; Jordan et al, 1995; North et al,,
2002; Sowala et al., 1990).

1.3 Sca-1 and the Ly-6 gene superfamily

Based on homology analysis of amino acid sequences, Ly-6A.2 and Ly-6E.1,
also called Ly-6A and Ly-6E or Sca-1, were classified to the Ly-6 superfamily. So
far, many murine members have been identified within this family, such as ThB,
TSA-1, Ly-6F, Ly-6A/E,Ly-6C, Ly-6G, Ly-6B, etc (Gumley et al., 1995). The human
homologous of murine Ly-6 family include CD59 (Williams et al., 1988), E48
(Brakenhoff et al., 1995), LY-6K (de Nooij-van Dalen et al., 2003), RIG-E (Mao et
al.,, 1996), etc. Similar to the mouse Ly-6 family, many human LY-6 molecules are
not only expressed in hematopoietic system, but also in keratinocytes (Brakenhoff et
al,, 1997; HogenEsch et al., 1993). The biological function of this family is not clear,
and no ligand has been identified until recently. However three reports provide similar
implications concerning the possible functions of this family of proteins. 1) The Ly-
6F gene was found differentially expressed in mouse metastatic adenocarcinoma
cells. 2} RIG-E can be induced by retinoic acid during the differentiation of acute
promyelocytic leukemia cell, 3) LY-6K, another new member of this family, was
identified as molecular marker for head-and-neck squamous cell carcinoma (Cohn et
al., 1997; de Nooij-van Dalen et al., 2003; Mao et al,, 1996). Taken together, these
results suggest that the most likely biological functions of this family are

12
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associated with cell-cell adhesion, signal transduction and/or cell proliferation. Indead
the first Ly-6 gene Ly-6E.] was cloned from a tumor cell, the MethA fibrosarcoma
cell line (LeClair et al., 1986). In mouse, using Ly-6E cDNA probe in genomic
Southern blot revealed many hybridising bands, indicating the existence of a family of
genes with high sequence homology (LeClair et al., 1986). Using the homology
between Ly-6 coding regions, the Ly-64 (Palfree et al., 1987; Reiser et al., 1988), Ly-
6C (Palfree et al., 1988), Ly-6F and Ly-6G (Fleming et al., 1993), ThB (Gumiey et al.,
1992), T54-1 (MacNeil et al., 1993) genes have been cloned. The other two new Ly-6
family members, the Ly-6I and Ly-6M genes were cloned in 2000 (Patterson et al.,
2000; Pflugh et al., 2000). Gene mapping indicates that the Ly-6 locus is located on
chromosome 15 and contains many homologous genes (Kamiura et al., 1992). The
complexity and homology within this locus gives rise to much difficulty in the
determination of how many functional related genes and/or how many pseudogenes
exist.

All members of murine Ly-6 superfamily are low molecular weight (12-20
kDa) phosphatidylinosital (GPI) anchored cell surface glycoproteins and thus do not
have a cytoplasmic domain. They are characterised by the presence of 10 cysteine
residucs (Gumley et al., 1992). These 10 conserved cysteine residues are equally
spaced in the amino acid sequences of the Ly-6 superfamily and are predicted to form
disulphide bridges which gives rise to a compact protein structure consisting of a
tight, globular core with finger-like projections (Fleming et al., 1993). Such a
predicted structure could be involved in ligand binding or cell-cell interactions (figure
2).
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Figure 2. Structural model of Ly-8A molecule. The Ly-6A amino acid sequence was modeled
on the crystal structure for a-bungarotoxin. The conserved cysteine residues are represented
by a stippled background and putative disulfide bonds are indicated by filled bars. The thick
arrows indicate regions of predicted B-sheet structure. The picture is adapted from review of
Gumley {Gumley et al., 1985).

The expression pattern of the Ly-6 family of proteins in mouse is complex.
During hematopoietic development, the expression patterns of the individual Ly-6
family members are tissue specific but quite often overlapping (see Table 2). The
functional consequences of this complexity are not clear, but may reflect an important
role for Ly-6 proteins in subtle modulation and/or differentiation of the hematopoietic
system.

Table 2. Expression of Ly-6 antigens in hematopoietic system in mouse

Antigen thymus Lymph Spleen Bone Activated
Node marrow Lymphocytes
Ly-6A + ++ ++ + 4+
Ly-6E + + + + ++
Ly-6B - + + ++ -
Ly-6C - + ++ ++ -
Ly-6M n.d. n.d. n.d. ++ nd.
Ly-61 + n.d. + ++ nd
Ly-6G - - - A+ -
TSA-1 A+ - - -+ n.d.
ThB bt ++ ++ ++ nd.

Data updated from the thesis of A.Sinclair. Surface antigen expression within specific
tissues is presented as follows: +++=75-100%; ++=50-75%; ++=25-50; +=5-25%;
-=less than 5%; n.d.=not done. (Fleming et al., 1993; Houlden et al., 1986; Kimura et
al., 1984; Patterson et al., 2000; Pflugh et al., 2000; Tucek et al., 1992).

1.4  The murine Ly-6A/E gene

The Ly-64 and Ly-6F genes ate strain-specific alleles within the multigene Ly-
6 family and Ly-6A and Ly-6E protein expression within the hematopoietic system is
complex (Kimura et al., 1984; Spangrude and Brooks, 1993; van de Rijn et al., 1989).
The allelic genes differ by only three nucleotides in the coding sequence, resulting in
two amino acid changes in the proteins {LeClair et al,, 1986; Palfree et al., 1986;
Palfree et al., 1987; Reiser et al., 1988; Rock et al., 1986). Both Ly-6E and Ly-6A
proteins express the epitope recognized by the Sca-1 antibody. The allelic genes are
interferon inducible, but the Ly-6A4 allele appears to be more widely and highly
expressed (Kimura et al., 1984; Rock et al., 1986; Spangrude and Brooks, 1993). For
example, Ly-6A strains of mice express this protein on 10-20% of adult thymocytes
and 50-70% of peripheral T lymphocytes, while Ly-6E strains express the protein on
5-10% adult thymocytes and 10-15% of peripheral T lymphocytes. Similarly and
more importantly, expression of these allelic products has been shown to differ on
hematopoietic stem cells. Using the bone marrow repopulating assay as a readout, it
was shown that Ly-6A strains of mice express Sca-l1 on virtually all (99%) of
hematopoietic stem cells while Ly-6E strains express Sca-1 on only 25% of these

14
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cells (Spangrude and Brooks, 1993). These data indicate that compiex developmental
control mechanisms are likely to be involved in the regulation of both Ly-6A and Ly-
6E expression, and Ly-64 gene regulatory elements are more active and/or responsible
for high level of expression in HSCs. Further, the expression of the Ly-6E and Ly-64
genes is not only limited to the hematopoietic system. Expression was also found in
keratinocytes and other tissues. The Ly-6A antigen can be found within the kidney
and the vasculature of the heart, liver and brain (Reiser et al., 1988; van de Rijn et al.,
1989). The analysis of in situ brain sections has demonstrated that the alloantigens
exhibit extremely diverse expression patterns in this tissue. Ly-6A is limited to the
vasculature and Ly-6E expression is in the hippocampal and midbrain regions (Cray
et al., 1990} (Table 3).

Table 3. Comparison of surface alloantigen Ly-6E and Ly-6A expression pattems

Tissue Ly-6E Ly-6A
Lymph node 5% 60-70%
Spleen 10% 59%
Bone marrow 5% 5%
Activated lymphocytes 80-90% 100%
Thymus: CD4-CD8- 15% 67%
CD4+CD8+ 2% 9%
CD4+CD8- 8% 39%
CD4-CDg+ 30% 21%
Hematopoietic stem cell 25% 99%
Brain Hippocampus, Midbrain Vasculature

Data is presented as the percentage of cells within the particular tissue that express the
antigens, unless stated. Data is adapted from Sinclair’s thesis which is compiled from
(Codias et al., 1989; Kimura et al., 1984; Spangrude and Brooks, 1993) and (Cray et
al., 1990).

The regulation of Ly-64/E gene expression is complicated. Previously, 5° cis-
acting elements involved in regulating expression and responsiveness of the Ly-6E
gene fo interferons have been identified (Khan et al,, 1990; Khan et al., 1993). In
promoter deletion studies of the Ly-6F gene in mouse fibroblast transfectants, an
interferon inducible (GAS) element has been localized between —1.76 and —0.9 kb and
a purine rich sequence at —0.11 kb was found to be necessary for basal expression.
Also, between —0.16 and —0.13 kb a putative repressor sequence was found. Through
sequence comparisons, similar control elements are thought to be present in the Ly-64
promoter (McGrew and Rock, 1991). Interestingly, DNasel hypersensitive site
analysis has identified two sites in the promoter region at —1.2 and —0.1 kb which
appear to coincide with the regulatory elements localized by the 5° deletional analysis
(Sinclair and Dzierzak, 1993). Analysis of the 3" flanking regions of both the Ly-6E
and Ly-64 alleles, by using MEL (endogenouse Ly-6A allele) and YAC-1
(endogenouse Ly-6E allele) cell lines, has localized six additional areas of DNasel
hypersensitivity +3.3, +4.9, +5.6, +6.7, +8.7 and +8.9 (Sinclair and Dzierzak, 1993).
Furthermore, there was a rapid induction of DNasel hypersensitive sites in the 3’
flanking regions of the Ly-6A allele, particularly at +8.7 and +8.9. These y-INF-
induced hypersensitive sites were also found in MEL cells transfected a 14 kb Ly-6E
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fragment (figure 3). Deletional studies of the Ly-6E 3’ flanking sequences in murine
erythrolenkemia (MEL} cell transfectants revealed that the region containing these
two most distal 3* HSS are responsible for high level, y-interferon induced expression
{Sinclair et al., 1996). These results suggest that Ly-64 transcriptional regulatory
elements are generally similar to those of the Ly-6E allele, only subtle differences
between the Ly-6F and Ly-64 alleles were observed in the hypersensitive site maps
{Sinclair et al., 1996} (Figure 3).
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Figure 3. DNasel hypersensitive sites in y-IFN induced and uninduced hematopoietic cells. 1.
MEL, mouse erythroid leukemia cell {Ly-8A allefe), 2. YAC-1, mouse T cell {Ly-6E allele), 3.
MEL cells transfected with 14 kb Ly-6E BamH| fragment, which is shown on the top of this
figure. Regions that demonstrate hypersensitivity to DNasel digestion are marked with arrows
and numbered according to their location from the franscriptional start site. Exons are
presented by gray boxes, The degree of hypersensitivity is presented by the bold arrows. The
figure was redrawn from Sinclair et al. (Sinclair et al., 1996).

The further functional analyses of Ly-6A/E focussed on using different Ly-6F
genomic fragments to drive /acZ gene expression in transgenic mice (Miles et al.,
1997). The expression pattern of Ly-6EAacZ transgene indicated that the Ly-6E
genomic fragment containing the region approximately 9kb downstream from
transcriptional start site including 3° hypersensitive sites at +8.7 and +8.9 is required
for the distinct, restricted expression within adult hematopoietic stem cells and the
embryonic hematopoictic tissue (AGM region). None of the transgenic lines,
containing a construct in which the 3’ region containing hypersensitive sites +8.7 and
+8.9 were deleted, were found to express /acZ in a tissue-specific manner, Since Ly-
6A strains of mice express Sca-1 on 99% hematopoietic stem cells and Ly-6E strains
of mice express the protein on only 25% of hematopoietic stem cells, similar but
subtly different gene regulatory mechanisms may exist between these two alleles. For
purposes of molecular manipulation of hematopoietic stem cells, the use of the Ly-6A
regulatory elements would appear to be of great advantage.
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2. Ontogeny and development of hematopoietic stem celis

2.1  First site of HSC emergence in mouse embryos

For a long time it was believed that HSCs originate ir situ in the yolk sac by
differentiation of the mesoderm. Subsequently, they migrate and colonize the fetal
liver during mid-gestation stages, and then finally home to the bone marrow before
birth, where they reside throughout the life span of the animal (Houssaint, 1981;
Johnson and Moore, 1975; Moore and Metealf, 1970). However, this traditional
paradigm of hematopoietic development has been strongly challenged by the studies
of the origins of hematopoietic system in non-mammalian (Dieterlen-Lievre, 1975; Le
Douarin, 1973) and in mammalian vertebrates (Muller et al., 1994).

Le Douarin and colleagues used the chicken-quail grafting approach to
elucidate the origins of many adult tissues (Le Douarin, 1973). In this method, the
nuclei of quail celis that possess a mass of heterochromatin can be used as a marker to
distinguish quail cells from chicken cells. To study the embryonic origins of the avian
adult hematopoietic system, interspecific chick/quail chimaeras were analysed by
DNA staining after quail embryo bodies were engrafted onto intact chick yolk sacs
(Dieterlen-Lievre, 1975; Le Douarin, 1973). Strikingly, it was shown that the adult
hematopoietic system was generated from the quail embryo body, but not from the
chick yolk sac. This result led to the proposal of a totally new concept of
hematopoietic development.

Given the developmental analogy between different species, the studies of the
hematopoietic system during mammalian embryonic development have been
atfracting more and more interest in recent years. During mouse embryonic
development, gastrulation starts at 6-7 days post coitum (dpc), subsequently the three
layers of ectoderm, mesoderm and definitive endoderm are formed and the intra/extra-
embryonic territories become well defined. The yolk sac encompasses mesoderm and
primitive endoderm while the embryo proper comprises all three layers formed during
gastrulation. The intra-embryonic region derived from mesoderm and associated
endoderm is called splanchnopleura. At 8 dpc, paired aortae appear in this region, and
hence it is named PAS (para-aortic splanchnopleura) (Garcia-Porrero et al., 1995;
Godin et al., 1993). Later at 9 dpc, the paired aortae fuse and primordia of the
mesenephros and gonads become apparent at 10 dpe. Hence, the name AGM (aorta-
gonads-mesonephros} was given to define this region at midgestation stage (Dzierzak
and Medvinsky, 1995; Medvinsky et al, 1993; Muller et al, 1994). Many
experiments have demonstrated that the PAS/AGM region contains hematopoietic
activity, but the functional properties of the hematopoietic cells found in this region
during mouse midgestation are quite different from those found in the yolk sac.

The first primitive erythrocytes can be observed within the blood islands of the
yolk sac at 7.5 dpc (Russell, 1966). However, even at 7 dpc, the erythroid and
granulocyte-macrophage progenitors from yolk sac can be detected by in vitro study
(Moore and Metcalf, 1970). In addition, the T, B lymphoid lineages and multipotent
progenitors with erythroid/myeloid and lymphoid potential have also been found in
8.5 dpc yolk sac by in vitre assay (Cumano et al,, 1996; Godin et al., 1995a). The
colony forming units-spleen (CFU-S) were able to be detected from 8 dpc, but no in
vivo repopulating hematopoietic stem cells were found until 11 dpe

17



Chapter 1

{(Medvinsky et al.,, 1996; Medvinsky et al, 1993). Interestingly, long-term in vivo
chimerism of erythroid and lymphoid lineages was detected when the 9 dpc yolk sac
cells were injected transplacentally into early stage of embryos (Toles et al., 1989). It
has also been shown that 9 dpc yolk sac cells could give rise to long-term, multi-
lineage chimerism when injected into conditioned neonatal recipients (Yoder et al.,
1997a; Yoder et al., 1997b). Nevertheless, long-termn repopulation of lethally
irradiated adult recipients is not found in the yolk sac until the embryonic stage of 11
dpe (Medvinsky and Dzierzak, 1996; Muller et al., 1994).

Compared to the yolk sac, multipotent progenitors for the erythroid and
lymphoid lineages were able to be detected from PAS at 7.5 dpe, one day earlier than
yolk sac (Cumano et al., 1996; Godin et al., 1995a). Although in vivo multipotent
CFU-S are found in both yolk sac and PAS at 9 dpe, the abundance and potency of
CFU-8 from PAS are consistently greater than those from yolk sac (Medvinsky and
Dzierzak, 1996; Medvinsky et al., 1996; Medvinsky et al., 1993). Furthermore, the
HSCs capable of the full long-term, multilineage engrafiment of lethal irradiated adult
recipients are found in the PAS/AGM region beginning at 10 dpe, but not in yolk sac
at this stage (Muller et al., 1994). Hence, the early appearance of multilineage
progenitors, the number and potency of CFU-S and pluripotent HSCs in the
PAS/AGM region are different from the yolk sac.

Since the blood circulation has already been set up between intra- and extra-
embryonic tissues at 8.5 dpe, there is a possibility that the precursors of long term
adult repopulating cells of the AGM region at 10 dpc may come from and/or depend
on yolk sac. To exclude this possibility and to further confirm the hypothesis that the
HSCs can be generated and/or expanded independently in PAS/AGM region,
Medvinsky and colleagues have developed a explant culture system (Medvinsky and
Dzierzak, 1996). The experiment is as follows: 10 dpc yolk sac and AGM were
dissected and cultured individually on filters supported on metal mesh stands at the
air-liquid interface. After 3 days, cultured yolk sac and AGM were collected
separately, cell suspensions were made and transplanted to iradiated adult recipients.
Interestingly, long term repopulating activity was only found from the AGM cell
suspension but not from the yolk sac. And these AGM HSCs appear to possess the
same potency as adult bone marrow stem cells, as they can give rise to high level
long-term repopulation of all hematopoietic lineages of irradiated adult recipient
mice. The same experiment has also been performed on 11 dpc yolk sac and AGM
region and demonstrated that some HSC activity in yolk sac begins to be detectable
whilst there was an increasing quantity of HSCs in AGM explants at this stage.
Taking together, it is clear that the first adult repopulating HSCs are generated and/or
expanded in the AGM region at 10 and 11 dpe, suggesting the intraembryonic
PAS/AGM region is a site for potent definitive hematopoietic progenitors and HSC
generation and expansion. More recently, it has been reported that HSCs activity was
also detected in other major arteries such as umbilical and vitelline arteries at
midgestation stage during the mouse development (de Bruijn et al., 2000b).

2.2 Localization and molecular markers of hematopoietic stem cells during
mouse embryonic development
The PAS/AGM region is a very complex tissue structure composed of the
dorsal aorta and surrounding mesenchyme, and laterally located genital ridges and
mesonephros. Many studies have been performed to localize the first HSCs that



General Introduction

emerge in this region. In 1986, Cormier et al. demonstrated that cell clusters with
hematopoietic potential within the AGM were localized within the mesoderm
underlying and adhering to the ventral floor of the chick dorsal aorta (Cormier et al.,
1986). Later on, morphology studies on tissue sections of human and murine embryos
also revealed clusters of round cells adhering to the ventral floor of the dorsal aorta
within AGM (Marshall et al., 1999; Tavian et al., 1996; Wood et al., 1997). Similar
adherent clusters of cells have also been found in the proximal umbilical and vitelline
arteries, which interconnect with the dorsal aorta (Tavian et al., 1999; Wood et al.,
1997). In addition, our laboratory has performed functional studies in which the AGM
region was dissected into aorta/mesenchyme and urogenital ridges. Subsequently, cell
suspensions were made and transplanted to irradiated adult recipients. Although CFU-
541 were found in both aorta and urogenital ridges from 10-12 dpc, the frequency of
CFU-8;; from 10-11 dpc aorta was higher than that of urogenital ridges from the same
developmental stage (de Bruijn et al., 2000a). Most interestingly, HSC activity was
only detected in 11 dpe dorsal aorta region and not in the same age urogenital ridge
tissue. In addition, the experiment also showed that the vitelline and umbilical arteries
contain HSC activity (de Bruijn et al.,, 2000b). All together, hematopoietic stem cell
emergence ocecurs in close association with the major vasculature of the rnouse
embryo during midgestation.

With the aim to localize the first HSCs in mouse development more precisely,
especially in AGM region, and to trace the cell lincages and cell differentiation during
mouse development, the study of expression and function of hematopoietic markers
has become a point of intense interest. Here, I focus on some important markers
during mouse embryonic development. They include transcription factors GATA-2,
Runx-1 (AML-1) and SCL, some endothelial markers such as CD31, Flk-1 and VE-
cadherin, and some other markers often used in flow cytometric sorting and
enrichment of HSCs and progenitors, like CD45, CD34, c-kit and Sca-1.

Many transcription factors are expressed in the AGM region and gene
disruption studies have revealed important functions of at least two of these factors,
GATA-2 and Runx-1, during hematopoietic development in the mouse embryo.
GATA-2 and Runx-1 nufl mice showed embryonic lethality at E11.5 and E12.5
respectively. Furthermore, disruption of GATA-2 or AML-1 results in a complete
block in the production of definitive hematopoietic lineages, leading to fetal liver
anemia. Primitive hematopoicsis was found to be normal in AML-1 mutant embryos
but some defects were found in GATA-2 mutant embryos {Castilla ¢t al., 1996;
Okuda et al,, 1996; Tsai et al., 1994; Wang et al.,, 1996). The hematopoietic specific
GATA-2 gene regulatory element has been identified and used to drive lacZ and GFP
reporter genes iz vivo (Minegishi et al.,, 1999). The reporter genes were detected
specifically in the PAS/AGM region and in sity hybridization analysis showed that
the reporter gene expression recapitulates the endogenous GATA-2 expression profile
in this region. Moreover, flk-1, CD34, c-kit and CD45 were detected in GFP positive
cells from the AGM region. By knock-in strategy, using the LacZ marker gene, Runx-
1 (AML-1, Cbfa2) expression has been systematically followed during mouse
hematopoietic ontogeny (North et al., 1999). Runx-1 expression was first detected in
mesodermal cells in the yolk sac at 7.5 dpc and subsequently in both primitive
erythrocytes and endothelial cells in the yolk sac at 8 dpc. At 8.5 dpc, its expression
level decreases in primitive erythrocytes but remains high in a small proportion of
endothelial cells and blood cells in yolk sac. Meanwhile, some other sites start to
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express Runx-1, the sites include mesenchymal cells at the distal tip of the allantois,
endothelial cells in the vitelline artery, and endothelial cells in the ventral part of
paired dorsal aortae which later fuse to one artery and becomes part of AGM region,
Between -9.5-11.5 dpe, Runx-1 is expressed in endothelial cells of vitelline and
umbilical arteries, in endothelial and mesenchymal cells in the ventral portion of
AGM region, in a small number of endothelial cells of yolk sac but in no other
endothelial cells of the embryo. Interestingly, the clusters of Runx-1 positive blood
cells attached to the ventral lumina of the dorsal aorta were detected by following the
onset of endothelial cell expression. FACS analysis has shown about 35% Runx-1
positive cells in AGM region fall into c-kit ' CD34™ population,

Another transcription factor, the T-cell leukemia oncoprotein tal-1/SCL is
essential for both primitive (yolk sac) and definitive (intra-embryonic) blood
formation. Lack of the SCL gene results in a complete block of blood formation in
null embryos and is lethal between E8.5 and E10.5 within the period when the
embryonic circulation is established (Shivdasani et al., 1995). Moreover, the SCL”
murine embiyonic stem cells fail to give rise to precursor or mature hematopoietic
cells of any lineages, suggesting that SCL may be involved in blood specification at a
pre-hematopoictic cell stage (Porcher et al., 1996). The gene regulatory fragment has
been identified by DNasel hypersensitive site mapping and further confirmed by a
transgenic mouse approach (Sanchez et al., 1999). It was demonstrated that the 3’
enhancer is essential for expression in endothelial cells and in some hematopoietic
progenitors in multiple hematopoietic tissues during embryonic development,
including the AGM region.

CD31, also called PECAM-1 {platelet/endothelial cell adhesion molecule) is
expressed on all endothelial cells in the embryo, but not on angioblasts (Drake and
Fleming, 2000). This anfigen is also expressed on bone marrow HSCs (van der Loo et
al., 1995) and on inira-aortic clusters (Garcia-Porrero et al.,, 1998). Flk-1, originally
cloned from fetal liver hematopoietic cells, is expressed on endothelial cell
progenitors and endothelial cells (Drake and Fleming, 2000; Matthews et al., 1991;
Shalaby et al., 1997; Yamaguchi et al., 1993). It has been demonstrated that there is
failure of blood island formation and vasculogenesis in flk-1 deficient mice (Shalaby
et al., 1995). By knockin strategy, flk-1/lacZ expression was detected in intra-aortic
hematopoietic clusters in flk-1"" AGM region by intracellular X-gal staining
(Shalaby et al., 1997). VE-cadherin (vascular-endothelial cadherin} is expressed on
endothelial cells in the dorsal aorta and major blood vessels and its expressing pattern
is similar to CD31 during the mouse embryonic development {Drake and Fleming,
2000).

The pan-leukocyte marker CD45 has been shown to be expressed on the round
cells in clusters associated with endothelial wall in chicken and human embryos
(Jaffredo et al., 1998; Tavian et al., 1996). The membrane glycoprotein CD34, which
is quite often used as a marker for adult bone marrow and human cord blood HSCs
enrichment, has aiso been found to be expressed in the AGM region, particularly on
the endothelial cells lining the dorsal aorta and associated hematopoietic cell clusters
in human tissue (Marshall et al.,, 1999; Tavian et al., 1996). Combining CD34 and
CD45, the hematopoietic clusters and their adjacent endothelial ceils can be
distinguished as CD34"CD45" and CD34"CD45 respectively (Garcia-Porrero et al.,
1998; Marshall et al., 1999; Tavian et al., 1996; Wood et al., 1997),
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The c-kit proto-oncogene encodes Kit, the tyrosine kinase receptor for stem
cell factor (SCF). In the mouse, c-kit is allelic with the W locus, and it is widely used
marker for enrichment of HSCs of adult bone marrow. In a mouse knockin
experiment, the c-kit gene was inactivated and replaced by the Escherichia coli lacZ
gene. In heterozygous embryos, expression of the lacZ gene was observed in
hematopoietic progenitors of the blood islands of 8.5 dpc yolk sacs, and more
interestingly also in 11.5 dpc AGM region. Expression in the AGM region was
concentrated in the ventral part of the aorta in both endothelial and hematopoietic
cells (Bernex et al., 1996). By using sorting and long-term transplantation techniques,
it was found that c-kit marks all HSCs in both the AGM region and fetal liver in
normal mouse embryos (Sanchez et al., 1996).

For marny years, the Sca-1, GPI-linked cell surface glycoprotein has been used
as a faithful marker of murine HSCs from various sources; i.e. adult bone marrow,
fetal liver, and yolk sac {Huang and Auerbach, 1993; Spangrude et al, 1988 ).
Sorting on the basis of the monoclonal antibody E13-161.7 specific for the Sca-1
epitope yields about a 100-fold enrichment of HSCs from adult bone marrow (Okada
et al., 1992; Spangrude et al,, 1988). Sca-1 is encoded by the strain specific allelic
genes, Ly-6F and Ly-64 (Khan et al., 1990; Sinclair and Dzierzak, 1993; Stanford et
al,, 1992; van de Rijn et al., 1989) which are members of the large £y-6 gene family
{Kamiura et al., 1992; LeClair et al., 1986). The relatively small size of the Ly-64/E
gene locus (14 kb) which may contain all the transcriptional regulatory elements of
these alleles (Khan et al.,, 1990; Khan et al., 1993; Ma et al., 2001; McGrew and
Rock, 1991; Sinclair et al., 1996; Sinclair and Dzierzak, 1993) has been used in
directing JacZ marker gene expression in bone marrow HSCs in transgenic mice
(Miles et al, 1997). In the Miles study, two constructs containing Ly-6E gene
regulatory fragment, one 14 kb fragment containing 3’DNasel hypersensitive sites
+8.7/+8.9 and the other which deleted the segment containing the two hypersensitive
sites, were used to drive LacZ gene for making transgenic mice. Several lines were
established for each construct. Although the transgene copy number in some lines
from deletion construct were comparable to those of non-deletion construct, tissue-
specific JacZ transgene expression was only found in transgenic mice of non-deletion
construct which contained 14 kb Ly-6F gene regulatory fragment. This transgenic line
gave rise to hematopoietic and lymphoid cell expression in thymus, spleen, lymph
node and bone marrow, and functional hematopoietic stem cells could be 100 fold
enriched by FDG sorting of lacZ positive bone marrow cells, Furthermore, this line
also gave rise to specific expression in embryonic hematopoietic tissue, in 11-12 dpc
AGM region, especially in the location of pro/mesonephric tubules. However, X-gal
stained, /acZ expression was not detected in cells around aorta and/or in the
endothelial lining of the aorta, and the enrichment of hematopoietic stem cells from
the AGM region was not successful by using the lacZ marker. According to the study
of Spangrude and Brooks, only 25% hematopoietic stem cells express the Ly-6E gene
and almost 100% hematopoietic stem cells express the Ly-64 gene (Spangrude and
Brooks, 1993), it appears to be more advantageous to study the Ly-64 gene
regulatory elements and use these regulatory elements to drive the expression of a
marker gene so as to localize, isolate and manipulate hematopoietic stem cells from
adult and embryonic hematopoietic tissues. My thesis is based on this idea.
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3. The aim of this study

Hematopoietic stem cells are the clinically relevant cells involved in cell
replacement therapies for leukemias and blood-related genetic diseases. Advances in
such therapies, rely on our further understanding of the molecular, cellular and
developmental properties of these cells so as to expand and manipulate them. During
embryonic development HSC numbers increase spontaneously in the AGM region
(Medvinsky and Dzierzak, 1996; Medvinsky and Dzierzak, 1998; Muller et al., 1994).
Thus, this region offers a unique opporfunity to examine the earliest generation of
HSCs, particularly the signaling events and transcriptional regulation affecting HSCs.

The goals of my studies were 1) to examine the transcriptional regulatory
elements of the Ly-6A/E gene which encodes one of the most widely used HSC
markers, Sca-1 and 2) to use these regulatory elements direct expression of marker
genes so as to localize and enrich for the earliest HSCs in the AGM region.

The Ly-6A/E genc was chosen since the Sca-I protein expression pattern
within the hematopoietic system is well characterized, because the gene is small
(about 2 kb, with only 4 exons) and because some regulatory elements had already
been described. In contrast other hematopoietic specific genes, c-kit, CD34 and AML-
1, are much larger and information about their gene regulatory elements was limited
at the outset of my project.

More specifically, the direct focus of my studies was to identify and isolate
the definitive HSC control elements of the Ly-64 allele. Although the HSC specific
control elements of the Ly-6F strain specific allele had been previously isolated and
tested by in vitro and transgenic (with a LacZ marker) experiments (Miles et al., 1997,
Sinclair et al., 1996), the isolation of HSCs from the AGM regions of Ly-6E/lacZ
transgenics was not successful. The reasons for this failure could be: 1} The Ly-6F
allele does not express highly in HSCs, as suggested by Spangrude and Brooks
{Spangrude and Brooks, 1993); 2) The impact of variegated expression due to
transgene integration site; 3) The multi-step isolation of HSCs from the AGM may
influence the sensitivity of lacZ detection. Hence, my studies on the Ly-64 allele were
aimed at more efficiently marking the HSCs in adult hematopoietic tissue and, more
importantly, marking the first HSCs in the AGM region. In this thesis [ present my
studies in which I cloned the Ly-64 gene and related regulatory sequences. [ identified
by in vifro studies the Ly-64 gene fragment responsible for high-level hematopoietic
cell expression and constructed the 14 kb expression cassette used in in vivo studies.
Finally, I performed functional and localization studies on HSCs in Ly-64 lacZ and
GFP transgenic adult mice and embryos.
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4. Scope of the thesis

In Chapter 2, I describe studies on the cloning of the Ly-64 gene and gene
expression studies in hematopoietic cells in vitra. 25 kb of the Ly-64 gene and
flanking regulatory regions were isolated and constructs containing different DNasel
hypersensitive site fragments were iransfected into MEL cells. The Ly-64 14 kb
sequences analogous to those in the Ly-6F allele were found responsible for high-
level y-IFN induced expression in vitro. Tt is also shown that the 3° distal Zy-64
fragment containing +8.7/48.9 hypersensitive sites directs high level ¥-IFN induced
expression from a heterologous promoter, indicating that the 3 distal Ly-64 sequence
contains a potent enhancer that could be useful for expression in hematopoietic stem
cells ir vivo.

In Chapter 3, I describe mouse transgenic studies in which the in vive
expression pattern of Ly-6A was examined. To study the specific expression pattern
and hematopoietic regulation of the Ly-64 gene, a construct containing the 14 kb
cassette from the genomic Ly-64 fragment was generated and used to drive the lacZ
reporter gene in transgenic mice. Similar to Ly-6E lacZ transgenic mouse lines, we
found that the Ly-64 lacZ transgene was expressed in the hematopeietic tissues in
adult mice. Furthermore, functional hematopoietic stem cells from bone marrow can
be enriched by sorting for B-galactosidase expressing cells. Interestingly, Ly-64 lacZ
lines have a more wide embryonic expression pattern than the Ly-6F lacZ transgenic
lines. Surprisingly, we did not find improvement of /acZ marker gene expression in
hematopoietic cells when we compared Ly-64 to Ly-6F cassettes - not all HSCs are
located within the lacZ-expressing cells and enrichment of embryonic HSCs by
sorting FDG stained AGM cells was also not successful. Whether this is a result of the
lacZ marker gene, the Ly-6A4/E expression cassette, or the FDG substrate staining
method is uncertain. Thus, the enhanced green fluorescent protein (GFP) gene was
used within the Ly-64 cassette to further identify and localize HSCs in transgenic
mice both in the adult and embryonic stage.

Ly-64 GFP transgenic mice were created and the transgene expression pattern
has been studied both in adult mice (Chapter 4) and embryonic stage (Chapter 5). In
Chapter 4, [ show that the 14 kb Ly-64 expression cassette directs the transcription of
the GFP marker gene in all function repopulating HSCs in the adult bone marrow and
more than 100 fold enrichment of HSCs from bone marmrow has been achieved by
sorting GFP expressing cells. In addition, the GFP transgene expression pattern
generally corresponded to that of endogenous Seca-1 protein in different hematopoietic
tissues of adult mice. In chapter 5, instead of unsuccessful sorting HSCs by FDG
staining AGM cells from Ly-64/E lacZ transgenic embryos, enrichment of HSCs has
been successfully performed by sorting GFP expressing cells. This Ly-64 GFP
transgene marker is expressed in all functional HSCs in the midgestation aorta.
Immunohistological study showed that GFP positive cells were specifically localized
to the endothelial layer lining the wall of the dorsal aorta and the vitelline/umbilical
arteries, suggesting that HSC activity arises within the endothelium of the vascular-
structure during embryoenic mid-gestation stage.

Taken together, the studies in this thesis demonstrate that the Ly-64 transgene
expression cassette provides a useful tool for marking, isolation and localization of
the first HSCs in the developing mouse. These transgenic mice could be useful in the
characterization of the complete molecular program of these important cells.
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Summary. The Ly-6A and Ly-6E allelic genes encode the
Sca-1 protein, which is one of the most widely used markers
in hacematopoictic stem cell isolation procedures. Identilica-
tion ol the specilic gene regulatory elements that direct
haematopoietic stem celf specific expression of Sca-1 is of
curreht interest for parposes of stem cell manipulation. Both
the Ly-6E and Ly-64 alleles have been examined for regions
containing DMase 1 hypersensitive sites thought to be
indicative of transcriptional regulatory elements. In these
previous studies, the Ly-6E allele with its Nanking
regulatory sequences was cloned, and the region responsible
for high-level y-interferon {y-IFN)-induced expression was
localized to a 3 distal sequence containing {wo slrong

DNasel hypersensitive sites. Because the Ly-6A allele is
thought to provide higher levels of expression in haemato-
peietic stem cells, we isolated over 25 kb of the Ly-64 gene
and flanking rcgulatory rcgions. We show here that
sequences analogaus to those in the Ly-6F allele are
responsible for high-level y-IFN«induced expression in
vitro. Purthermore, we show that this 3’ distal Ly-64
fragment directs high-level -[PN-induced expression from a
heterologous promoter, suggesting that it is a potent
enhancer that could be usef] for expression in hacmato-
poietic stem cells,

Keywords: Ly-hA, Sca-1. gene reguiation, haematopoicsis.

‘The Sea-1 phosphatidyfinesitol-linked call sucface glycopro-
tein marker has been instrumental in the isclation of
haematopoietic stem cells for biclogical studies (Spangrude
etal, 1988; Okada e! al, 1992). The Sce-1 protein is encoded
by the strain-specific allelic genes Ly-6E aud Ly-6A (van de
Rijn et al, 1989; Khan et af, 1990; Stanford et al, 1992;
Sinclair & Derzak, 1993), which are members of the
multigenic Ly-6 family (LeClair ef af, 1986; Xamiura ¢t al.
1992). The family consists of at least 18 highly hemolageus
cross-hybridizing genes. However, studies using antibodies
specilic for some of the Ly-0 preteins have shown diverse
patterns of tissue distibution (Kimura ef of, 1984).
Functional studies have been diffieult (Bamezai & Rock.
1995; Stanford ¢t al, 1997) because of the homologies of the
genes and proteins and the suspected redundant/over-
lapping roles played by the members of this family.

Ly-6A and Ly-6C protein expression within the haema-
topoietic system is complex (Kimura £t al, 1984: van de Rijn
¢t al. 1989; Spangrude & Brocks, 1993). The allelic genes
differ by only three nucleotides in the ceding sequence,
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resulting in two amino acid changes in the proteins (LeClair
et al. 1986; Pallree & Hammerling, 1986; Rock ¢t al, 1986:
Pallree et al, 1987: Reiser et a!, 1988). Both Ly-6E and Ly-
6A proteins express the cpitope recognized by the Sca-1
antibody. The allelic genes are interferon indugible, bul the
Ly-64 allele appears to be more widely and highly expressed
(Kienura et al, 1984 Rock ef al, 1986; Spangrude & Brooks,
1993). For example, Ly-6A strains of mice express this
protein on 10-20% of adult thymocytes and 50-70% of
peripheral T lymphocytes, whereas Ly-6E strains express the
protein ¢n 5-10% adull thymocyles and 10-15% of
peripheral T lymphocytes. Similarly, and more importantiy,
expression of these allelic products kas been shown to differ
on hacmatopoictic stem cells. Using the marrow-repopuelat-
ing assay as a readout, it was shown that Ly-6A strains of
mice express Sca-1 on virtually all (99%) hacmatopoietic
stem cells, whereas Ly-6E strains express Sca-1 on anly 25%
of these cells {Spangrude & Brooks, 1993). Hence. for
purposes of molccular manipulation of hacmatopoietic stem
cells, the use of the Ly-6A regulatory elameants would appear
to be advantageous and the study of the regutatery clements
leading te differences in expression patterns and levels of the
two alleles is important.

From previous molecular studies, 5' cis-acting clements
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involved in regulating expression and responsiveness of the
Ty-6E gene to interfercns have been identified {Khan et al,
19940, 1993). In promoter deletion studses of the Ly-6F gene
in mouse fibroblast transfectants, an interferon-inducible
{GAS) clement has been localized between —1-76 and
—0-9 kb, and a purine-rich sequence al ~0-11 kb was
found to be necessary for basal expression. Alse, a putative
repressor sequence was found between —0-16° and
—0-13 kb. Through sequence comparisons, sieilar contral
clements are thought to be present In the Ly-64 promoter
(McGrew & Rock, 1991), Interestingly, DNase T hypersensi-
tive site (HSS) analysis has ideotified two sites in the
promoter region at —1-2 and ~-0-1 kb, which appear 1o
coincide with the regulatory elements localized by the 5
deletional analysis (Sinclair & Dzierzak, 1993). Analysis of
the 3 flanking regions of both the Ly-6F and Ly-64 alleles
has [ocalized six additional areas of the DNase T hypersensi-
tivity (+3-3, +4-9, +5-6, +6-7, +8-7 and +8-9) (Sinclair
& Drerzak, 1993). Deletional stodies of the Ly-6E 3°
Mlanking sequences in muring erythroleukaemia (MEL) cell
transfectants revealed that the region containing the two
most distal 3’ HSS are responsidle for high-level v-interferca
(y-I'N)-induced expression (Sinclair ¢t al, 1996). Purther-
more, in transgenic mice, this 3 distul region is required for
expression in haematopoietic stem cells {Miles et al, 1997).
These results together with the observation of the rapid
induction of DNase I hypersensitive sites in the 3/ flanking
regions ol the Iy-64 allele, particularly at +8'7 and +8-9
(Sinclair et al. 1996), suggest that Ly-6A transcriptional
regulatory elements are generally similar to those of the Ly-
6E allele. However, some subtle differences between the Ly-
GF and Ly-64A alleles were observed in the hypersensitive site
maps (Sinclair et al, 1996).

Thus, with the long-term goal of determining what
sequences direct high-leve! hacmatepoictic stem cell expres-
sion, we set out to investigate the 3/ distal sequences af the
Ly-64 gene for transcriptional-enhancing activity in hae-
matapoietic cell fransfectants, We describe here the isolation
of morc than 25 kb of the Ly-6A gene and flanking
regulatory regions. Deletional analyses performed on the
3" sequences show that the most dista downstrcam region,
analogeus to that in the Ly-6E allele centaining the +8-7
and +8-9 HES, is responsible for high-tevel vIFN induced
expression in vitre in haematopoietic cells. Furthermore, we
show that this 3’ distal Ly-6A Iragment directs high-level -
{PN-induced expression from a heterologous promoter,
supgesting that this transcriptional-enhancing clement
could be useful in stem cell-directed molecular manipula-
tions.

MATERIALS AND METHODS

Cloning. Genomic DNA from wouse strain 129 was cut with
Sau3A and ligated into EMBL-3 lambda phage DNA. The
library consisted of 3-5 % 10° independent phage clones and
was a generous gilt from Dr D. Meijer (Rotterdam, The
Netherlands). Seven plates of 5 x 10° clones were blotted
onto filters and screencd with a random oligonucleotide P**-
labelled 760 bp EcoR1 [ragment [rom the pCD2/Ly-68.1
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plasmid (LeClair et al, 1986) containing the ¢DNA for the Ly-
6E gene. Restriction maps of the two overlapping clones XM1
and XM2 werc gencraled by slandard methods, and foar

- subclones were generated in plasmid vector pUCLS. Yor the

generation of expression cassctte Ly-6A14, a Clil site was
created in the first untranslated Ly-6A exon using primers
spaning a sequence [rom the 5’ Spel site, to the sequence in
which the Cin1 site was generated (S'-CAAAAACTAGTAAAG
GGCTGAGCA-3 and 5'-TAATCGATGGTGTGAGGAGGGA-3')
and primers spanuing the sequence from the created Cle1 site
to the Vspl sile (5'-CACACCATCGATTACTTCCTCTC- 3/ and
5-CAATTAATAGACCCCCAATCACAT-3Y).

Fragments of 240 bp and 210 bp, respectively, were
amplified from XM2-2 DNA. These fragments were cat with
Spel and Clrl or Vspl and Clal, respectively, and ligated
into subclong XM2-2 in which the Spel—Tspl fragment had
been removed. Ly-6A14 was then generated from ligation of
the following fragments: BamH1-Spel of XM1-1, Spel—
HindIIT of XM2-2 containing the Clal site, HindIH-EcoR1 of
XM2-3, EroR1-BamH1 of XM2-4 and BrmH1 cut pPolyTl.

Delation construct generation. PL2 was constructed from a
1-8 kb Kpnl-Clal [rapment of the XM2-2 subclone, and
ligated to the hGH gene in pdGH (Selden et al, 1986). PL17
and PL10 were made by ligating a 5-4 kb EcoRI-Kpnl and
7-4 kb FeoR1-Bambl [ragment, respectively, of Ly-6Al4
dewnstream to the hGH gene in PL2. PL19 was made by
tigating the 1-3 kb HindIH-Kpnl [ragment of XM2-4 to the
TX promoter followed by the hGH reporter gene (Selden et al,
1956). For transfections, plasmid DNAs were lincarized with
Pst1 and, after agarose gel scparation, fragments were purified
using the Qiagen system according lo manufacturers protacol.

MEL vells transfected populations. The MEL cell line C88
was grown in Dulbeceo's modified Fagle meding (DMEM)
supplemented witk 10% fetal call serum (FCS, pre-tested for
growth of these cells), 10 Usml of penicillin and 10 mp/ml
of streptomycin. MEL cells were transiected by electropora-
tion methed {117 ¥, 1200 pF, 10 ms). For constructs PLIO
and PL17, 80 pg of linearized plasmid was co-transfected
with 5 pg of pMCINneo. For constructs PL2, PL19 and p?K,
50 g ol lincarized plasmid was co-lransfected with 3 g of
pMCENneo. Transkecled cells were selected with 800 mg/fml
for 14 d. Resulling populations were expanded and har-
vested for DNA preparation. Southern blolL analysis was
performed to test for gene copy number. Briefly. 10 g of
DNA was restricted with EcoR1, run on a 1% agarose gel
and blotted on to filters. OLB P32-labelled probes (0-8 kb
Sucl-Bglil hGH Tragment and 1:2 kb Kpnl-Xhol Thyl
[ragment) were used for filter hybridization. Phosphorima-
ging was uscd to determine the specific hybridizing signal
for the transfected Ly-6A deletion constructs when normal-
ized to the signal obtained for the single copy Thyl gene
control. Copy numbers of the populations varied from 1-3 to
32-5 copies per cell.

Humm growth formione (hGH) assay. After selsction of
each stably transfected population, 3 x 10% cells were
pelleted in stertle falcon tubes, media removed and cells
resuspended into 3 ml of fresh medium, Cebls {500 pl) were
added to cach of six wells in a 24-well culture plate for
examination of the basal and y-TFN-induced production of
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Fig 1. Restriction maps of Ly-6A phage clones, subclones and expression casselte, (A) Twe overlapping phage clones XM1 and XM2 were
isolated from a mouse strain 129 geromic library. The four exons of the Ly-64 gene are indicated by grey boxes. Restriction shes are indicated.
(B) The restrictton maps for the 14 kb Ly-6A14 expression casselie and the four subclones XM1-1, XM2-2, XM2-3 and XM2+4 are shown,
along with the sirategy for the generation of the expression cassette. The position of the PCR generated unique Clal cloning site is indicated,
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Fig 2. Nucleolide sequences verifying that phage clones XM1 and
XM2 represent the [y-64 genomic locus. {A) Nucleotide sequence
within the excr: 4 region of phage clone XM2 and comparison with
the Iy-6F allele and other members of iy-6 gene lamily. The
sequence of phage clone XM2 is 100% homologous to the Ly-64
genomic sequence [rom GenBank, and there Is a single nucleotide
difference from the Ly-6E allele. (B) Nucleotide sequence 5/ to cron
T from the Spel site at 320 bp 5° to the transcriptional start of Ly-
64. Alignment of phage clone XM1 nucleotide sequence with some
other members of Ly-6 family is shown, The sequence of phage
clone XM1 in this reglon is 100% Bomologous to ke Liy-64
genomic sequence [rom Genbank. The Ly-6F allele diflers by one
nucleotide base,
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hiGH. The final concentzation of vIFN i calture was 100 U/
ml. Cefls were cultared for 48 h with no medium changes.
Supernatants were harvested, diluted (so as to fall in the
linear range of hGH detection} and triplet samples (200 pl
cach) were measured using the hGH enzyme-linked immu-
nasorbent assay (ELISA) kit (Roch, Almere, The Netherlunds)
as per the assay conditions described by the manufacturer.
The level of hGH in each sample was determined by
comparison with a standard curve (manufacturer supgplied
hGH). After corrcction for transfectanl copy number, the
amount of hGH in pg/ml per copy was determined,

DNA sequencing. To confirm the identity of the twe isalated
overlapping phage clones, polymerase chain reaction (PCR)
primers specific for exon 4 (5'-GTCCAGGTGCTGCCTCCATT-3¢
and 5-GGAAGCTCTGTTGTCCCTGC-3') and 5° to the first
exon (5'-GGATGCAAGAGCCTACTGGGG-3 and 3'-CACACC
ACTCCTTACTTCCTCTC-3") of the Ly-6A gene (sequences
obtained from Genbank) were designed and used to amplify
215 bpand 960 bpfragmentsrespectively. Sequence analysis
was performed directly on the PCR products by using Big Dye
Terminater Cycle Sequencing Kit and ABI 377 Automatic
Sequencer (Applied Biosystems, Nicuwerkenke a/d [jssel, The
Netherlands). Fer sequencing of the region containing the
+8-7and +8-9 HSSs, a1 kb Kpn1 fragment from XM2:3 was
subcloned into pBluescript. Comumon primers for the flanking
T7 and T3 promoter sequences were used for amplification,
followed by sequencing. The PNAMAN program was used for
all sequence alignment and identity determination.

RESULTS

Cloning of the T.y-6A allele
A mouse strain 129 genomic DNA library was screened
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Fig 3. Basal and y-IFN-induced expression el hGH by Ly-6A hGH reporter deletion constructs in MEL cell transfects. {A) Schematic maps of
deletion constructs are shown with DNase | hypersensitive sites indicated by arrows. Position of each hypersensitive site from the
transcriptional start site is noted. The hGH reporter gene is indicated by the grey rectangle. Restriction sites used for cloning [ragmenis from the
Ly-64 subclones are indicated; Clzl, X = Kpn, R = EoRl, B = BwnHL (8) Levels of hGH produced by MEL cell transfectants PL2, PL17 and
PLLO {pg of hGH/ml of supernatant/senc copy) as measured using ELISA are indicated by the dack prey bas for basal and Hght grey bars lor
IPN-induced expression. For each construct, at least two independenty transfected populations were assayed twe Lo six times, Average levels of
hGH {pg/mlicopy) and standard deviations are shown. (C) Fold induction In expresston of hGH [roms deletion constructs because of y-IFN.

Averapge values and standard deviations are shown.

with a 760 bp Ly-6E cNA probe (LeClair of al, 1986). From
this screening of over 3-5 % 10® independent phage clones,
10 hybridizing clones were picked and rescreened. After two
rounds of purification, the clenes were characterized by
restriction mapping. As shown in Fig I, the restriction maps
ol twe clones were found to be overlapping within the
putative Ly-6A gene. Clone , XM1, contained 14-5 kb of
genomic sequence, of which 32:2 kb of sequence was
upstream of Ly-64 coding sequences. Clone XM2 was found
to be 17+5 kb long and contained 3 kb of 5* and 11-5 kb of
37 sequence ftanking the putative Ly-64 gene.

Because the Ly-6 family of genes consists of numerous
highly cross-hybridizing members, sequence analysis was
performed to verily that both XM1 and XM2 represented the
Ly-6A gene. The coding sequence in exon 4 that is unigue
for the Ly-6A and Ly-6E genes (Fig 2A) was examined in
phage clone XM2. By comparison with exen 4 sequences of
[ive of the closest related Ly-6 gene family members, the
sequance of the XM2 clone was confirmed o be that of the
Ly-64 locus. Furthermore, this sequence of XM2 swas
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identical to that of the Ly-6E gene except for one nucleotide.
Ta verily that phage clone XM1 represented the Ly-64 gene,
sequencing in the non-coding region 5’ te exon 1 was
performed. The sequence ol XM1 was found to be identical
to the Genbank sequence of Ly-6A. As shown in Tig 2B,
caly one nucleotide dilfered from the Ly-6¥ sequence,
whereas numerous other nucleotide differences were Tound
in four other closely related Ly-6 genc family members.
Thus, the overlapping phage clones XM1 and XM2
represent the Ly-64 genomic locus,

Deletional anadysis end lecalization af the Ly-6A gene regulatory
sequences

Previous delotional analysis studies of Ly-6E gencmic
sequences demonstrated that a region located approxi-
mately 8-9 Kb downsiream from the transcriptional start
site, containing two strong DNase I hypersensitive sites, is
responsible for the high-level transcription of a reporter
gene in haematopolctic cells in vitro after y-IFN induction
{Sinclair ¢! af, 1996). Purthermore, a 14 kb Ly-6E expression
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Fig ¢. The 3/ distal fragment of the Ly-64 gene enhances v-{FN-
induced expression from the T promoter. TK and PL19 constructs
are shown. The TK promoter & Indicated by the black rectangle ang
the IGH reporter gene by the grey rectangle. The average fold
incrcase and standard deviation of iGH expression afler -IFN
induction is shown. Two or more independently lransfected
populations were tesled 1wa to six times.

casselle was previously found to yield high-level transcrip-
tion in haematopeielic cells in transgenic mice (Miles et al,
1997). Hence, we engineered similar deletion constructs
from the averlapping Ly-64 phage clones to examine y-IFN-
induced expression of the AGH reporter gene in vitro in
baematopoictic cells.

The two overlapping clones XM1 and XM2 were
subcloned (XM1-1, XM2-2, XA12-3 and XM2-4), and ligated
to form a 14 kb [ragment as per the strategy in Fig 1B and
described in Materinls and Methods. To expedite insertion ol
exogenous sequences, a unique Clel cloning site was
engineered in the first {uniranslated) exon of Ly-64 using
PCR amplification between the Spel and Vipl sites in exon
1 of subclone XM2-2. As shown in Fig 3A, approximately
1-8kb of 5 flanking sequence containing the Ly-6A
promoter (up to the engineered Clil sile) was ligated to
the #GH reporter gene for each of the constructs PL2, PL17
and PL1{). Approximately 5-4 kb of Iy-64 3’ Manking
sequence was ligated downstream of the #GH gene for
construct PL17, and =7-4kb of Ly-6A4 3' fanking
sequence was used for construet PLIO. The sequences
used for PLI0 included a region previously mapped end
shown to contain twe strong HSS +8-7 and +8-9 in &
similar positicn to these in the Ly-6E locus. MEL cells were
co-ransfected with the deletion constructs and a neomycin-
selectable marker gene. Independently transfected popula-
tions for each construct were selecled in G418 for 14 d. The
transfectant populations were tested for transgene copy
number by Seuthern blot analysis and varied in copy
number from 1-3 to 32-5 {average = 7-6 copies/cel).

Ly-6A 3' distal flanking sequences promote high-level
basal and y-IFN-induced expression in MEL transfectants.
MEL cell translectants were sceded at the seme densily in
suspeasion cultures in [resh medium in the presence or
absence of y-IPN and grown for 48 h. Supernatants were
harvested and hGH levels were measured using ELISA. MEL
populations transfected with the deletion constructs yielded
low basal fevels of AGH (Fig 3B). The PL2 construct, which
contained only the 1-6 kb promoter region of the Ly-64
gene, produced 12 pg/ml/copy. Similarly, the PL17 trans-
fectants produced an average basal expression of 13 pg/ml/
copy. However, the PL10 conslract containing the Ly-64
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Fig 5. Nuckotide sequence comparisons of the 3 distal 1kb
Kpnl-Kpnl Iragments of Ly-64 {top line) and Ly-6F genes (bottom
line). The Ly-6E sequence was taken from Sinclair et al, 1996.
Putative transcriplion facler consensus binding sites are underlined.

promoter and the complete 3 sequence. including the
region with the sirong +8-7 and +8-9 HSS, yielded 10
thmes mere hGH, 116 pg/ml/copy. Taken fogether. the data
suggest that the Ly-64 promoter on its own docs nol
promote abundanl transcription, and that the Ly-6A 3'
distal flanking sequences promote higher levels of basal
transcription frotn this promofer.

Supernatanis from y-IPN-induced eultures were ako
tested by hGH ELISA. As shown in Fig 3B, low level
expression was observed both in PL2 and PL17 translec-
tants, When compared with the basal level of expression,
the fold increase in expression caused by v-IFN induction
was 1-2 and 2-6 respectively (Fig 3C). However, alter
induction with -IFN, the PL10 MEL transfectant popula-
tions vielded over 587 pg/ml/copy of hGH expression,
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representing a 4-6-fold increase from the basal level of hGH
expression. Furthermore, a 41-fold difference was found
between the induced levels of expression from only the
promoter (PL2) and the PE10 construct with the 37
sequences containing the distal HSS, suggesting that the
I4-6A 3' distal sequences contain a potent y-JFN-inducible
iranscriptional cnbancer.

The 3’ distal Ey-6A 1-4-kb sequence enhances expression
from a helerologous promoter and contains putative
transcription [facter binding sites. To further localize the 3’
sequences responsible for the high level of y-IFN induced
expression, an additicnal construct containing only the
1-4 kb 3 Ly-6A sequence with the previously described
sirong +8:'7 and +8-9 DNasel hypersensitive sites was
made, This sequence was cloned upstrcam to the TK
promoter and the WGH reporter gene to yield PL19 (Fig 4).
While MEL populations transfected with a control construct
containing just the TK promoter gave & nepligible 1-2-fold
increase in hGH expression, Pi,19 transfectants produced
high levels of hGH, representing an 12-§-fold increase.
Thus, the Ly-64 3’ distal sequences confer high levels of v-
IEN-induced cxpression on a heterologous promoter.

Previously, a 1 kb Kpn fragment of the Ly-6F flanking
region containing two strong HS$ was sequenced and
shown to contain consensus binding sites for Myb, AP1 and
Ets-1/PEA3 transeription factors and also an IPN stimulable
respensive sequence {ISRE}. We therefore examined the
analogous region of the Ly-64 lacus by DNA sequencing. As
shown in Fig 5. the Ly-6A distal 3’ sequence showed a
strong 98% identity to the Ly-6E sequence. There was
camplete identity in the putative ISRE, Myb and AP1
transcription factor binding sites. However, a single nucleo-
tide differcoce was found in the putative binding site for the
Ets-1/PEA3 factor. These data showing conservation of
putative transcription faclor binding sites, together with the
deletion construct data showing enhanced reporter gene
cxpression, suggest that these sequences play a role in high-
level y-IFN-indeced hacmatopoietic cell expression.

DISCUSSION

The cloning of a Li-6A locus has enabled us to begin
investigaticns into the transcriplion regufatory elements
that play a role in the expression of the cell surface Sca-1
glycoprotein marker on haematopoictic cells. Previously,
scveral studies have demonstrated complex expression
paiterns of the Iy-6A and Ly-6E proteins on hacmatopoietic
cells (Kimura et al, 1984; van de Rijn el al. 1989; Spangrude
& Brooks, 1993). Tt was shown that Ly-6A strains of mice
express Sca-1 on all hacmatopoietic stem ceils ratber than
just 25% of Ly-6B strains (Spangrude & Brooks, 1993).
These Bndings prompted us to clone the Ly-64 locas, make
an 14 kb expression cassette with 35 kb of 5' and 7 kb of
downstream Ly-64 Banking scquence, and examine what
sequences are necessary for high-level v-JFN induced
expression in haematopoietic cells, Because our previous
strategy for the Ly-6F cassette has yielded high-lavel y-IFN-
induced expression in vitro (Sinclair et al, 1996} and correct
developmental and cell lineage specific expression in
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transgenic mice (Miles et al, 1997), we reasoned that
examination of the Ly-6A flanking regions may viel
information concerning the differences in allele specific
expression. This information would allow fer faithful and
specific expression of exogenous genes from the Ly-64
transcriptional control elements in haematopoletic stem
cells for biological studics. Purthermore. compared with
other haematopoictic stem cell-specific genelic markers
such as ¢-kit (Gokke! et al, 1992) or Runx-1 {Levanon et o,
2001), which span over 100 kb of sequence and ceatain
many exons and introns, the relatively small size of the 7y-
64 locus makes it an excellent candidate For such
canstruction of an expressien cassette.

Similar to previous results with the Ly-6F cassele, we
have demonstrated that in these studies the Ly-64
regulatory elements thal yield high-leve! expression after
~¥-FFN induction are located within a relatively small piece of
DNA. The results of 1,y-6A deletional analyses indicate that
the 3/ distal fragment analogous to that in the Ly-6E locus
is responsible for high-level 4-TFN-induced expression in
MEL cclls. [nterestingly, both allelss show twe slrong
hypersensitive sites in this region at +8:7 and +8-9 from
the transcriptional starl. However, after v-IFN induction, the
Ly-6A zllcle exhibits more intense HSSs and a doublet HSS
at +8-7 compared with the Li-§E allele. Thus, we examined
whether these differences would be reflected in sequence
changes in the 3’ distal regions. Sequencing analysis shows
that, at least in the region containing the +8-7 and +8-9
HSS. the two alleles are very similar. Of the several
consensas transcription facter binding sites focated in this
region, only one nucleotide difference was found in the
putative Els-1/PEA3 binding site in the y-6A4 compared
with the Ly-6E allele. Because identity between these 37
distal regions is 98%. further studies musl be performed 10
determire the effects of these specilic sequence changes on
expression and transcription factor binding. Clearly, these
issues are difficull to determine in in vitro analyses alone
because allele-specific as well as developmentat stage and
cell-lincage-specific differences must be takea into account
(Sinclair et al, 1996). Previously, cell lineage-specific
differences 1n the appearance of +5-6 and +6-7 HSS have
been found between MEL (Ly-64) and YAC-1 (Ly-6E) cells.
Allele-specific differences have also been found in the 5! HSS
that appear after ¥vJFN induction. In the Ly-6A allele both
the —1-2 and —0-1 are of the same intensity, However, in
the Ly-6F allclc a low intensity —1:2 HSS signal but a high
intensity —0-1 HSS signal i5 observed (Sinclair & Dzierzak,
1993; Sicclair ef al, 1996). Hence, it is likely that the
sequences upstream of the Ly-64A and Ly-6E genes are also
responsible for the aliele-specific prolein expression patteras
and levels. In comparing 1607 bp upstream of the
transcriptional start, 95-8% identity was found. Sequence
changes do nct occur in the GAS (interferon-sensitive) sile,
but other differences must be examined te determine the
passible affects on expression and transcription factor
binding.

Comparing hGH reporter levels in these studies with those
previously published concerning the LydE allele, we
ochserved a difference in both basal and y-IFN-induced
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expression. The basal levels of expression from the Ly-64
allele were approximately threefold higher and the y-IFN-
induced levels were about twolold higher. The sigaificance of
these differences would have to be confirmed by direct
comparisons in the same experiments with Ly-GE translec-
tants. However, more direct relevant comparisons will be
carried out in transgenic mice in whom the transeriptional
activities of the two alleles can be examined in functional
hacmatopoietic stem cells,

In summary, with the isolation of the Ly-6A gene and
anking regubatory regions, we have shown that 3' distal
flanking sequences are responsible for high-level y-inter-
feron-induced expression in vitre. Furthermore, we have
shown that the 3' distal Ly-6A fragment containing HSS
87 and 89 can be used to direct high-level y-TFN-induced
expression [rom a heterologeus promoter. We are presently
testing the Ly-6A14 cassette in transgenic mice in the hope
that it will give high-level hacmatopoietic stem cell specific
expression in vivo,

ACKNOWLEDGMENTS

The authors thaok all the members of the laboratory for
assistance and advice. This work was funded by the
Netherlands Scientific Research Organization (NWO) 901-
08-090, National Institutes of Health ROI DK51077, and
the Leukemia Society of America 1034-94,

REFERENCES

Bamezai, A- & Rock, K.L. {1995) Overexpressed Ly-6A.2 mediates
cell-cell adhesion by binding 2 ligand expressed en lymphoid cells.
Proceedings of the Nationa! Academy of Sciences of the United States
of America, 92, 42944298,

Gokkel, E., Grossman, 7., Ramot, B., Yarden, Y., Rechavi, G. & Givol,
D, (1992) Structural organization of the murine c-kil proto-
oncogene, Oncogene, 7, 1423-1429.

Kamtiura, 8., Nofan, C.M. & Meruelo, D (1992) Long-range physical
map of the Ly-6 complex: mapping the Ly-6 multigene family by
freld-inversion and two-dimensional gel electraphoresis. Genomics,
12, 89~105.

Khan, K.D., Lindwall, G.. Maher, $.£ & Bothwell, AJ. (1990)
Charatlerization of promoter clements of an interferon-inducible
Ly-6E/A dillerentiation antigen, which is expressed on activated
T cells and hematopeietic stem cells. Mojeadar Cell Biology, 10,
5150-5134.

Kban, K.D., Shuai, K., Lindwall. G., Maher, SE. Darncll iE &
Bothwell, AL (1993) Induction of the Ly-bA/E geac by
Interferon alphasbeta and gamma requires a DNA element 1o
which a Lyrosine-phosphorylated 91-kDa protein binds. Procecd-
ings of the Natlonal Acedemy of Sclences of the United States of
America, 90. 6806-6810.

Kimura, 8., Tada, N,, Liv-Lam, Y. & Hammerling, U. (1984) Studies
of the mouse Ly-6 zlloantigen system. II Complexities of the Ly-6
region. Intmunegenetics, 20, 47-36.

LeClair, X.B, Palfree, R.G., Flood, PM., Hammerling, 17 & Bothwell.
A. {I1986) Isolation of a murine Ly-6 cDNA reveals a new
muitigene family. EMBO Journal, 5, 3227-3234.

Levanen, D., Glusman, G., Bangsow, T., Ben-Asher, E., Male, DA,

42

Avidan, N., Bangsow. C., Hattori, M., Taylor, TD., Taudien, 5.,
Blechscheidl, K., Shimbn, M., Roserthal, A., Sakaki, Y., Lancet,
D.. Grooer, Y. (2001}, Archilectare and analomy of the gencmic
locus eocoding the human levkemia-assoclated feanscriplion
factor, RUNXL/AML 1. Gene, 262, 23-33.

McGrew, [.T. & Rock, KL (1991) Tsglation, expression, and sequence
of the TAP/Ly-6A.2 chromasomal gene, Journal af Tmmmmelogy
146, 3633-3638,

Miles, C., Sanchez. M-J. Sinclair, A. & Pderzak, B (1997)
Expression of the Ly-6E.l (Sca-1} transgene in adult hemato-
poietic stem cells and the developing mouse embryo. Development,
124, 537-547.

Qkada, 8., Nakauchi, H., Nagayoshi, K., Nishikawa, 5., Miura, Y. &
Suda, T. {1992) In vivo and I vitro stem cell function of c-kit-
and Sca-1-positive murine hematopoietic cells. Blood, 80, 3044—
3050,

Pallree, R.G. & Hammerling, U. (1986) Biochemica} characteriza-
tion of the murine activated lymphoeyle alloantigen Ly-6E.1
controlled by the Ly-6 locus. Journal of Innumology 136, 594-
600.

Pallrec. R.G., LeClair, KB, Bothwell, A. & Hammerling, U. (1987)
¢DNA characlerization of an Ey-6.2 gene expressed in BW5147
tumor cells. Immnogenctics, 26, 389-391.

Relser, H., Celigan, 1. Palmer, E., Benacerraf, B. & Rock, K.L. (1988)
Cloning and expression of a ¢DNA for the T-cell-activating protein
TAP. Proceedings of the Nationa! Academy of Sclences of the United
States of America, 85, 21255-2259.

Rock. KJ.. Yeh, ET. Gramm, CFE, Haber §1. Reiser, H. &
Benacerraf. B. (1986) TAP. a novel T cell-activating protein
involved in the stimulation of MHC-restricted T lymphocytes.
Journal of Experimental Medicine, 163, 315-333,

Selden, BLE, Howie, K.B., Rowe, M.E.. Goodman, H.M. & Moore, D.D.
{1986) Human growth hormone as a reporter gene in regulation
studies employing transient gene expressiom. Molecidar Cell
Blolagy 6. 3173-3179.

Sinclair, A., Daly, B. & Dzierzak, E. {19%6) The Ly-6E.1 {Sca-1) gene
requires a 3* chromatin-dependent region for high-level gamma-
interferon-induced hematopoietic cell cxpression. Blood, 87,
27502761,

Sinclair, AM. & Drierzak. B.A. (1993} Cloning of the complete Ly-
6E.1 gene and identification of DNase I hypersensitive sites
corresponding to expression in hematopoietic cells. Blood 82.
3052-3062.

Spangrude. G.J. & Brooks, D.M. (1993} Mouse strain variability in
the expression of the hematopoietic stem cell antigen Ly-6A/E by
bone marrow cefls. Blood, 82, 3327-3332.

Spangrude, GJ., Heimleld, S. & Weissman, 1L {1988) Purificaticn
and characterization of mouse hematopelelic slem cells. Selence,
241, 58-62.

Stenford. WL.. Bruyns, B & Snodgrass, HLR. (1992) The isolation
and sequence of the chromosomal gene and regulatory reglons of
Ly-6A.2. Immunogenetics, 35, 408-411,

Stanford, Wl., Haque, S.. Alexander, R., Liu, X., Latour, A.M.,
Snodgrass, H.R., Koller, B.H. & Flood, PM. {1997) Altered
proliferative response by T lymphocytes of Ly-6A (Sca-1) nuil
mice. Journal of Experimental Medicine, 186, 705-717.

van de Rijn. M., Helmfeld, S. Spangrude, GJ. & Weissman, LL.
(1989) Mouse hemalopoietic stem-cell antigen Sea-1 is a member
of the Ly-6 antigen family. Proceedings of the Natforad Academy of
Sriences of the United States of Americe, 86, 4634-4638.



Chapter 3

Expression of the Ly-64 (Sca-1) lacZ transgene in mouse hematopoietic
stem cells and embryos

Xiaogian Ma, Marella de Bruijn, Catherine Robin, Marian Peeters, John
Kong-A-San, Ton de Wit, Cone Snoijs and Elaine Dzierzak.

British Journal of Haematology 2002; 116: 401-408






Expression of Ly-64 (Sca-1) lacZ transgene

Expression of the Ly-6A (Sca-1) lacZ transgene in mouse
haematopoietic stem cells and embryos

Xiaogian Ma, Magren.a e Bruin, Catuerine Rorin, Marian PeeTers, Joun Kong-A-8ax, Ton pe Wir,
Corne Snoys axp Euaine Dzierzak Department of Cell Biology and Genetics, Erasmius University, Rotterdam,

The Netherlands

Recelved 22 Jinie 2001; accepled for publication 16 August 2001

Summary. The Sca-1 surface glycoprotein is used routinely
as a marker for haematopoietic stem cell enrichment. Two
allelic genes, Ly-6A and Ly-6E. encode this marker and
appear to be differentially regulated in haematopoietic cells
and haematopoietic stem cells. The Sea-1 protein has been
shown to be expressed at a greater frequency in these cells
frem Ly-6A strains al mice. To study the specific expresston
paltern and haematopoietic regulation of the Ly-6A gene,
we constructed a 14 kb casselte from a genomic Ly-64
fragment, inserted a IncZ reporter gene and created
transgenic mice, We found that the Ly-6A IncZ transgene
was expressed in the hasmatopoistic lissues and predomi-
nantly in the T-lymphoid [ineage. Seme expression was

also found in the B-lymphoid and myeloid lineages. We
demonstrated functional haematopoictic stem cell enrich-
ment by sorting for [-galactosidase-expressing cells from
the bone marrow. In addition, we found an interesting
embryonic expression pattern in the AGM region, the site
of the first haematopoictic stem cell generation. Surpris-
ingly, when compared with data lrom Ly-65 Inc? trans-
genic mice, our results suggest that the [y-64 cassctte
does not improve lacZ marker gene expression in hae-
matopoietic cells.

Keywords: Ly-6A/E, Sca-1, haematopoietic stem cells.
transgene, embryo,

Enrichment and characterization of the stem cells at the
foundation of the haematopoictic hierarchy has relied on
the Sca-1 phesphatidylinositol-linked cell surface glycopro-
tein marker (Spangrude gt l, 1988). Through fluorescence-
activated cell sorting using a moneclonal antibody specific
for Sca-1. haematopoietic stem cells (HSC) can be enriched
approximately 100-fold [rom adult bone marrow acd
together with antibodies specific for other cell surface
markers (i.c. Thy-1'°, c-kit or depletion for cells with mature
lineage markers), a grealer than 1000-fold enrichrment can
be obtained (Spangrude et al, 1988; Okada et al, 1992).
The Sca-1 profein is encoded by the strain-specific allelic
genes, Ly-6E and Lip-6A {van de Rijn et l, 1989; Khan et af,
1990; Stanford ef al, 1992 Sinclair & Prierzak, 1993),
which are members of the multigenic Ly-6 family (LeClair
el al, 1986: Kamiura et al, 1992). The [amily consists of at
least 18 highly homelogous cross-hybridizing genes with
diverse and overlapping patterns of expression {Kitmnura
et al, 1984). Owing o the homologies of the Ly-6 family of
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genes and proteins, and the saspected overlapping roles in
cell adhesion played by members of this family, functional
studies have been dificult {Bamezai & Rock, 1995; Stanford
et al, 1997). Sca-1 protein expression is complex within
Ly-64 and Ly-6E strains of mice (Kimura et al, 1984; van de
Rijin et al, 1989; Spangrude & Brooks, 1993). The Ly-64
and Ly-6E genes differ only by three nucleotides in the
coding sequence, resulting in two amino acid changes
(LeClair et al, 1986; Reiser ¢f af, 1988). Both gene products
express the Sca-1 epitope recognized by the antibody E13~
161-7 (LeClair et al, 1986; Palfrce & Hammerling, 1986;
Rock ef nl, 1986; Pallree ef al, 1987: Reiser ef nl, 1988).
Both genes are inferferon inducible, but the Ly-64 allcle
appears to be more widely and highly expressed (Kimura
et al, 1984; Rock et al, 1986; Spangrude & Brocks, 1993).
Strains of mice with the Ly-64 gene express Sca-1 on 10~
20% of adult thymocytes and 50-70% of peripheral
T Iymphocytes, while strains with the Liy-68 gene express
Sca-1 on 5-10% of adult thymocytes and 10-15% ol
peripheral T lymphocytes. Similarly, Ly-64 strains ol mice
express Sca-1 on virtually all (99%) marrow repopulating
cells, while Ly-6E strains express Sca-1 on only 25% of
these cells (Spangrude & Brooks, 1993). Nonetheless, Sca-1
remaing an important marker of HSCs and its gene
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regulatory elements are of current research interest to direct
expression to HSCs for potential therapeutic applications.

Previously, the Ly-6F transcriptional elements have been
examined, Upstream cis-acting elements involved in regu-
lating in vitro expression of Ly-6F have been identified
(Khan et al, 1990, 1993) and sequence comparisons
suggest that similar 5° control elements are present in the
Liy-64 promoter {McGrew & Rock, 1991). DNasel hyper-
sensitive site (HSS) mapping of both the Ly-6E and Ly-64
alleles show almost identical patterns (Sinclair & Dzierzak,
1993). Deletion studies using the Ly-6F and Ly-6A genes
reveal that the region containing the two most distal
3 H8S are responsible for high level, ¥ interferop-induced
expression in vitre (Sinclair et al. 1996; Ma et al. 2001).
Furthermore, this 3" region is necessary in the context of a
14 kb Ly-6E expression casselte for high-level tissue-
specific expression of a JacZ marker gene in transgenic
mice (Miles et af, 1997). However, in such transgenic mice,
it wag founud that some but rot all HSCs can be sorled based
on lacZ expression, suggesting that the Ly-6E expression
cassette is not optimal for HSC expression in vivo. As subtle
differences exist in HSS between the 1y-6E and Ly-6A
alleles {Sinclair et af, 1996) and the Ly-64 gene product
has been shown to be expressed in 100% of marrow
repopulating cells, it was therefore of great interest to
examine the Ly-64 sequences as a source for HSC-specific
regulatory elements.

Thus, we cloned a IncZ reporter gene into a 14 kb Ly-64
gene cassette and generated transgenic mice. Here we
present data [rom studies examining the differences in
expression patterns and levels of Ly-6A lacZ transgene
cxpression with that from a previously described Ly-6E facZ
transgene. In general, we found that the Ly-6A IncZ
transgene is predominantly expressed in the cells of the
T-lymphoid lincage. Morcover, we have shown that the
Ly-64 lac transgene facilitates a > 100-fold enrichment of
bone marrow HSCs. Surprisingly, while the Ly-64 fncZ
transgene expression pattern in embryos was slightly more
widespread than that of the Ly-6E IncZ {ransgene. Lhe
expected allele-spectfic diferences in haematopeietic cell
expression were not observed.

MATERIALS AND METHODS

Constructs and transgenic mice. The 14 kb Ly-6A cassette
{Ly-6A14) was constructed as described previously (Ma
et al, 2001). The IncZ gene in pb10ZA (gilt of D. Meijer) was
modificd, converting a 3 Smal site to a Narl site using
oligonucleotide adaptors. The 3-6 kb IncZ Narl fragment
was cloned into Ly-6A14 to generate pLAZ,

Fertilized (C57BL/10 x CBAYF1 oocytes were microin-
jected with a 17-6-kb NotI fragment containing the Ly-64
lecZ gene [rom pLAZ (Fig 1A), This cagment was gel
purified for removal of all vector sequences. Positive founder
apimals were bred with (C57BL/10 x CBA)F1 mice and
lines were maintained as heterozygotes. The C57BL/10
strain contains an endogenous Ly-6A4 allele and the
CBA strain  contains an  endogenous Ly-6E  allele.
{C57BL/10 x CBA)FI mice co-dominantly express both
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AZ1 AZ2 BL1b

COpY controls

Fig 1. Generation and characierization of transgenic mouse lines,
{A) Restriction map of the Ly-64 lecZ transgene in pLAZ. The acZ
marker gene (white rectangle) with $¥40 poly A sequence (black
rectangle) was clored inte the Clal site of the 14 kb Ly-64 cassette
and this fragment was used to generate the A%1 and AZ2 trans-
genic mouse lines, B = BamH1, Bg = Bglll, K = Kpi, R = EcoR1,
H = Hind[ILl. X = Xba. {B) Southern ot of transgenic mouse DNA.
Hybridization witl: the Thyl probe {DNA normalization conirol}
and facZ prebe (transgene) was performed and the signal detected
by phasphorimaging was compared with plasmid copy contrals for
the determination of transgene copy number {indicated below each
lane) in AZZ and AZ2 transgenic lines. (C) Northern blot of total
RNA from tissues of Ly-64A fecZ transgenic lines. Hybridization was
pecformed wilh a JacZ probe for transgene expression and Ly-6A7
E-specific probe for endogenous gene expression. Tissues of a BL1b
and a non-transgenic control are also shown. K = kidney, L =
lympk node, T = thymus, § = spleen, B = bone marrow.

alicles. Southern blot analysis of tail DNA was used to

*identify founder transgenic mice.

DNA aud RNA analysis. Genomic DNA {5-10 pg) for
Southern blot analysis {Miles et al, 1997) was digested
using BamH1 and electropheresed through 1% agarose/
Tris, acetate, EDTA gels prior to transfer to Hybond-N
membranes. Transgene copy number controls were gener-
ated by addition of appropriate amounts of pLAZ to non-
transgenic genomic DNA. Filters were probed with lacZ and
Tiy-1 gene frapments. Normalization for DNA content of
cach [ane was performed after phosphorimage analysis of
Tiiy-1 signal. Copy number was determined subsequently by
comparing the IneZ signal obtained lrom the transgenic mice
with that of the plasmid controls on the linear portion of the
standard curve.
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Total cellular RNA for Northern blo: analysis was
prepared using the lithium chloride/urea method and
5-15 pg was fractionated on 1% agarose/formaldehyde
gels (Praser ef af, 1990) prior to transfer to Hybond-N
membranes. Filters were probed with lec¥ and Ly-6E cDNA
fragments.

Prabes used jor hybidization to Southern or Northern
filters were labellad using the random cligonuclestide
priming procedure incorporating [**P]-ATP. The fragments
used were as follows: 11 kb BunH1-EcoRV lacZ contain-
ing [ragment from p610Z4; 1:2 kb Xba3~Nrul Thy-I gene
fragment from pD7 (Spanopoulou e af, 1988); 761 bp
EcoR1 Ly-6EF cDNA fragment from pLy61-2R (LeCiair
et al, 1986). After hybridization, filters were washed to a
stringency of 0-2 x saline sodium citrate (SSC)/0-1% sodi-
um dodecyl sulphate (SDS) and exposed to a phosphorim-
ager screen for quantification using IMaceguANT software,

Genomic DNA {200 ng) from the peripheral blood of
transplant recipients was analysed using polymerase chain
reaction (PCR) with oligonucleotide primers for myogenin-
specific sequences: {myol) 5-TTACGTCCATCGTGGACA-
GC-3" and (myo2) 5-TGGGCTGGGTGTTAGTCTTA-3'; and
for lacZ-specific sequences: (lacZ1) 5-GCGACTTCCAGTTCA-
ACATC-3" and (lacZ2) 5-GATGAGTTTGGACAAACCAC-3'.

A was subjected to an initial 5 min denaturation at
94°C foflowed by 30 cycles of denaturation {5 s at 94°C),
annealing (30 s at 60°C), elongation (30 s at 72°C), Serial
dilutions of blood DNA [rom a trassgenic animal were used
as a control to evaluate the levels of donor cell reconstitu-
tion in transplanted mice.

B-galactosidese and antibody staining. For analysis of B-ga-
lactosidase expression in Lransgenic bone marrow, thymus,
spleen and lymph node, 10° cells were suspended in 100 pl
of prewarmed phesphate-buffered saline (PBS) with 5% fetal
call serum (FC8) prior to loading with 100 ul of 2 mmoel/]
fluorescein di-(p-p-galactopyranoside) (FDG) in H,0. Cells
were incubated at 37°C for 60 s. The uptake was stopped by
the addition of 2 ml of ice-cold PBS with 5% FCS and the
reaction was allowed to proceed for 1-3 h on ice in the
dark. Propidiom icdide (PT, 1 pg/ml) or 7-amino-actinomy-
cin D (7AAD, 2-5 pg/ml; Pharmingen, Alphen a/d Rijn, The
MNetherlands) was used to exclude dead cells. A FACScan and
FACSVanrase SE {Becten-Dickinson, Alphen a/d Rijn, The
Netherlands) were used for analysis and sorting,

Sca-1, CD4, CD8, B220) and Mac-1 antibodies were direct
phycoerythrin (PE) conjugates (Pharmingen). Briefly, after
1-2 h of FDG staining, 10° cells were stained with antibody,
incubated on ice for 30 min and washed three times in cold
PBS with 5% FCS.

Whole embryos were isclated into ice-cold PBS, fixed in
1 ml of X-gal fix (1% formaldehyde, 0-2% gluteraldehyde)
at 4°C for 1 h and stained overnight at room temperature
in 1 mg/ml X-gal (Sigma, Zwijndrecht, The Netherlands).
Alter staining, embryos were dehydrated throngh increas-
tng concentrations of ethanel in ice-cold PBS and mounted
in paraflin wax. Sections (6~10 pm) were cut onta APES
(3-aminopropyitriethoxysilane, Sigma, Zwijndrecht, The
Netherlands)-coated microscope slides and dried overnight
at room temperature. Slides were dewaxed in Histoclear and
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rehydrated through decreasing concentrations of ethanol
before standard counterstaining with haematoxylin-cosin
and mounting,

Bone marrew transplantatien. Donor iransgesic bone
marrow cells for transplantations were FDG, Sca-1 and
Hoechst 33258 stained ex vivo in PBS with 5% FCS. FACS-
sorted cells were counted, diluted and suspended in a final
volume of 500 pl of PBS for intravenous injection into the
tail vein of male (CS78L/10 x CBAIF1 mice. On the day of
transfer. the recipients were exposed to a split dose (3 k
interval) of 900 rad irradiation from a **Cs seurce. Adult
(CS7BLI10 % CBA)FL spleen cells (2 x 10°) were co-injected
with the donor cells to promote short-term survival. All
recipients were housed in filter-top isolators and received
16 g/l neomycin in drinking water for at least 1 month.
Peripheral bloed was taken at 1 and 4 months post
transplantation for analysis.

RESULTS

The Ly-6A lacZ transgene is expressed in adidt mice

The Ly-6A gene was previously cloned and analysed for
it vitre expression in haematopoietic cells. A genomic
expression cassette containing a distal 37 fragment with
strong DNasel hypersensitive sites (Sinclair & Dzierzak,
1993) was found to yield high level, v interferon-induced
expression (Ma el of, 2001}, To determine if this cassclte
could be used to express cxogenous genes in hacmatopoietic
stem cells in vivo, we inserted a lncZ marker geee into an
engineered Clel site in the first untranslated exen of the
Ly-6A gene (Fig TA; Ma et al, 2001). Two transgenic mouse
Tines were produced with the Ly-64 IncZ construct; AZ1 and
AZ2, Southern blolling of DNA from these established
mouse Jines was compared with DNA from a previcusly
gencrated Ly-6F lncZ transgenic line (BL1b) which, in the
homozygous state, contains eight copies of this allelic
transgene. Figure 1B shows that AZ]1 contains eight copies
and AZ2 contains > 20 copies of the Ly-64 incZ transgene in
the hemizygous state. Northern blot analysis was perlormed
on RNA derived from various haematopoietic and non-
haematepoietic tissues of these iransgenic lines (Fig 1C).
High level Lyj-64 lncZ transgene expression was found in the
kidney of both the AZ1 and AZ2 transgenic lines and was
similar to that observed in the BL1b fransgenic line. Other
tissues, such as the bone marrow, spleen and thymus, show
little or undetectable expression. No expression was found in
a non-transgenic littermate contrel. [n genceral, the tisswe-
specific expression pattern followed closely the transcription
of the endogencus Ly-6A/E gene. Interestingly, the higher
copy AZ2 line showed equivalent levels of expression o the
AZ1 and BL1b lines wsing this analysis. Thus, the specific
expression pattern of the Ly-6A JacZ transgene was similar
in both AZ1 and AZ2 adult tissucs and was consistent with
the general pattern in several [ines of Ly-6E IlncZ transgenic
mice {Miles et al, 1997) including BL1b.

Li-6A IacZ transgene Is expressed It hagmalopoietic cells
Although Northern blot analysis showed little expression
in haematopoietic tissues, a more seasitive method,
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PFDG-PACS, was performed on cells rom thymus, spleen,
Iymph node and bone marrow of transgenic mice to detect
[-galactosidase expression. To determine i allelic-specific
differences in transgene expression could be obscrved, the
two Ly-6A lac¥ transgenic lines were analysed and com-
pared with the Ly-6F lecZ BL1b transgenic line. As shown in
the representative PACS histegrams in Fig 2, no FDG-
positive cells were found in the tissues of a non-transgenic
control mouse, while bath AZ] and AZ} mouse lines
expressed the Ty-6A lacZ transgene in all four haenatopoi-
ctic tissues. When the FACS-FDG profifes of the Ly-6A IncZ
tissues were then compared with those of the Ly-6E IncZ
transgenic line BLEb, similar percentages of FDG-positive
cells were observed in all four tisswes.

To determine in which adult hacmatepoietic lineages the
Ly-6A IncZ iransgene expresses, we performed FDG-FACS
analysis  together with antibodies specific Jfor
T-lymphoid, B-lymphoid and niyeloid cells. Table [ shows
the percentages of C4-, C8-, B220- and Mac-1-positive
cells in the FDG* fraction of bone marrow, spleen, thymus
and lymph node cells. As expected. predominant transgene
cxpression was found in the T-lymphoid lineage, with some
expression in the B-lymphoid and myeloid Eineages. In
addition, the pereentages of FDG* cells of the different
lincages found in the bone marrow, spleen and thymus of
Iy-6E IncZ and Ly-6A lac¥ transgenic adulls were similar.

Slight differences were found in the bone marrow CD4 and
Mac-1 subsets, probably the result of low sample numbers.
Taken tlogether, these results strongly suggest that the
lineage distribution of IncZ marker expression is not different
for the [y-6E and Ly-64 allelic transgene cassettes,

The Ly-6A lac? transgene marks functiona] hnemntopoietic
stent cells in adult bore marrow

As the Ly-6A (Sca-1) prolein is used extensively for the
entichment of HSCs from the bone marrow of adult mice
and the Ly-64 lacZ transgene is expressed in 5-6% of adult
bone marrow cells, we determined, using limiting dilution
transplantation analysis, whether HSC activity was
enriched in the FDG* papulation. To begin these studics,
we [irst examined what percentage of bone marrow cells
were positive for transgene and endogencus Sca-1 expres-
sion. The FACS plots in Fig 3A show the distribution and
percentages of negative, double-positive and single-positive
cells found in representative Ly-6A lacZ AZ1 and AZ2
transgenic bone marrow. The percentage of cells within
each of the four quadrants was similar between AZ1 and
A72 as well as BL1b (not shown). While some cells
expressed both markers, not alt FDG™ cells were $ca-1*
and vice versa. Thus, regulation of ransgene expression
overlapped but did not completely recapitabate endogenous
Ly-6A/E gene regulation,
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Fig 2. Representative luorescein di-(p-u-galactopyranoside) Nuorescence-activated cell sorting (FDG-FACS) analysks of IncZ transgene ex-
pression in hagratopoietic tissues, Bone marrow, spleen, thymaus and lymph node cells from contrel non-transgenic, BL1b, AZ1 and AZ2 age-
matched maie transgenic mice were stained with the FOG substrate and analysed using fow cylometry. Eistograms show levels of lluarescence
intensity on a logarithmic scale (abseissa) and number of cells (ordinate). Percentages of FDG-positive cells are indicated.
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Table 1. Subsels of hacmato/lymphoid cells found in the FDG* factions of Ly-68 kicZ and Ly-6A lacZ trapsgenic

mice.
Mean percentage of subset in total FDG* population (SD)
Tissue Transgene CD4 D8 B220 Mae-1
Bone marrow Ly-68 lac? 28-2* 142 208 331
Ly-6A lac 465 194 228 12:5¢
Spleen Ly-6E lacZ 42:9 290 165 58
Ly-6A lacZ 49:2 {17-4) 387 (139 12:5 (57} &7 {3-7)
Thymus Ly-6E lacZ 687 378 KD ND
Ly-6A lacZ 6449 {13-3) 38-8 (181} ND ND
Lymph nede Ly-6E lacZ 55" 353 35" ND
Ly-6A lacZ 583 (155) 39-2 {12:9) 36 (34) ND

*Only one experiment performed.

Cell suspensions were stained with the FIX substrate and specilic antibodies against the indlcated czll lineage
markers. At least 2 x ¥0* cells were examined, For the Ly-6E IncZ results. BL1b and BL9 transgenic adult mice
were examined (see Miles ef al, 1997). For the Ly-64 JiZ results, AZ] and AZ2 transgenic adult mice were used.
Numbers In: brackets (SD) are the standard devialion {three experiments performed). ND = not done.

To test for the presence of HSCs in each of the
phenotypically described populations, AZ1 and AZ2 bone
marraw cells were sorted based on FDG and Sca-1 staining
and injected in varying doses into irradiated adalt recipi-
ents. At 4 months post transplantation, the recipient mice
were tested for donor cell haematepoictic engrafiment. As
shown in Fig 3B, the combined results of two independent
experiments show the highest enrichment of HSCs in the
sorted Sca-1"FDG™ and Sca*FDG celis (as few as 100 sorted
cells yield repopulation), Seme corichment was also
observed in the sorted Sca-1FDG* eells (2 % 10* cells yield
repopulation}. In contrast, the Sca-1"FDG™ population of
bone marrow was greatly decrcased in HSC activity,
requiring greater than 1-5 x 10° cells for repopulation.
Unsorted control bone marrow was found to be at feast five
times more ellicient than the Sca-1FDG™ sorted bone
marrow. When these transplantation data were compared
with equivalent sorting and transplantation data from
Ly-6E IneZ transgenic mice (Miles et al, 1997; and data
not shown}, no clear quantitative difference was found
between Ly-6A licZ and Ly-68 lacZ transgenics in bone
marrow HSC activity enriched by FIIG sorting,

Embrijonic expression of the Ly-6A lucZ transgene in the
AGM region is similar to that of the Ly-6E IncZ transgene
The expression of the Ly-6A lacZ transgene in the kaemato-
poietic lingages and the HSCs of the adult mouse led us to
examine the specilic expression pattern of this transgene
during development. Localization of -galactosidase expres-
sion by X-gal staining could indicate the first site(s} of HSC
appearance within the embryo. At El1. the expression
pattern of Ly-6A lne¥ was limited to the embrye body, with
no expression in the yolk sac. The most striking X-gal
staining was in the caudal tail region and the limb buds of
AZ] and AZ2 embryos (Fig 4A). The caudal expression
pattern along the dorso-ventral axis in the A%1 and AZ2
lines was slightly more widespread than in BL1b embryos.
However, the antero-posterior [imit of expression in all three
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lines was confined to the posterior area containing the
hindgut, The high-level limb bud expression was specilic to
the AZ1 and AZ2 lines and was not observed in the BL1b
line. Furthermere, [imb bud expression was not ebserved in
other Ly-6F lacZ transgenic lines (Miles of af, 1997). Thus,
in mid-gestational mouse embryos the Ly-GA lncZ transgene
was differentially expressed compared with the Ly-6E IacZ
transgene.

Histelogical sectioning and staining was performed to
determine in which embryonic tissues the Ly-6A lac?
transgene was expressed. In transverse sections from the
truncal region of E11 AZl, A¥2 ard BL1b transgenic
embryos, infense blue staining was observed in the epithe-
lial cells lining the tubules of the pronephros and
mesonephros (Fig 4B). The staining pattern was identical
between all three lines. As the dorsal aorta and the
surrounding mesenchyme have been found to be the only
area with the AGM region containing functional HSCs {de
Bruijn et al. 2000), we carefully examined the transverse
sections for P-galactosidase activity at the site. No X-gal
staining was found in the dorsal aorta or surrounding
mesenchyme in any of the E11 sections examined from
AZL, AZ2 or BL1b transgenic lines. As the counterstaining
may obscure the weak §-palactosidase signal from this area,
we also examined transverse sections stained only with
X-gal. While the pro/mesonephros showed high level
[-galactosidase expressicn, not evea weak X-gal staining
was observed in the dorsal acrta or surrcunding mesenc-
hyme (data not shown). More sensitive PACS analysis
verilied this result, strongly suggesting that AGM HSCs are
negative or beneath the fimits of detection for Ly-6A lncZ
transgene expression.

DISCUSSION

The results of the studies presented here demonstrate that
the Ly-6A IncZ transgene is transcribed consistently in a
lineage-specific manner, This 14 kb cassette produced high
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Fig 3. Repopulation of adult recipients using llow cytometric-sorted
bone marrow cells from Ly-6A lacZ transgenic bone marrow. {A)
Fluorescence-activated cell sorling {FACS} plots and sorting gates of
bone marrow cells from AZ1 and AZ2 transgenic mice used for
limiting dilution iransplantation experimenis. Adult bone marrow
cells were stained with FDG and Sca-1 and sorled into four popu-
lations. Percentages of cells in each of 1he quadrants is indicated. (B)
Limiting dilution repopulation frequency of sorted FDG and Sce-1
stalned bore marrow from Ly-64 lacZ bone marrow, AZIL and AZ2
bene marrow was sorted into deuble-negative, double-positive and
single-positive pepulations and injected into irradiated adult recip-
ients [n liniting numbers. Engraftment by denor cells was tested at
greater than 4 months post transplantation and mice found le be
maore than 10% repopulaied in the peripheral blood (as determined
by lncZ semiquantitative polymerase chain reaction) were consid-
ered positive. The percentage of pasitive recipients is plotted or the
ordinate and the number of sorted cells trensplanted s plotted on
the abscissa, Coded vertical bars represent the various sorted cell
populations injected inte the recipient mice. § = Sca-1,
E =FIX3 and BM = whole unsorted bone marrow.

levels of lacZ transcripts in the kidney as previously obscrved
in Lyj-6E lick, transgenic mice and recapitulated the endog-
enous Ly-6A/E gene transcription expression pattern in
adults. Although we cxamined only two Ly-64 IncZ trans-
genic lines, the levels of transcription of the transgene
appeared to be identical between the AZ1 line, carrying
eight coples of the transgene, and the AZ2 line, which had
20 copies of the transgene. Furthermore, the transcriptional
Tevels were similar to that of the BL1b Ly-65 lacZ transgenic
line which carries cight transgene copics {in homozygous
animals). Thus, in the context of the facZ reporter gene, the
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Fig 4. Ly-64 IwZ expression Io Ell  transgenic embryos.
(A) Whole embryos. E11 non-transgentc, BL1b, AZ] and AZ2
embryos were stained with the X-gal substrate to detect p-galact-
osidase expression. Staining is observed in the limb buds and caudal
regions of Ly-6A lnck embryos. Mo siaining is observed in the yolk
sac of transgenic embryos or the control. (B} AGM transverse sec-
tions. E11 embryos (as above} were sectioned after X-gal slaining
to reveal the f-galactosidase cxpression pallern. Counterslaining
was performed after ransverse sectioning. Expressior is observed in
the profmesonephric tubules (arrow head). The arrow indicates
the ventral wall of the dorsal aerta which appears negative (or
[-galactosidase expression,

Ly-64 cassette docs not appear to direct copy number
dependent expression.

Both lines of Ly-6A lacZ transgenic adull mice express
B-palactosidase similarly in hacmatopoictic cells. As ex-
pected from the previous results of Bow cytomelric analysis
with the Sca-1 antibody, the Ly-6A IacZ transgene is
cxpressed in all hacmatopoietic organs. Similar percentages
of FDG-positive cells were found in the bone marrow,
thymus, spleen and lymph nodes of the Ly-6A lacZ
transgenic mice and corresponded to the percentages found
in Ly-6E lncZ transgenic tissues. The predominant lineage
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expressing the transgene is the CD4 subset of T cells, Also,
cells of the CD8 subset, B and myeloid lineages were positive
for transgene expression. Again, these data on the Ly-64
Iac? transgenic mice correspend well with the percentages
of hacmatopoietic subsets positive for Ly-6F lacZ transgene
CXpression.

Surprisingly, we did not observe the allele-specific difer-
ences noted by previous Sca-1 FACS analysis of the dilferent
allelic mouse strains and the percentages of FDG* hacmat-
opoietic cells were always stightly less than Sca-1" cell
percentages.

Indeed, in the Ly-6A lacZ transgenic mice we found FDG
expression in somne but not all fusctional adult repopulat-
ing HSCs. Flow cytometric sorting of FDG and Sca-1
double-stained bone marrow showed that net all adult
HECs were in the FDG fraction. While almost all H5Cs are
in the Sca-1 fraction, equal numbers of HSCs are found in
the FDG' and FDG™ fractions. We observed ihis same
distribution: in the Ly-6E IncZ transgenic mice. The incom-
plete overlap in FDG and Sca-1 staining in bone marrow
may be owing to the [ollowing: (1) Ly-6A/E molecules are
surface GPl-linked glyceproteins, while f-galactosidase is
cytoplasmic. Thus, the kinctics of protein production as
well as protein bal-life could be vastly different. (2) Not all
the appropriate transcriptional control elements are con-
tained within the 14kb Ly-6A/E casscites or, more likely,
posiion elfect variegation bas occurred. (3) The cell
permeability to FDG is ineflicient. Either the entry of FDG
into the cells is suboptimal or there is a loss through
lcakage, or both. {(4) The IacZ gene is bacterial in origin and
may be constrained ir its expression in mice. For example,
P-gzlactosidase production may reach a physiological
threshold with higher levels being toxic and, thus, levels
appear to be limited in the Ly-64 JacZ transgenic mice. At
this time it is unclear which of these possibilities is
responsible for suboptimal transgene expression. However,
we have made scveral lines of transgenic mice in which
mammalian genes suck as the tal-1 transcription factor
(unpublished observations) and the Bcl2 antiapoptotic
gene (unpublished observations) have been inserted into
these cassettes. Both genes have been found to be expressed
in haematopoietic cells,

Unlike the aduit, differences in Ly-64 JacZ and Ly-6F lacZ
expression were observed in transgenic embryos. The
consistent expression in the limb buds and dorsal-caudal
tail of the Ly-6A IncZ but not Ly-6T lacZ embryos strongly
suggesis thai the proper regulatory elements are present, at
least for these tissues. However, no functional HSCs have
been isolated from either Ly-6A lacZ or Ly-6E lacZ AGMs.
Sectioning and staining of this region (together with
preliminary data with a Ly-64 GFP iransgene) suggests
that B-galactosidase cxpression is not high cnough to yield
an enrichment ol HSCs from the AGM region.

Despite incomplete expression of the Ly-64 Inc? trans-
gene in Sca-17 cells, this transgene cassctte does ead to
[aithfal expression in some HSCs. For manipulation of
HSCs in vivo and in vitro and for localization of HSCs
within the whole animal, the Ly-64 cassette appears at
preseat to be the besl transgene construcl, outside ol
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targeting a marker gene by homologous recombination in
cmbryonic stem cells. The clear advantage in the use of
Ly-6A sequences for regulated expressicn in HSCs is the
relative size of this genc and, particubarly important, the
3 distal 1 kb regulatory sequence, compared with other
genes encoding proteins expressed in HSCs. The genes
encading HSC marker proteins ¢-kit and AME-1 (Gokkel
et al. 1992; Levanon et al, 2001) span over 100 kb of
sequence and conlain many exons and introns, thus
making identification of regulatory elements difficult. Thus,
the further dissection of the regolatory clements of the
Ly-6A genc expression casseite should lead to the gener-
ation of retroviral vectors [or efficient transduction of and
expression in HSCs.
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ABSTRACT

The Sca-1 cell surface glycoprotein is used rou-
tinely as a marker of adult hematopoietic stem cells
(HSCs), allowing a >100-fold enrichment of these rare
cells from the bone marrow of the adult mouse, The
Sca-1 protein is encoded by the Ly-6A/E gene, a small
4-exon gene that is tightly controlled in its expression
in HSCs and several hematopoietic cell types. For the
ability to sort and localize HSCs directly from the
mouse, we initiated a transgenic approach in which we
created Ly-6A (Sca-1) green fluorescent protein (GFP)
transgenic mice. We show here that a 14-kb Ly-64

expression cassette directs the transcription of the
GFP marker gene in all functional repopulating HSCs
in the adult bone marrow. A >100-fold enrichment of
HSCs occurred by sorting for the GFP-expressing celis.
Furthermore, as shown by fluorescence-activated cell
sorting and histologic analysis of several hematopoietic
tissues, the GFP fransgene expression pattern generally
corresponded to that of Sca-1. Thus, the Ly-6A GFP
transgene facililates the enrichment of HSCs and pre-
sents the likelihood of identifying HSCs in sitv. Stem
Cells 2002;20:514-521

INTRODUCTION

During adult stages, the hematopoietic system is con-
stantly renewed from rare hematopoietic stem cells (HSCs)
harbored in the bone marrow. HSCs can be retrospectively
identified based on their functional repopulation properties
observed only by transplantation into hematopoietic-
depleted adult recipients. The properties that define HSCs
are long-term, high-level repopulation of all hematopoietic
lincages and the ability to self-renew {1, 2].

Using the transplantation assay 1o identify stem cells,
HSCs have been enriched and characterized by flow cyto-
metric sorting using a wide range of antibodies detecting

cell-surface maskers. The established surface marker profile of
adult HSCs is high expression of c-kit and Sca-1, low expres-
sion of Thy-E, and an absence (or very low expression) of
mature lineage markers, including CD3, CD4, and CD8 for
T lymphocytes, B220 for B lymphocytes, Mac-1 for
macrophages, and Gr-} for granulocytes [3-5]. This sorting
procedure has been verified by many laboratories and has been
used to sort HSCs to relative homogeneity [6]. However, it is
still unclear whether the use of antibedy-mediated cell sorting
hias any activating effect on HSCs, since, for example, in lym-
phocytes, antibody-mediated cross-linking of some cell-sur-
face proteins results in cell proliferation andfor differentiation.
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Sca-1, a glycoprotein-l-linked celf-surface glycopro-
tein, was one of the first epitopes used for antibody-medi-
ated enrichment of murine HSCs. Spangrade et al. [3] used
the Sea-E-specific monoclonal Et3-161.7 antibody [7) for
sorting HSCs from adult murine bone mastow fo yield
about a 100-fold enrichment of these cells {3, 4]. Since
then, others have used Sca-1 as a marker for enrichment of
embryonic day 14 (E14) fetal liver and E11 yolk sac HSCs
[8]. Whife the Sca-1 antibody is useful for enrichment of
viable HSCs, immunestaining of issue sections, particu-
larly from embryos, has been difficult. Hence, to more
specifically localize Sca-1* cells in embryonic tissues and
adult bone marrow, a transgenic appreach with the gene
eacoding Sca-1 has been taken.

The Sca-1 epitope is encoded by the strain-specific Ly-
G6E/A allelic gene [9]. Examination of the specific expres-
sion pattern of Ly-6E/A has been difficult {9-F1], since the
Ly-6 gene family consists of at least 18 highly homologous
cross-hybridizing genes [12, 13]. However, it was found
that the Ly-0A and Ly-6E proteins differ in their expression
pattern on marrow-repopulating cells, with Ly-6A strains of
mice expressing Sca-1 on 99% and Ly-6F strains express-
ing Sca-1 on 25% of such cells [11]. Nonetheless, the Sca-
1 marker has proven useful in identifying HSCs, and the
small size of the Ly-6A/E locus and Ranking transcriptional
regulatery elements make it useful in directing marker gene
expression in HSCs in transgenic mice.

The transcriptional regulatory elements and 5" and 3’
DNasel hypersensitivity patterns of Ly-6E and Ly-6A have
been examined and zppear to be similar f14-17]. Deletional
studies show that the 3’ flanking regions contain two hyper-
sensitive sites, which are most likely responsibie for high-
level, y-interferon-induced expression in vitro [I8, 19].
This distal flanking element is also responsible for high-
level, tissue-specific expression of a facZ marker genc in
transgenic mice {20, 21]. HSCs can be enriched from adult
bene marrow based on JecZ transgenc expression [20, 21].
However, not ali HSCs are located within the facZ-express-
ing population. Whether this is a result of the lacZ marker
gene, the Ly-6A/E expression cassette, or the fluorescein di-
[B-D-galactopyranoside (FDG) substrate staining method
[22] is uncertain.

Thus, to farther examine, idestify, and localize HSCs in
the adult mouse, we created transgenic mice with a green
fluorescent protein (GFP)} gene within the context of the
Ly-6A expression cassette. We report here that all bone
mareaw HSCs were positive for expression of GFP from the
Ly-6A transgene. Ly-6A GFP was also expressed in other
Sca-1* hematopoietic cells, and histological analyses
revealed an interesting pattern of expression of GEP within
the thymus, bone marrow, and spleen cells, suggestive of
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hematopoietic and endothelial cell expression. Thus, the
Ly-6A GFP transgene marker facilitated the enrichment of
functional aduit repopulating HSCs and their identification
in situ.

MATERIALS AND METHODS

Transgenic Mice

The 14-kb Ly-6A cassette {pLy-6A14) was constructed
as described previously [18, 21]. The enhanced GFP
(EGFF) gene AgelfAfl] fragment containing simian virus
40 polyA in pEGFP-NT (Clontech; Alphen aan den Rijn,
The Netherlands; hitp:/fwww clontech.comfindex.shemi)
was modified, converting 3" and 5° AgeI/AfITI sites to Narl
sites using oligonucleotide adaptors. The 970-bp EGFP
Narl fragment was cloned into pLy-6A14 to generate
pLAG.

Fertilized (C57BL/10 x CBA)F, oocytes were miceoin-
Jected with a 15-kb BamH] fragment containing the Ly-64
GFP gene from pLAG (Fig. 14). This fragment was gel
purified for removal of all vector sequences. Positive
founder animals were bred with (C57BL/10 x CBA)F,
mice, and lines were maintained as heterozygotes.
Polymerase chain reaction (PCR} analysis of tail DNA was
ased to identify founder transgenic mice. Animals were
housed according to institutional guidelines, with free
access to food and water. Animal procedures were carried
out in compliance with the Standards for Humane Care and
Use of Laboratory Animals,

DNA and RNA Analysis

Genomic DNA (5-10 pg) for Southern blot analysis
[20] was digested with BamH! and electrophoresed
through 1% agarose/Tris, acetate, EDTA gels prior to trans-
fer to Hybond-N membranes. Transgene copy number con-
trols were generated by addition of appropriate amounts of
pLAG to nontransgenic genomic DNA. Filters were probed
with GFP and Thy-] pene fragments. Normalization for
DNA content of each lane was performed after phosphor-
imaging analysis of Thy-/ signal. Copy number was deter-
mined subsequently by comparing the GFP signal obtained
from the transgenic mice with that of the plasmid controls
on the linear portion of the standard curve.

Total cellular RNA for Northern blot analysis was pre-
pared using the lithium chloride/area method, and 5-15 pg
was fractionated on 1% agarose/formaldehyde gels [23]
prior to transfer to Hybond-N membranes. Filters were
probed with GFP and Ly-6E ¢cDNA fragments. Probes used
for hybridization to Southern or Northem filters were
labeled by a randem oligonucleotide priming procedure,
incorporating **P ATP. The fragments used were as follows:
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GFP

Thyl

Figure I, Ly-6A GFP transgene construct and fransgenic mouse charac-
terization, A} A schematic drawing of the J4-kb BaBI fragment of the Ly-
B6A gene and the inserrion of the EGFP gene into the Clal cloning site.
Regtriction sites are indicated. B = BamH1, BG = Bglii, X = Kpnl, R =
Ecoki, H = Hindtll, and X = Xba!. B) Southern blot analysis of DNA from
two Ly-6A GFP transgenic lines, G5 and G6, and a nontransgenic control
[NTg}. Capy controls are nontransgenic DNA with Ly-6A GFP plasmid DNA
added ot 1, 5, and 10 copy equivalents. After hybridization with GFP and Thy-
1 gene probes, the intensity of signal was determined by phosphorimaging. C}
Northern blot analysis of total RNA from kidney (K), bone marrow (B), and
mscle (M) of an adult G5 transgenic and a rontransgenic {NTg) littermate.
Hybridization was performed with a GFP gene and Ly-6E cDNA probes, and
the 285 RNA signal was used for RNA quantitation.

(970 bp PCR EGFP products from pLAG); 1.2 kb Xbal-
Nrul Thy-1 gene fragment from pD7 [24]; 761 bp EcoR1
Ly-6E c¢DNA fragment from pLy6.1-2R [13). After
hyhridization, filters were washed 10 a stringency of (12 x
standard saline citrate/0.1% SDS and exposed to a phosphe-
rimager screen for quantitation using Imagequant software.

Geromic DNA (200 ng) from the peripheral blood of
transplant recipients was analyzed by PCR using oligonu-
cleotide primers for GAPDH-specific sequences, (GAPDH1)
YCTTCACCACCATGGAGAAGG ¥ and (GAPDH2) 5°CC
ACCCTGTTGCTGTAGCC 3, and for GFP-specific
sequences, (Ly6GFP) ¥ GACAGAACTTGCCACTGTGC
¥ and {GFP) S'AAGAAGATGGTGCGCTCCTG 3.

DNA was subjected to an initial 5 minute denaturation
a1 94°C followed by 30 cycles of denaturation (1 minute at
94°C), annealing (2 minutes at 55°C), and elongation
(2 minudcs at 72°C). Serial dilutions of blood DNA from a
transgenic animal were used as a control to evaleate the
levels of donor cell reconstitution in transplanted mice.

Analysis of Long-Term Multilineage Repopulating Activity
Bone marrow cells were isolated from the femurs and
tibias of adut transgenic mice and sorted for GFP expression
on a FACSVantage (Becton Dickinson; San Jose, CA;
http:ffwvaw bd com}), and sorted adult bone marrow cells (in
limiting dilution) were assayed for the presence of HSCs by
intravenons traosfer into irradiated adult recipients, as
described [25, 26). Briefly, (C5TBL/1¢ x CBA)F, male
recipients were exposed to a sphit dose of 900 rad of gamma-
irradiation frem a *Cs source. Recipient mice were bled at
1 and >4 months after transfer and analyzed for percentage
donar contribution by donor marker-specific PCR on DNA
isolated from peripherai bloed [20, 25, 26]. Reconstitution
was evaluated by ethidium bromide staining of agarose gels,
and in some cases, by Southem blot hybridization, as
described previously [25-27). To test for long-term multilin-
eage hematopoietic repopulation, genomic DNA was iso-

“lated from peripheral blood, thymus, Iymph node, sorted
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splenic B and T cebls, and bone marrow myeloid and lym-
phoid cells. Percentage donor-cell contribution was analyzed
by PCR, and in some cases, by Southern blet hybridization
and phosporimaging.

Fluorescent Anfibody Surface Staining and Flow Cytomefry
All antibodies used in fiow cytometric soring and
analysis were obtained from PharMingen (Alphen aan den
Rijn, The Netherlands; http:/fwww .bdbiosciences.com/
pharmingen}. The monoclonal antibodies used were directly
conjugated with either phycoerythrin (PE) or biotin and
included: PE-anti-c-kit, PE-anti-Sca-1, PE-anti-CD4, PE-
anti-CD8, PE-anti-B220, PE-anti-Mac, and biotinylated
CD31 and CD34. Single-cell suspensions were prepared as
described [21]. After incubation with specific antibodies for
30 minutes on ice, cells were washed twice and Incubated
with PE-conjugated streptavidin (Caltag Laboratorics;
Burlingame, CA; hitp:/fiwww caltag.com) when required.
Labeled cells were finally washed twice and filtered through
a nylon mesh screen prior to sorting. One pg/ml Hoechst
33258 or 2 pg/ml 7 amino-gctinomycin D were added to
identify dead celfs. To determine the background levels,
cells were stained with fluorochrome-conjugated
immunoglobulin isotype controls from Pharmingen, During
the entire staining procedure, phosphate-buffered safine
(PBS) containing 10% fetal calf serum and penicillin/
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streptomycin was used. Cells were sorted using a
FACSVantage SE {Becton-Dickinson); the purity of the
sorted cells ranged from 89%-98%. Analyses were performed
on a FACScan.

Cryosectioning and Histology

Tissues (kidney, bone masrow, spleen, lymph nodes, thy-
mus, and brain) from adult Ly-64 GFP mice were isolated and
fixed for | how at room temperature in 2% paraformalde-
hyde/PBS. Tissues were equilibrated in 20% sucrose/PBS
overnight at 4°C, quick frozen in tissue tek, and stored in liq-
uid nitrogen until cryosectioning, 10-pm thick sections were
placed on glass slides, air-dried and monnted with vectashield
(Vector Laboratories; Burlingame, CA; http:/fwww.vectar
labs.com).

RESULTS

(eneration of Ly-6A GFP Transgenic Mice

To provide a means by which HSCs could be cnriched
without the use of antibodies or FDG (B-galactosidase sub-
strate) and to facilitate in vivo HSC localization, we gener-
ated transgenic mice expressing the GFP reporter pene
urder the control of the Ly-64 gene regulatory sequences.
Since our previous results with Ly-64
transgenic embryos showed incom-
plele expression of the inserled lacZ
marker in bone marrow HSCs [20,
21, we sought to alleviate a possible
experimentation problem (due to cell
permeabilization necessary for FDG
substrate entey into these cells) by
using the GFP repoter gene. The
enhanced GFP gene was inserted into
the Clal cloaing site of the first
untranslated cxon of Ly-6A (Fig. 1A)
and was flanked by 4 kb of upstream
and 10 kb of downstream genomic
sequences containing regulalory ele-
ments necessary for high-level spe-
cific expression in adult bone marrow

Figure 2. Histologic sectioning and
microscogy of Ly-6A GFP hematopoietic
tissues, Brightfield and fluorescent images,
respectively, of kidney (A and D}, bone mar-
row {B and E), spleen (C and F), Iymiph
node (G and J), thymus (H and K), and
brain (I and L), Tissues were cryosectioned
ar a thickness of 10 microns. Images B, E,
H, K, I, and Lwere taken at 10x magnifica-
tion. Al other images were taken at 4%
magnification.

HSCs. Transgenic mice were generated, and mice from line
G5, containing cight copies of transgene (hemizygous),
were used in all the studies described here (Fig. 1B), As
expected from other published studies [20, 21, Northem
blot analysis of adult tissues revealed high-level transgene
expression in the kidney (Fig. 1C). Low-level transgene
expression was found in the bone marrow, and limited or no
expression was found in muscle tissue. Thus, the Ly-64 GFP
transgene produced a restricted expression paftern similar
to that found previously in Ly-64 lacZ and Ly-6E lacZ
transgenic mice [20, 211.

Ly-6A GFP Expression in Tissues and Subsets of Bematopoietic
Cells of Adult Transgenic Mice

Previously, it was shown, by immunostaining of sectioned
adult hematopoictic tissues, that Sca-[ is expressed on some
cells of the thymus, spleen, and lymph nodes [28]. Sca-1 is
also expressed in the brain vasculature and the cortical tubules
of the kidney [9, 29]. Hence, histologic sections from the
hematopoictic tissues of Ly-6A GFP adult mice were exam-
ined for transgene expression umder a fluorescence micro-
scope. As shown in Figure 2, GFP signal was detected in some
of the cells of the kidney (D), bone mamow (E), spleen (F),
lymph aedes (G}, thymus (H), and brain (T). Within the Kidney,
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the costical tubules were highly positive. The bone marmrow
showed highly GFP* endothelial cells in the vasculature and
other scattered positive cells (presumably, HSCs, some prog-
enitors, and stromal cells). In the peripheral hematopoietic tis-
sues, the GFP expression pattern appeared to be strongest in
the lymphoid areas of the spleen, in the lymph nodes, and in
the medulla of the thymus (with a few subcapsular thymus
cells also GFP*). Finally, a vascular endothelial pattem of GFP
expression was found in the brain. Thus, the general expres-
sion pattern of the Ly-6A GFP transgene was identical to the
published Sca-1 immunestaining patterns (9, 28, 29].

To determine the percentage of GFP* cells in each of the
tissues, flow cytometric analysis was performed. All
hematopoietic tissues tested, ie., bone marrow, thymus,
Iymph node, and spleen, contained GFP* cells (Table 1). The
lymph node contained the highest percentage (80%) of cells
expressing the GFP marker, while the bone marrow and thy-
mus contained less than 20% of GFP* cells. Sca-1 antibody
staining of cells from cach of the hematopoietic tissues
showed an overlap in the expression of GFP with the endoge-
nous Sca-1 protein. Approximately 50% or more of Sca-1*
cells in bone marrow, thymus, spleen, and lymph node were
also GFP* (data not shown), Er the Iymph node, thymus, and
spleen, 40% or greater of GFP* cells were Sca-1*. However,
in the bone marrow, a ruch lower percentage of GFP* cells
were Sca-1*, suggesting that GFP was expressed more highly
or was more eadily detectable than the Sca-1 antigen in the
progenitors and stem cells of this tissue.

To determine the distribution of the GFP phenotype
within hematopoietic lineages, antibodies dirccted against
progenitor/stem cell markers and mature lineage maskers
were used in flow cytometric analyses (Fable 1). In the
bone marrow, cells of all mature lineages, T cell (CD4
and CDg), B cell (B220), and myeloid (Mac-1}, and also
progenitorfstem cells (c-kit, CD34, CD31) were GFP.
Monocytesfgranufocytes and their precursors (Mac-1*) rep-
rescnted the largest percentage (72%) of bone marrow cells
expressing GFP. In the thymus and lymph nodes, high per-
centages of T fymphoid cells, mest notably CD4 cells, were
found ta be GFP*. Cells of the myeloid lineage and the B
lymphoid linzage in the spieen were also GFP*. Thus, the
Ly-64 GFP transgene was expressed to some degree in all
hematopoietic lineages but appeared to be predomirantly
expressed in mature T cells in the lymphoid organs and in
myeloid and immature hematopoietic progenitor/stem cells
in the bane marrow.

Ly-64 GFP Expression Marks Al Funetional Bone Marrow
HSCs

To determine whether the Ly-64 GFP transgene was
expressed in functional adult repopulating HSCs, we performed
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Bomemarrow  Thymus  Lymphoede  Spken
%GFP 154 108 07 263
Matker % marker* cells within GFP* population
Sea-l 133 406 st 64
kil 91 o b ]
CDH 83 i o ™
Cn3l o] ] o i
CD4 89 81 621 418
41 30 409 431 Hhi
B0 162 ] 178 433
Maz-1 120 ] 1] 166
Abbreviation: nd = not dene.

transplantation experiments with flow cytometric-sorted cells
from adult bone marrow. A representative fluorescence profile
of bone marrow cells sorted on the basis of endogenons Sca-1
and GFP cxpression is shown in Figure 3A. In this profile, at
least five pepulations of cells are apparent; most predominant
are the Sca-1-GFP-, Sca-1-GFP®, and Sca-1-GFPY, and less
frequent are Sca-1*GFP**¢ and Sca-1*GFP*, These five pop-
ulations were sorted and injected into irradiated adult recipi-
ents at limiting dilation to test for long-term, high-level,
multilineage repopulation. At greater than 4 months postrans-
plantation, peripheral blood DNA was tested for the presence
of the Ly-0A GFP transgene marker. Only recipients showing
greater than 10% donor cell repopulation using a semiquanti-
tative PCR. method for the GFP transgene were considered
positive for HSC repopulation. The results of three indepen-
dent sorting and transplantation experiments show that all
HSC aclivity was found within the GFP* fractions (Fig. 3B).
These animals were high-level, muliilineage engrafied as
determined by donor marker PCR analysis of DNA from
hematopoictic tissues and sorted populations of B, T, and
myeloid cells (Fig. 3D). No HSC activity was found in the
GFP® or GFP- fractions. Although one animal receiving 5 X
10 Sca-1-GFP- cells was positive, this recipieat was only 10%
engrafted by the donor cefls, suggesting no enrichment for
HSCs compared with the whole bene marrow control. As
expected, most of the HSC activity was highly enriched in the
Sca-1* fraction of the GFPY cells, As few as 1,000 Sea-1*
GFP* cells resulted in reproducibly high-level multilineage
repopulation (Fig. 3B). Lirnited HSC activity was also found
in the Sca-1" GFP* fraction, but only when 10° cells were
transplanted (Fig. 3C}. These sesulis demonstrate that GFP
expression has no adverse effects on adult bone marrow HSCs
and can be used to enrich for these cells by approximately 100-
fold. Finally, these results, in combination with the expression
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Figure 3. A} Fluorescence profiles and gates used for sorting GFP* and Sca-1 antibody stained Ly-6A GFP transgenic adult bone
marrow are shown. The percentages of bone marrow cells in each sorted poputation are indicated. B) Transplatasion data from lim-
iting ditution transplantation of Sca-I* cells within the GFP*~¢ and GFP*** gates. The X axix shows the number of cells injected per
recipient. The bars represent the percentage of recipients found positive for donor repopwlation at greater than 4 months posttrans-
plansation. The niumber of recipienss repopulaieditotal number of recipients is indicated for each bar. C) Transplantation data from fim-
iting dilution transplantation of Sca-1- cells within the GFP-, GFP'™, and GFP¥™ gates. The axis and bar indications are as described
for (B). Note the higher cell numbers transplented. D) He poietic multilineage anaiysis of a recipient repopulated with Sca-
1*GFP#* calls. At preater than 4 months postiransplantatiorr, DNA was isolated from peripheral blood (Ph), bone miarrow (Bm), bone
marrow T celis (6T}, bone marrow myeloid cells (bM), bone marrow B cells (bB), spleen (5), spleen B cells (sB), spleen T celis (sT),
thymus (Th}, and lymph nodes (Lr). PCR analysis was performed using oligonucleotide primers for GFP (boitom band) and GAPDH
(top band). 0, 1, 10, and 100 were the conirols indicating percentage donor cell engrafiment. Transplantation results were obtained
from three independent experiments,

observed in tissue sections, suggest that the GFP marker s contrast to previous transgenic mice made with the Ly-64

more highly expressed by HSCs than is Sca-1. and Ly-GE expression casseties directing the transcription
of the lacZ marker gene [20, 21]. In those mice, some HSCs
Discussion did not express lacZ. It is possible that those transgenic

We have shown here that the Ly-6A4 GFP transgene  HSCs were inefficiently labeled by FDG. Not all HSCs
faithfully marks all HSCs in adult bone marrow. Thisisin ~ may be sufficiently permeabilized so as to allow eatry of
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FDG and, thus, appeared to be negative for lacZ expression.
In addition, too much permeability may allow leakage of
the substrate and again result in no or fow FDG signal.
Alternatively, it may be possible that expression of the bac-
terial JacZ is regulated in transgenic mice (for purposes
such as viability) so that only low-level cxpression is
allowed in HSCs. Despite the incomplete isolatton of bone
marrow HSCs from Ly-6EF lacZ and Ly-6A jacZ transgenic
mice, the GFFP marker in the Ly-64 cassette was optimally
expressed in all bone marrow HSCs and allowed the
enrichment of all HSCs. Thus, the Ly-6A casselle appears to
contain all the necessary transgene regulatory elements for
HSC-specific expression, And when used together in a
transgene context, the Ly-6A casselte and the GFP marker
are highly advantageous in maintaining a viable, unmanip-
ulated poot of HSCs in the absence of enzyme substrate
addition or antibady staining.

Is Sca-1 surface glycoprotein limiting on the surface of
some HSCs and hematopoietic cells? The expressioa profile
of Ly-6A GFP in adult tissues and hematopoietic cells is rem-
iniscent of the Sca-1 profile [9, 10, 28, 29], particularly in
mature hematopoietic cells of T lymphoid, B lymphoid, and
myeloid lineages. However, our fluorescence-activated cell
sorting profiles suggest that not all GFP* cells were Sca-1*,
Indead, the fluorescence signal produced by GFP was more
intense. This is most likely due to the fact that, within the G5
transgenic line of mice, there are eight copies of the trans-
gene, compared with the normal diploid copy number of the
endogenous Ly-6A/E gene encoding Sca-1. Furthermore,
unlike the cell-surface locatization of Sca-1, which requires
extra processing steps, such as transport through the plasma
membrane, glycosylation, and GPI linkage, GFP is an easily
expressed cytoplasmic protein. Thus, GFP may be a better
marker than Sca-1 in low-expressing cells of the various
hematopoietic tissues, particularly HSCs.

Although we have not directly compered limiting dilu-
tion transplantation of Sca-1-sorted HSCs with GFP-sorted
HSCs, the general enrichment gained by Ly-6A GFP sort-
ing is about 100-fold. This is similar 1o the Sca-1 enrich-
ment levels established in the published fiterature [3, 10].
While differences do not appear to exist on the level of
bone marrow HSC enrichment, we aee examining whether
differences exist between antibody-mediated sorting and
GFP sorting in the intraembryonic lissue-generating HSCs
at the earliest stages of mouse development. This earliest
site, the aorta-gonads-imesonephros (AGM) region, gener-

ates the first adult repopulating HSCs at EL0.5 [27).
Interestingly, in related studies, we reproducibly isolated
only 50% of HSCs from the AGM region using the Sca-1
antibody, but could isolate 100% of AGM HSCs using Ly-
6A GFP marker expression [30). This supports the notion
that the Ly-6A GFP marker is more efficiently expressed
and identifies the Sca-1*~-cxpressing population of HSCs
as they are being generated within the embryo. This may be
particularly useful in future studies of precursor-progeny
telationships and possible lineage relationships of HSCs
with endothetial cells.

Further to this point, when we used a jacZ marker
gene in the Ly-64 cassette, we found high-level f-galac-
tosidasc expression in the mesozephros of the E11 AGM
but no expression in the dorsal aoria, the site where the
first AGM HSCs are generated [21]. HSC soriing proce-
dures based on the FDG substrate for B-galactosidase
were ansuccessful. However, we have found GFP-
expressing cells lining the walls of the dorsal aorta in
Ly-6A GFP embryos, and these cells contained all the
adult repopulating HSC activity [30]. While both JacZ and
GFP marker gene expressions were found in the
mesonephros, only the GFP reporter was optimally
expressed in AGM HSCs. Thas, GFP expression from the
Ly-64 cassette in the G5 line of transgenic mice serves as
an cxcellent tool for HSC enrichment and for the localiza-
tion of the HSCs in the adult as well as the embryo.
Further transgenic studies will focus on the deletion map-
ping of HSC-specific transcriptional regufatory elements so
as fto express exogerous genes only in HSCs. Combined
with inducible expression, the Ly-6A transgenesis will
allow for a better understanding of HSC regulation and
migration during each precise stage of development ard
adult hematopaoietic maintenance.
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Summary

The emergence of the first adult hematepoietic stem
cells (HSCs) during mammalian entogeny has beon
under intense investigation. It is as yet unresolved
whether these first HSCs are derived fromintraembry-
onic hermangioblasts, hemogenic endothellal cells, or
other progenitors. Thus, to examine the spatial gener-
ation of functional HSCs within the mouse embryo,
we used the well-known HSC marker, Sca-1, and a
transgenic approach with an Ly-64 (Sca-1} GFP
marker gene. Our results show that this transgene
marker is expressed in all functional HSCs in the mid-
gaestation aorta. Immunohistology of aorta-gonads-
measonephros (AGM} ragions show that GFP* cells are
specifically localized to the endothelial layer lining the
wall of the dorsal aorta but not to the mesenchyme,
strongly suggesting that HSC activity arises within a
few cells within the endothelium of the major vascu-
lature.

Introduction

During aduit stages, the vertebrate hematopoietic sys-
tem is constantly renewed from hematopoietic stem
cells (HSCs) harbored in the bone marrow. These HSCs
are characterized by functional repopulation properties
elaborated after transplantation into adult recipients de-
pleted for endogenous hematopoietic activity. The de-
fining characteristics of HSCs are long-term, high level
repepulation of allhematopoietic lineages and the ability
to self-renew {Lemischka, 1991; Spangrude et al., 1991}
During ontogeny, the first adult-type HSCs arise in the
aorta-gonads-mesonephros (AGM) region, as shown by
direct transplantation of AGM cells into adult recipients
{Muller et al., 1994) or by transplantation of such cells
after AGM explant culture {Medvinsky and Dzierzak,
1996). Further investigation of HSC emergence within
the embryc has demonstrated their presence in the re-
gions of major vasculature: the vitelline and umbilical
arteries and the dorsal aorta (de Bruijn et al., 2000).
Furthermore, within all mammalian and nonmammalian

*Comespondence: dzierzak@chi .fgg.eur.nl
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vertebrates analyzed, clusters of hematopoietic cells
have been observed along the vitelline and umbilical
arteries as well as the ventral wall of the dorsal acrta
{Garcia-Porrero et al,, 1995; Shalaby et al., 1937; Tavian
et al,, 1999; Wood et al., 1997), suggesting that hemato-
poietic cell emergence occurs in close association with
the major vasculature of the embryo.

Indeed, many years age, based on microscopic obser-
vations of yolk sac blood islands, it had been propesed
that there exists a common mesodemmal precursor cell,
the hemangioblast, for hematopoietic and endothelial
lineages (Murray, 1932). Gene targeting experiments
have yielded some insight into the relationship between
these lineages and have shown that the Flk-1 receptor
tyrosine kinase, for example, is required for develop-
ment of both the endothelial lineage and the hematopoi-
etic lineage (Shalaby et al., 1997). However, unlike the
coordinated emergence of hematopoietic and endothe-
{ial cells in the yolk sac, the dorsal aortais formed before
the emergence of adult repopulating HSCs, suggesting
a slightly different type precursor or hemangioblast. Im-
munchistochemical analyses of the AGM region reveal
overlap in the expression of hematopoietic and endothe-
fial markers in the clusters of cells that appear to be
emerging from the ventral wall of the dorsal 2orta (Mar-
shall and Thrasher, 20(H}. The most interesting expres-
sion pattern is exhibited by the Runx1 {previously known
as Cbfa2 or AMLI1) transcription factor {North et al.,
1999), which has beenr shown to be required for HSC
activity in the AGM but does not appear to affect the
major vasculature or early yolk sac hernatopoiesis {Cai
et al., 2000; Wang et al., 1996; Okuda et al., 1996; Mukou-
yama et al,, 2008). At embryonic day 10 (E10), Runx?
expresston is found in the hematopoietic clusters and
endothelial cells lining the walls of the vitelline and um-
bilical arteries and the ventral wall of the dorsal aorta
{North et al., 1999). Additionally, expression is found in
some mesenchymal cells underlying the ventral endo-
thelial cells of the dorsal aorta. Taken together, these
studies suggest that adult repopulating HSCs are de-
rived from precursors within the hematopaoietic clusters,
endothefium, and/or underlying mesenchyme, and only
the use of further markers witl yield a precise identifica-
tion of the HSC precursor. Recently, flow cytometric
sorting of Runx1 positive cells together with combina-
tions of antibodies recognizing other marker proteins
on hematopoietic, endothelial, and mesenchymal cells
has supported a mesenchymal and/cr endothelial origin
for H3Cs {North et al., 2002 [this issue of Immunity]}.

For many years, the Sca-1, GPl-linked cell surface
glycoprotein has been used as a faithful marker of mu-
rine HSCs frorn various sources; i.e., adult bone marrow,
fetal liver, and yolk sac (Spangrude et al., 1988; Huang
and Auerbach, 1993). Sorting on the basis of the mono-
clonal antibody E13-161.7 specific for the Sca-1 epitope
yields about a 100-fold enrichment of HSCs from adult
bone marrow (Okada et al., 1992; Spangrude et al.,
1988). Sca-1 is encoded by the strain specific allelic
genes, Ly-6E and Ly-6A {Khan et al., 890; Sinclair and
Dzierzak, 1993; Stanford et al., 1992; van de Rijn et al.,
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1988}, which are members of the large Ly-6 gene family
{Kamiura et al., 1992; LeClair et al,, 1986). Sca-T protein
expression is complex within Ly-6A and Ly-6E strains
of mice {Kimura et al., 1984; Spangrude and Brooks,
1993; van de Rijn et al., 1988). Ly-6A strains of mice
express Sca-1 on virtually all (39%) of marrow-repopu-
lating cells from the adult bone mamow, while Ly-6E
strains express Sca-1 on only 25% of these cells {Span-
grude and Brooks, 1993), Despite the allelic differences,
the Sca-1 marker should be useful in identifying and
localizing the first HSCs as they emerge in the AGM
region. The relatively small size of the Ly-6A/E gene
locus {14 kb) which containg afl the transeriptional regu-
latory elements of these alleles (iKhan et al., 1990, 1993;
McGrew and Rock, 1991; Sinclair and Dzierzak, 1993;
Ma et al., 2001; Sinclair et al,, 1996) has been useful in
directing facZ marker gene expression in bone marow
HSCs in transgenic mice {Miles et al., 1997; Ma et al.,
2002}

Thus, to identify the lineage of cells from which the
first functional HSCs emerge in the AGM region, we
performed studies using the Sca-1 surface glycoprotein
marker and the enhanced green fluorescent protein
(GFP) marker within the context of an Ly-64 transgene
in midgestation mouse embryos. We report here that
while only soma AGM HSCs express the Sca-1 protein,
all AGM HSCs are positive for expression of GFP from
the Ly-6A GFP transgene. Immunchistological analyses
reveal expression of the GFP marker within a single layer
of cells lining the wall of the dorsal aorta and the vitelline/
umbilical arteries. Together with functional data demon-
strating the presence of HSC activity exclusively in the
GFP positive fraction of the aocrta region, our results
strongly suggest that the first HSCs within the midgesta-
tion embryo are localized within the endothelial cell layer
lining the wall of the dorsal aorta.

Results

The Sca-1 Antigen Is Expressed on Some AGM HSCs
To examine whether the Sca-1 antigen is expressed on
AGM HSCs, we sorted Sca-1* cells from E11 AGM cell
suspensions and performed transplantation experi-
ments to test for functional hematopeietic repopulation
of irradiated adult recipient mice by the donar cells. A
representative fluorescence profile (Figure 1A) shows
that 3.8% (range 1.95%-3.9%} of E11 AGM cells are
Sca-1*. At greater than 4 months posttranspiantation,
recipients were tested for the presence of donor cells
by PCR of peripheral blood DNA (donor cell marker is
alacZ or hurnan B-globin transgene). When transplanted
at 1 embryo equivalent (ee) of sorted cells per recipient,
adult repopulating HSCs were found in both the Sca-1*
and Sca-1- fractions (Figure 1B} (donor engrafiment
ranging frem 15% to 36%). This result may reflect a low
or negative expression of Sca-1 by some HSCs as they
emerge in the E11 AGM.

Previously, we had shown that all E11 AGM HSCs are
c-kit* (Sanchez et al. 1996). To further subfractionate
AGM H5Cs, we sorted E11 AGM cefls on the basis of
c-kit and Sca-1 antigen expression. In these experi-
ments, we confirm that all functional adult repopulating
H8Cs are c-kit* and that they are divided into a Sca-1*
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and a Sca-1~ population (data not shown). Thus, the
c-kit marker can provide a further enrichment for E11
AGM HSCs.

The Ly-6A GFP Transgene Marks All Functional
HSCs from the E11 AGM Region

To study HSC generation and localization within the
midgestation mouse embryo, we generated transgenic
mice expressing the GFP reporter gene under the gon-
trol of the Ly-6A gene regulatory sequences. The en-
hanced GFP gene was inserted into the first untranslated
exon of the Ly-6A gene (Figure 1C) and was flanked by
4 kb of upstream and 10 kb of downstream genomic
sequences containing regulatory elements shown to be
necessary for high level specific expression in trans-
genic mice {Ma et al., 2002).

Since all adult repopulating bone marrow HSCs were
found to express the Ly-BA GFP transgene, yielding up
to a 100-fold enrichment of HSCs {data not shown), we
explored whether transgene expression could be used
to enrich for HSCs from the AGM region. Sorting experi-
ments were performed on Ly-64 GFP E11 AGM cells.
Approximately 1.7% {range 1.5%-2.0%]) of AGM cells
ara GFP* (Figure 1D). Sorted GFP* and GFP~ cells were
transplanted at cell doses of 2, 1, and 0.3 ee {(average
of 3 X 10° GFP* cells/ee). At greater than 4 months
posttransplantation, >10% donor cell engraftment
{ranging from 15% to 70%) was found in recipients re-
ceiving either 1 or 2 ee of GFP* cells (Figure 1E). No
donor-derived repopulation was found with 0.3 ee of
GFP* cells or any dose of GFP~ cells. Thus, unlike the
Sca-1 marker, Ly-6A GFF transgene expression marks
all H5Cs in the AGM region.

All E11 AGM HSCs Are l.ocalized to the GFP*
Population in the Aorta Region

While previous E11 AGM subdissection studies demon-
strated that H5Cs are present in the region of the aorta
with its surrounding mesenchyme (de Bruijn et al., 2000},
we tested whether such celts could be further enriched
based on GFP expression. We performed flow cytomet-
ric sorting and transplantation of GFP* cells from the
aorta-mesenchyme subregion of E11 Ly-6A GFP em-
bryos. The aorta-mesenchyme contained on average
1.9% (1.4% to 3.0% GFP* cells; see Figure 24, left
panel}. Long-term adult repopulating HSC activity (Fig-
ure 2A, right panel) was found in the GFP* fraction of
the aorta-mesenchyme when 1 or 2 ee of GFP* cells was
transplanted {average of 1.6 X 10° GFP* cells/aorta-
mesenchyme). No donor cell engraftment was found
when the GFP™ fraction was transplanted. Engraftment
of recipients, as measured by peripheral blood DNA PCR
for the doner celt GFP marker at greater than 4 months
posttransplantation, ranged from 11% to 100% [(data
not shown).

To determine whether doner cell hematopolietic en-
graftment was multilineage, flow cytometric analysis
was performed on peripheral blood cells. Representa-
tive data of one recipient at 2 months posttransplanta-
tion is shown in Figure 2C (bottom panels). GFP expres-
sion was found in B220%, CD4*/8', and Mac-1*
fractions, thus revealing the donor derivation of 35% of
the monocytes, 18% of the B cells, and 5.3% of the T
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donor-derived cells as measured by periph-

x eral blood DNA PCR ranged from 15%-38%
T for Sca-1* sorted cells and 16%-36% for
S¢a-1” sorted cells. Results are from fourin-
dependent experiments.
(C) Ly-6A GFP transgene construct. The 14
kb BamHI fragment of the Ly-6A gene and
the insertion of the enhanced GFP gene into
the GlaT cfoning site is shown. Restriction
sites are indicated. B, BamH1; Bg, Bglli; K,
Kon1; R, EcoR1; H, Hindll; X, Xbal.
(D} Flow cytometric profile for E11 Ly-64 GFP
transgenic AGM cells, with percentages of
cells within the sorting gates indicated.
(E) Long-term repopulation of recipients (>4
months posttransplantation) receiving 1 or 2
ee of gither GFP* or GFP- sorted E11 AGM
cells. One ee of sorted E11 GFP~ AGM cells
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is on average 3 x 107 cells, and one ee of GFP~ cefls Is 17.0 x 10'. The number of repopulated animals/total number of animals transplanted
is indicated above each column [y axis shows percentage of recipients repopulated}. Only these recipisnts with greater than 10% donor
positive cells are considered positive. Engraftment ranged from 15%-70% as measured by peripheral blood DNA PCR for the donor cell GFP

marker. Results ara from four independent experiments.

cells as compared to the control transgenic {top panels).
Furthermore, at greater than 4 months posttransplanta-
tion, donor marker DNA PCR analysis on two other recip-
ients transplanted with GFP* acrta-mesenchyme cells
revealed repopulation in all hematopoietic tissues ard
lineages tested (Figure 2D). Enaraftment ranged from
21% to 100%. Thus, all long-term, multilineage adult
repopulating HSCs fram the E11 aorta-mesenchyme can
be isolated and enriched within the GFP* fraction.

The Temporal and Spatial Expression Pattem

of Ly-BA GFP Is Correlated with Sites

of HSC Generation

The general expression pattern of the Ly-6A GFF trans-
gene could be visualized with fluorescence and confocal
microscopy. When marker transgene expression was
examined in the late E11 AGM region, we found highly
fluorescent GFP* cells in the mesonephric tubules and
the Wolffian/Mullerian ducts {Figures 3A and 3B}, as we
had found previously for the Ly-6A facZ transgene (Ma et
ak., 2002). However, in contrast to Ly-8A facZ transgenic
embryos, we also found punctate GFP expression in the
cells along the wall of the dorsal aorta (Figures 3A and
3C). Confocal microscopy revealed the GFP-expressing
cells to be dispersed afong the circumference andlength
of the E11 dorsal aorta {Figures 3A and 3C). Compared to
the mesonephric tubules in the urogenital ridges (UGR)
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(Figure 3D}, GFP fluorescence of dorsal aorta cells ap-
peared to be of lower intensity (Figure 3C}. However,
as revealed in transverse se¢tions through the E11 (43
somite pairs [sp]) dorsal zorta {Figure 3F), only a single
layer of cells intersparsed along the circumference of
the aorta was found to be GFP* (Figure 3E). No GFP
expression was found in the mesenchymal tissue di-
rectly surrounding the dorsal aorta. GFP expression in
the dorsal acrta was found beginning at E9 (24 sp stage)
and is confined to only a very few cells in the ventral
wall {data not shown). Expression in the aorta becomes
more widespread, first along the ventral and then along
the dorsal wall at E10 and E11, respectively, and contin-
ues until at least E14. In contrast to the dorsal aorta, no
GFP expression was obhserved in the whole yolk sac at
E9 or E10 (34 sp stage; Figures 3G and 3H). However,
at late E11 {48 sp stage; Figures 31 and 3J) GFP* cells
could be found in the yolk sac but only on very few of
the large vessels. Expression in the yolk sac vessels
continues at least until E14, Most interestingly, high level
GFP expression was found in both the vitelline (Figures
3K and 3L} and umbilical arteries (data not shown} at E10
(38 sp staga). GFP expression in these vessels begins at
E9 {24 sp stage) and continues at least until E14 {Figures
M and 3N), Of the vitelline vessels, high level GFP
expression appears to be confined to the artery,
Other sites in the midgestational Ly-64 GFP embryo
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Figure 2. Long-Term Adult Repopulation by GFP-Sorted Celis from E11 Tissues

[A and B} In the left panels flow cytomatric profifes and sorting gates are shown for (A} E11 aorta-mesenchyme and (B) UGR, liver, and limb
bud cells. The percentage of GF®' cells for each tissue is indicated. In the right panels the results of transptantation of these sorted cells is
shown. The x axis of the bar charts indicates the number of embryo equivalents of each sorted cell population that was transplanted. One
ee of GFP™ cells from the aorta-mesenchyme is on average 1.6 X 10° (range 1.3 to 2.1 X 107), and one ee of GFP~ celis is 9 x 10* (range
8-10 % 109, The bars represent the percentage of recipients found pasitive for denor repepulation at >4 months posttransplantation. The
number of reclpients repoputated/total number of recipients s indicated for each bar. Donor cell engrattment, as measured by peripheral
blood DNA PCR ranged from 11% to 100%.

(C) Flow cytometric analysis of peripheral blood from a normal adult Ly-64 GFP transgenic controf and a GFP* aorta cell transplant recipiant.
GFP Ruorescence Is on the x axis, and phycoenythrin fuorescence is on the y axis, Directly conjugated phycoarythrin B220-, CD4-, COB- and
Mac-1-specific antibodies were used for blood celf staining, Percentage of deubls-positive cells is indicated in the upper right quadrants.
{D) Hematopoletic multifineage analysis of two recipient mice repopulated with GFP* aorta-mesenchyme cefls. At >4 months postiransplanta-
tion, ONA, was isalated from peripheral blood (PB}, bone marrow (BM), bone marrow myelaid cells {bM), bone mamow B cells (bB), spleen (S),
splean B cells (sBY, spleen T cells (sT), thymus (Th), and lymph nodss (L}. PCR analysis was performed using oligonucieotide primers for GFP
{top band) and myogenin {myo) {lower band) genes. One hundred, seventy-five, fifty, twenty-five, ten, one, and zero are the contribution
controls indicating percentage donar cell engraftment. Percentage engraftment by donor cells (indicated below each gel) was calculated by
ImageQuant. Transplantation data are from two independent experiments.

were found to express GFP and include the liver, hind- the dorsal acrta may represent. Transverse sections
gut, and limb buds (data not shown). These GFP* tissues through the trunkal regions of Et1 Ly-6A GFP embryos
were tested for HSG activity. Flow cytometry {Figure were stained using antibodies to CD31 (PECAM-1}, a
2B, left panels) revealed that these tissues contained marker expressed on all endothelial ¢ells and on in-
between 2% and 4.2% GFP* cells. As shown in Figure traaortic hematopoietic clusters (Cai et al., 2000; Drake
2B (right panels}, no HSCs (GFP* or GFP™) were found and Fleming, 2009; Garcia-Porrero et al., 1998), and
in the Et1 UGRs or the limb buds. However, HSCs of Sca-1. Low magnification of a transverse section
the E11 Ever were exclusively in the GFP* fraction. Thus, through the trunkal region of an E11 Ly-64 GFP embryo
all HSCs are GFP* but not alt GFP* cells are HSCs. stained with CD31 shows a single layer of CD31* (red;

Cys) endothelial cells lining the entire circumference of
Ly-6A GFP Expression is Localized to the Endothelial the dorsal aorta {Figures 4A and 4B). GFP expression

Call Layer of the Midgestation Dorsal Aorta appears to be colocalized within a few of these endothe-
Irmunohistochemical staining was performed to es- lial ¢ells. High magnification of the ventral area within
tablish what cell lineage{s) the GFP-expressing cells in the box shows single green and red flucrescence signals
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Figure 3. FI Mi pic Analysis of Whele AGM and Tissua Sections from Ly-64 GFP Embryos

{A) Canfocal microscopic analysis of whole late E11 AGM tissue at 10X magnification, Twenty-four scanned images of this AGM region were
obtained at 10 wm intarvals. The scanned image in this figure is the 12* optical slice of 24 with & thickness of approximately 1 pm. All 24
images of the Z stack of this AGM were used to build the three-tlimensional projection shown at wwew.eurnlftga/chl (ses Cell Bialogy).

(B} Schematic drawing of the GFP expression reglon of the E11 AGM shawn In (A). GFP positive areas Include the aorta, mesonephric tubules,
and Woltfian/Mullerian gucts.

[C and D) GF# fluorescent image of & portion of the E11 aorta {C} and mesonephric tubules (D) at 20x magnification, 1 pm thickness.

{E &nd F) Flrorescent (E} and bright fietd {F} images of a iransverse section of the AGM region of a 43 somite pair {sp) iransgenic embryo
{E11) showing the dersal aorta. Dorsal side Is up and ventral Is down. A single-cell layer of interspersed GFP* cells is found only arcund the
circurnferanca of the dorsal acrta and is indicated by the arowheads. Magnification 10x,

(G and H} Fluorescent (G} and bright field {H} images of a yolk sac from a 34 sp transgenic embryo (£10}. No fluorescent signal is detected
int iha yolk sac, particularly the vessels. Magnification 4,

(tand Jj Fluorescent () and bright field {f) images of a yolk sac from a 48 sp fransganic embryo (E11). GFP signal is found in the cells lining
the large vessel. Amowheads indicate the vessel walls.

[K.and L) Fluorescent (K) and bright field (L} Images of the vitelline vessels as they emerge from the body wall (B) of a 38 sp transgenic embryo
(E10). Strong GFP signal is observed in the vitellina artery (Va) with soma low signal in the urderlying vein {Vy). The fluorescent negative yolk
sac {Y'S) is shown in the background. Magnification 4.

(M and N) Fluorescent (M) and bright field () images of the vitelline vessels from an E14 transgenic embryo. The endothelial calls of the
vitelline artery (Va) are strongly GFP positive. Magnification 4x.

[Figures 4E and 4F). An overfay of both signafs (Figure of the eells within the single-cell layer of endothelial
4G) reveals GFP expression (green} within the cytoplasm cells lining the dorsal aorta, and these cells express the
and the red signal of the CD31 antibody on the surface CD31 endothelial/hematopoietic cluster marker.

of a pair of double-positive cells (see arrow, Figure 4G). Finally, the expression of GFP and endogencus Sca-1
The two adjacent celfs are located within the single layer was examined by fluorescent microscopy on transverse
of cells lining the aorta. A third double-positive cell is sections through the trunkal region of E11 Ly-64 GFP
seen further to the right. Unfortunately, while we exam- embryos. As shown in Figure 4C (GFP expression) and
ined many of these transverse sections to evaluate the D (GFP and Sca-1 expression), Sca- expression cleady
GFP expression status, we were unable to find any he- overlaps with tha GFP signafin the mesonephrictubules.
matopoietic clusters. Thus, from the results presented However, no {or undetectable) Sca-1 expression was

here, GFP oxpression is specifically localized to a few found in the GFP* cells lining the walls of the dorsa!
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Figure 4. Fl and | ing Gonfocal Microscopic Analysis of AGM Tissue Sections from Ly-64 GFP Embryos
(A and B) Fluorescence mlcmscoplc irnaga (A) and bright field image (B) of a transverse section through the dorsal aorta of an E11 (43 semite
pair} embryo, fing i ining with an antibody agairst CD31 (red} and GFP transgene signal {green). Part of the ventral

wall of the aorta {marked by a box} is shown at a higher magnification in {E} GFP signal, (F} CD31 Cy5 signal, and {G) an overay of GFP and
CD31 signals. The arow indicates two adjacent cells that coaxpress the Ly-5A GFP transgens and CO31. Amowheads indicate some of the
autofluorescent erythrocytes.

{C) Transverse section through an E11 AGM region showinga single [ayer of GFP™ cells {green} around the dorsal acrta {and strongly fluorescent
mesonephric tubulas). Ventral is to the upper right.

{D) Sca-1 (red} and GFP immunofiuorescence on section as shown in (C). Ovedap in expression of Sca-1 and GFP occurs in the mesonephric
tubules, but ro (or undetectable) overlap is found in aorta cells. Size bars are included far (A), [E}, {F), and {G), and (C) and (2) are at a 40x
magnification,

{E-G) For {E), (F), and (G} (CD31 immunostaining], optical slice eight from 18 optical scans of approximately 1 pm thickness at 0.5 pm intervals
is shown. All 18 oplical slices, respectively, were used to build the three-dimensional projection shown at www.eurnlffgg/chl (see Cell

Biology)-

aorta, suggesting that either expression or the sensitivity in the zorta-mesenchyme fewer GFP* cells coexpress
of detection is more limited for the endogenous Sca-1 Sca-1* (19%). This is in accordance with the immuno-
antigen than for GFP fluorescence, histochemical and transplantation results and sug-
gesting that cell surface Sca-1 antigen expression is
GFP* Aorta Cells Express Additional Endothelial limited on cells of the acrta and particularly on HSCs.
and Hematopoietic Markers We next examined the expression of c-kit, CD34,
Since we have shown that hematopoietic and/or endo- CD31, and VE-cactherin on cells from these subregions.
thelial markers such as c-kit, CD31, CD34, and VE-cadh- Interestingly, all of these markers have been shown to
erin are expressed on functional adult repopulating AGM be expressed in hematopoietic clusters as well as the
HSCs from normal embryos {Sanchez et al., 1996; North endothelial cells lining the dorsal aorta in midgestation
et al., 2002}, we performed flow cytometric analysis with embryos (Bemex et al,, 1986; Wood et al,, 1997; Drake
antibodies specific for these markers and for Sca-1 on and Fleming, 2000; Garcia-Porrero et al., 1998; Cai et
cells from E11 Ly-6A GFP sorta-mesenchyme. Flow cy- al., 2000; North et al., 2002). In the aorta-mesenchyme,
tometric profiles for UGRs are provided for comparison. c-kit* cells make up 37%-51% of the GFP* population.

As shown in Figure 5, a large percentage of GFP* cells As all AGM HSCs are known 10 express ¢-kit, these
in the UGRs are Sca-1* {68%} as expected from the results strongly suggest that HSCs are in this double-
immunostaining results showing high coexpression of positive population. As expected from the endothelial
Sca-1 and GFP in the mesonephric tubules. However, localization of GFP* cells by microscopy, many GFP*
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Figure 5. Representative FACS Profiles for E11 Aoria-Mesenchyme
and UGR Subregicns

Cells from these two AGM subregions were obtzined from Ly-6A
GFP transgenic embryos and were stained with antibodies specific
for Sca-1, ¢-kit, G034, CD31, and VE-cadherin antigens. Three to
five times 10' cells were analyzed for GFP (x axis) and surface
antigen {y axis) expression on a FACS Vantaga SE. Dead cells were
gated out from the analysts. Percentages of cells in each quadrant
are indicated and are representative of the profiles obtained from
two independent analyses.

cells in the aorta-mesenchyme are also CD34+, CD31Y,
and VE-Cadherin® (83%, 64%, and 21% of alf GFP*
cells, respectively). In combination with our data that afi
normal AGM HSCs express c-kit, CD¥34, CD3t, and VE-
Cadherin {(Sanchez et al., 1996; North et al., 2002}, these
data indicate that the first HSCs are among the GFP*
cells in the aorta that coexpress these endothelial/
hematopoietic markers.

Early E10 AGM Explants Contain GFP*
Multipotential/Lymphoid Progenitors

Previously, we have been unable to obtain high level,
multilineage hematopoietic repopulation from directly
transplanted AGM regions (Muller et al,, 1994) or AGM
explants {Medvinsky and Dzierzak, 1996) befare the 35
somite pair stage. The appearance of a few GFP* cells
in the AGM region of Ly-64 GFP transgenic embryos
beginning at the 24 somite pair stage (late E9), together
with the finding that not all E11 AGM GFP* cells are
HSCs, prompted us to test these early appearing GFP*
cells for vther hematepoietic progenitor activity. We cul-
tured AGM explants from early E10 Ly-6A GFP embryos
{31 to 34 somite pairs) for 3 days, sorted the GFP* and
GFP~ cells, and transplanted these cells into iradiated
adult recipfents (Figure 6A). At 4 months postirans-
plantation, only those animals {two out of two) trans-
planted with GFP* cells were positive for donor cell
engraftment. Peripheral blood DNA PCR revealed levels
of engraftment of 1%-2% in these animals. Multilineage
analysis of hematopoietic tissues was perfermed at 6
months posttransplantation for one animal. Engraftment
of doner-derived cells was found mainly in the peripheral
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Fligure 6. Hematopeletic Engraftment by Sorted GFP™ Cells after
Explant Cultura of Early E{0 Ly-54 GFP AGMs

{A) Experimental protocal. Twelve transgenic AGMs of the 31 o 34
somite pairstage wera cultured as explants for 3 days and harvested,
and the cells were sorted on tha basis of GFP transgene expression.
Iradiated adult reciplent mice were injected with either 3ea or 1.5
of GFP* (2.6 X 10° celis/es) or GFP™ (3.5 X 10° cells/es),

(B} DNA PCR analysis, for the donor cell GFP transgena marker and
the myogenin {myo) gene nc control, sh low level,
restricted hematopoletic engraftment of a recipient mouse at 6
months after injection of 3 ea of GFP* cells. Cells were obtained
from gach of the hematcpoletic tissues indicated and from lineage-
specific sorts perfonned using antibodies diracted against B cells,
T cells, monocytes/granulocytes, and erythroid cells. PB, peripheral
blood; BM, bone marmow; bL, bone mamrow lymphoid; bM, bore
mamrow myeloid; bE, hone marrow enythroid; S, spleen; sB, spleen
B celis; sT, spleen T cells; LN, lymph nodes; Th, thymus; and G,
control transplanted with genic cells. Gontribution I
show signal expected from varying percentages of GFP transgene
containing DNA. Percentage engraftment is indicated below each
fane. Quantitation was performed using ImageQuant.

blood, bone marrow, and spleen (Figure 6B). After sort-
ing cells from the bone marrow and spleen with antibod-
ies specific for myeloid, erythroid, and B and T lymphoid
lineages, a predominance of donor-derived cells in the
B lymphoid lineage was found. Only very low levels
(<1%} of myeloid and erythroid lineage cells were found,
suggesting that this animal was long-term repopulated
with a multipotent/tymphoid progenitor, Thus, the early
expression of GFP in the AGM region (before E10.5) may
represent cells that are the predecessors of high level,
muttitineage repopulating HSCs or unrelated progen-
itars.

Discussion

Ly-6A GFP Marks Definitive HSC Emergence in the
Dorsal Agrta and Vitelline and Umbilical Arteries
Unlike the Sca-1 surface glycoprotein, flow cytometric
sorting based on GFP expression reliably enriches for
all AGM HSCs. This difference is due most likely to the
limiting nature of Sca-1 protein on the surface of these
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HSCs compared to a more intense flucrescence signal
produced by GFP. Indeed, the transgenic mice contain
eight copies of the ransgene as compared to the normal
diploid copy of the endogenous Ly-8A/E gene encoding
Sca-1. Furthermore, GFP is a cytoplasmic protein not
requiring the processing steps necessary to get the
Sca-1 protein properly displayed on the cell surface {i.e.,
glycosylation, transport through the plasma membrane,
and GPI linkage). Thus, the Ly-6A GFP transgene ap-
pears to be an optimally expressed reporter in AGM
HS3Cs and is an excellent marker for HSG isolation from
the embryo.

Flow cytometric analyses show that thera are approxi-
mately 1600 GFP* cells within the E11 aorta-mesen-
chyms. While in transplantation studies all E11 AGM
aorta-mesenchyme HSCs are GFP*, it is clear that not
all 1600 GFP* aorta-mesenchyme cells are functional
HSCs. Outside the aorta subregion, we also found a
significant percentage of GFP* cells in the limb buds,
tail, and UGRs. In the E11 UGRs, we show here and in
a previous study {de Bruijn et &l., 2000 that there are no
MSCs evan at high cell numbers transplanted. However,
considering that HSCs can be detected in E12 UGRs or
explant cultured £11 UGRs {de Bruijn et al., 2000}, further
studies must be perdformed to determine whether these
HSCs are GFP*. Recent reports on the multipotentiality
of stem cells for lineages outside the expected lineage
{reviewed in Wulf et al., 2001 and Morrison, 2001) led
us to analyze the hematopoietic potential of the other
GFP* sites. If indeed the Ly-6A GFP transgene marks
more totipotent stem cells, these cells in the developing
limb and tail might be able to contribute to adult hemato-
poietic repopulation. In support of this, Godin and cal-
leagues (1999) found some hematopoietic colony-form-
ing activity in Emb bud tissues. When we sorted and
transplanted high ee of GFP* limb bud cells, we found
no hematopoietic repopulation, Similarly, we have trans-
planted high ee of cells from the tail and found no detect-
able adult hematopoietic repopulation (our unpublished
data). However, given the low frequency of stem cells
and the limited number of mice transplanted, additionat
stutfies are warranted.

Enrichment of Aorta HECs as They Emerge

during Midgestation

At E11 thers is at least one adult repoputating HSC in
1600 GFP* aorta cells. Qur FACS analysis data and
transplantation results with sorted AGM cells using con-
ventional anfibody-mediated enrichment suggest that
further enrchment can be achieved. For example, of
the 1600 GFP* aorta cells, a smaller number are also
positive for ¢-kit, CD31, CD34, or VE-cadherin, markers
previously used for enrichment of AGM H5Cs (Sanchez
et al., 1996; North et al., 2002}. Gonsistent with our trans-
plantation data for the aorta-mesenchyme in which not
all H3Cs are Sca-1*, more GFP~ cells express c-kit than
Sca-1. Singe it has already been shown that all AGM
HSCs are c-kit™ and wae have shown here that all aorta
HSCs are GFP*, a 50% enrichment can be achieved,
and only 800 ¢-kit*GFP* cells should be required for
complete multilineage adult recipient repopulation.
Three or four color sorting using c-kit and GFP expres-
sion together with CD34 and/or CD31 may allow an even
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greatar enrichment of aorta HSGs. In addition, close
observation of the GFP fluorescence profile of EN1
aorta-mesenchyme cells reveals two populations of
cells: a GFP™"-expressing population representing on
average 0.3% of total cells and a GFP*™-expressing pop-
ulation representing 2.1% of total cells. As & means of
achieving greater enrichment of aocrta HSCs, we have
begun to examine which population containg adult re-
populating HSCs. Qur preliminary results show adult
repopulating HSCs within the GFPP population. In the
bestinstance this may represent a further 10-fold enrich~
ment that, when put together with c-kit sorting, may
yield one HSC in 80 c-kit* GFP¥e cells.

Specific Endothelial Localization of HSCs

in the Midgestation Embryo

The temporal and spatial expression pattern of the Ly~
64 GFP transgene within the expected hematopoietic
sites of the midgestation mouse embryo is highly sug-
gestive of expression in HSCs. Indeed, in our functional
transplantation and fluorescence microscopy studies
we have shown that all aorta-mesenchyme HSCs are
GFP* and that they are localized to the single-cell layer
lining the dorsal aorta. Furthermore, GFP expression is
found in the vitellinefumbilical arteries, which together
with the aorta, are the ather sitas within the embryo in
which HSCs first appear at mid-E19. At later time points,
GFP expression is found in the E11 liver (Figure 2} and
E11 yolk sac (Figure 3}, again coincident with the appear-
ance of HSCs as determined in pravious studies (Muller
et al., 1994; Medvinsky and Dzierzak, 1996). We have
shown here that all HSCs in the E11 liver are GFP*, and
in other refated studies (Ma et al., unpublished data) we
have found that all bone marrow HSCs in adult trans-
genic mice are also GFP*. Thus, in the various spatially
and temporally distinct sites tested, the Ly-6A GFP
transgene faithfully marks all HSCs.

The identification of the direct cellular precursors of
HSCs is of great importance in understanding how the
adult hematopoietic system is generated. Transverse
sections through the E11 dorsal aorta reveal GFP* cells
only in the single layer of CD31* endothelial cells. No
GFP* cells were found within the mesenchymal tissue
immediately surrounding and flanking the dorsal aorta.
Indeed, functional adult HSCs at this stage are CD31*
{North et &l., 2002). Thus, our data strongly suggest that
HSCs are generated within the single layer of endothelial
cells lining the wall of the dorsal acrta and possess both
endothelial and hematopoietic cell surface character-
istics.

At early E10, GFP expression in the aorta is limited
to the ventral endothelium, the area in which many inves-
tigators have demonstrated emerging hematopoietic
clusters. On the basis of our data we cannot make the
distinction between the aortic endothelium or the hema-
topoietic clusters as the site of HSC emergence since
we have not been able to find any clusters in sections
from numercus GFP* embryos analyzed. Despite our
inability to find clusters, if such cells were GFP* we
would postulate that either these cells, the GFP* cells
within the endothelial layer, or both cell populations are
the functional adult repopulating HSCs. Indeed, our re-
cent findings using combinations of antibedies discem-
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ing hematopoietic, endothelial, and mesenchymal cells
in the wild-type E11 AGM region demonstrate that the
HS5Cs exhibit not anly a hematopoietic but also an endo-
thelial surface phenotypic profile (North et al.,, 2002).
Taken together, these results strongly suggest that adult
repopulating HSC activity normally arises within the en-
dothelial and/or hematopoietic cluster cells and not in
the mesenchymal cell layer of the dorsal aorta. It is of
interest to note that North and colleagues revealed a
population of adult-type HSCs in Runx? haploinsuffi-
cient embryos with a mesenchymal surface phenotype,
which is absent from normmal embryos, indicating thata
full dose of Runx? is required for the normal develop-
ment of the adult repopulating HSCs in the aorta (North
et al., 2002),

Finally, we have shown by explant culture of early E10
AGM regions and subsequent GFP sorting and trans-
plantation that an earlier restricted hematopoietic pro-
genitor is marked by the Ly-6A GFP transgene. Similar
low level, adult repopulating cells in the AGM region
have been recently reported by Gumanc and colleagues
{2001}, and others have reported neonatal repopulating
hematopoietic ¢ells in the AGM (Yoder et al., 1997) at
time points earlier than E10.5 onset of HSG function.
Here we have observed the appearance of GFP expres-
sioninthe AGM region and the vite¥ine/umbilical arteries
at times earlier than E10.5. Hence, these Ly-64 GFP-
expressing cells may represent the direct precursors to
the high leval adult repopulating cells or aftemnatively
represent the differentiation products of the same or
similar endothelial cohort that gives rise to the HSCs.
Interestingly, an abundance of GFP*"-expressing cells
were found in the explant cultures of early E10 AGM
regions, and future sorting and transplantion experi-
ments will examine whether these restricted low level
repopulating cells are correlated with GFP expression
levels.

In summary, we have shown here by transplantation
and immunofluorescence analyses of midgastational
Ly-6A GFP transgenic mouse AGM regions that all HSCs
inthe aorta are GFP* and that GFP-expressing cells are
localized to the endothelial layer of the dorsal aorta but
not the underlying mesenchyme. This localizalion ¢an
now Iead to an identification of the immedtate precur-
sors to HSCs and a further understanding of the molecu-
larsignals necessary for the emergence of these somatic
stemn cells.

Experimental Procedures

Transgenit Mice and Embryo Generation

Timed matings were set up between Ly-84-GFP, BL1b (Miles et al,,
1997), or line 72 {Strouboulis et al,, 1992) genic male mice and
wild-type (CSTBL/iD x GBAJF, females. The day of vaginal plug
detectionis day 0. Forembryo generation, the transgene was always
inherited threugh the male parent to aveld contribution by geneti-

quently subdissected into the aorta with its surrounding mesen-
chyme and the UGRs using 27 gauge needles (Becton Dickinson,
San Jose, CA). Tissues were glither incubated directly with call

ase {type |, Sigma; final concentration 0.12% w/v} for T hour at 37°C
in phosphate-butfered safine (PBS) supplemented with 10% fatal
calf serum (FGS) and penicillin/streptomycin or cultured as explants
tor 3 days prior to collagenase digestion (Medvinsky and Dzierzak,
1956). Cells were di ], 1 in PBS+FCS,
sorted, and transplanted intravenously into iradiated mice. Viable
cell numbers wera determined wilh a Edrker hemocytometer using
trypan blue. Cells were kept on iza a? all times subsequent to colla-
genase digestion until the time of injecticn.

Analysis of Long-Term Multilinesge Repopulating Activity

Embryonic cell sus ware dtorthe p of defini-
tive HSCs by intravenous transter into imadiated adult recipients
{Dzierzak and de Bruijn, 2002; Muller et al., 1994; Miles et al., 1997;
Medvinsky and Dzierzak, 1996}, In brief, (C57BL/10 x CBAJF, male
recipients were exposed to a split dose of 900 rad of v irradiation
from a ‘"Cs source. Adult (C57BL/AD x CBAJF, spleen cells {2 X
10%mouse) wera coinjectad with the embryonic cells to promota
survival. Reciplent mice were bled 211 and >4 months after transfer
and analyzed for donor contribution by denor marker-specific PCR
on peripheral biood DNA, (Dzietzak and de Bruijn, 2002; Miles et al.,
1997; Mutler et al., 1994). Reconstitution was evalitated by ethidium
bromide staining of agarose gelsand in some cases by Southem blot
hybridization as described (Dzierzak and de Bruijn, 2002; Medvinsky
and Dzierzak, 1996; Muller et al,, 1994}, To test for long-term multilin-
eage hematopoletic repopulation, genomic DNA was isolated from
peripheral blood, thymus, lymph node, splenic B and T cells, and

‘bone marrow mysfoid, erythroid, and lymphoid cells. Percentage

donor-celi contribution was analyzed by ImageQuant using the myo
gene as the DNA normzlization control.

Fluorescent Antibody Surface Staining and Flow Cytametry

All antibodies used in flow cytometric sorting and analysis wera
obtained from Pharmingen. The menoclonal antibodies used were
directly conjugated with either phycoerylbrin (PE) or biotin, or un-
conjugated, and included PE-anti-c-Kit (clone 2B8), PE-anti-Sca-1
[Ly-8A/E; clone E13-181.7), PE-anti-CD4 (clone GX1.5), PE-anti-
CD8a (clene 53-6.7), PE-anti-B220 (CD4SA; clone RA3-8B2), PE.
anti-Mac-1 (CDt1b; clone M1/70), biotinylated CD31 (PECAM-1;
clone MEC 13.3), CD34 (RAMB34), and unconjugated purified VE-
Cacherin (CD144; clone 11D4.1). Single-cell suspensions wera pre-
pared as described above. After incubation with specific antibodies
for 30 min on ice, cells were washed twice and incubated with PE-
cenjugated streplavidin or PE-conjugated goat anti-rat 19G (maouse-
absorbed) (Caltag Laboratories, Budingame, CA) when required.
Gelis were washed twice and filtered through a 45 pm nylon mesh
scraen prior to sorting. Heechst 33258 {1 pg/mi) or 2 pg/ml 7AAD
was added to identify dead cells. To determine the background
levels, cells were stained with appropriate immunoglobulin isotypa
controls {Pharmingen}. During the eatire stairing procedure, PBS
containing 10% FCS and penicilin/streptomycin was used. Cells
were sorted/analyzed using a FACS Vantage SE {Becton-Dickinson)
The purity of the sorted cells ranged from 80%-98%. For phanotypic
anafysis of slained whole blood cell samples, suspenslons were
traated for 10 min with FACS lysis solution (Becton-Dickinson] to
eliminate erythrocytes and washed before analysis,

Immunohistochemical Stalning and Confocal Microscopy
Ly-8A GFP transgenic embryas were fixed in 2% paraformaldehydes
PBS for 30 min at room temperature, equilibrated in 20% sucrosef

cally marked matemal cells in transplantation assays.
embryos were typed on the basis of their GFP expression using
an Qlympus IX70 fuorescent microscope. Animals were housed
according to Institutional guidelines, and procedures wera camied
out in compliance with tha Standards for Himane Care and Use of
Laboratory Animals,

Cell Preparaticns
Pregnant mice were kifled by cervical dislocation. Embryos were
isolated from the uterus, and AGMs were dissected and subse-
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PBS ight at 4°C, quick frozen in Tissue Tek, and stored at
—70°C until use, After cryosectioning, tissues were treated in 100%
cald acetone for 10 min, washed with PBS (0.05% tween), blocked
with 0.5% BSA and 50% v/v Avidin £ block solution (Vector Labora-
tories Inc., Buringame, CA] for 15 min, washed three times, biocked
with Biotin blocking scluticn {Vector Laboratories, Inc.} for 15 min,
and washed three times. Subsequently, secticns were incubated
with biotinylated antibadies for CD3t or Sca-1 (Pharmingen) at roem
temperature for 1 hr, washed three times, incubaled with the detec-
tion reagent avidin TexasRed (Vector Laboratories nc.) or Streptavi-
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din-Cy5 (Rockland, Gilberisville, PS), washed three times, dehy-
drated in athanel {from 70% 10 100%), and mounted with vectashield
{Vector Laboratories, Burlingame, CA}. For whola mount confocal
microscopy, AGM tissues were carefully dissected from Ef1 Ly-
GA GFP embryos, kept in PBS {containing 10% FCS}, and directly
obsarved.

DNA Analysis

Genomic DNA (260 ng) from the peripheral blood of transplant recipi-
enls was analyzed by PCR using oligonucleatide primers for myo-
genin, 5'TTAGGTCCATCGTGGACAGES' and 5'TGGGCTGGETGT
TAGTCTTAY', GFP 5'GACAGAACTTGCCACTBTGC 3’ and 5°AAG
AAGATGGTGCGCTCCTG &', human p-giobin 5°CTTCAGGTTCGG
AGTGAGGATGY and S'GCTCCCTAAGGGGTAAAGAGTGY, and
lzcZ §'GCGACTTCCAGTTCAACATCY' and 5'GATGAGTTTGGACA
AAGGAC3'.

DNA was subjected to an Initial 5 min denaturation at 94°C fol-
lowed by 30 cycles of denaturation (1 min at 94°C), annealing (2 min
at58°C [B-globin] or 55°C [lacZ and GFFY), and elongation (2 min at
72C). Serial dilutions of blood DNA from a transgenic animal were
used as a control to evaluate the levels of donor cell reconstitution
in transplanted mice.
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Note Added in Proof

We have recently found some rare GFP* clusters on the ventral
wall of tha dorsal aorta in transverse sections from E10 Ly-54 GFP
transgenic embryos.
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Chapter 6

Concluding remarks

Although the experimental results have been presented and discussed in each
chapter, in this chapter, | present here an overview of the main conclusions and
discussions of my study..

In Chapter 2, in the in vitro studies examining a 14kb genomic fragment of the
Ly-64 allele, T have shown that the sequences analogous to those in the Ly-6E allele
are responsible for high-level y-IFN induced expression in MEL cells. The deletion
analyses performed in transfected MEL cells confirm that the two alleles, Ly-64 and
Ly-6E are regulated very similarly on the level of transcription. Furthermore, I have
shown that the 1 kb 3’ distal Ly-64 fragment (containing HSS +8.7 and +8.9) directs
high-level y-IFN-induced expression from a heterologous promoter. It is highly
homologous in DNA sequence to the Ly-6E 3° 1 kb distal fragment previously studied
by Sinclair and colleagues (Sinclair et al., 1996). Taken together, these studies suggest
that this fragment contains a potent enhancer that could be extremely useful upon
further dissection, for the expression of exogenous gernes specifically in hematopoietic
stem cells.

From the in vivo studies, in which | examined hematopoietic ceils of
transgenic mice, the following conclusions can be made: the 14 kb genomic fragment
which contains two 3° distal DNasel hypersensitive sites (+8.7, +8.9 from
transcriptional starting site) efficiently and faithfully drives the expression of inserted
B-galactosidase marker gene in the expected hematopoietic lineages. Furthermore, the
B-galactosidase marker gene driven by the Ly-64 cassette in transgenic adult bone
marrow can be used in combination with the FDG substrate to enrich for HSCs by
flow cytometric sorting {Chapter 3).

In direct comparisons of the Ly-6ElacZ and Ly-64lacZ transgenic lines, no
obvious differences were found between the two allelic expression cassettes as
measured by transgene expression patterns in hematopoietic system or at the level of
enrichment of functional HSCs obtained by FDG/Sca-1 flow cytometric sorting.
Furthermore, no obvious differences were found between transgenic lines with
different copy numbers of the Ly-64lacZ transgene. These results suggest that the Ly-
6A4lacZ transgene is no better than the Ly-6F lacZ transgene for the HSC specific
expression in the adult. These results are in direct contrast to the results of Spangrude
(Spangrude and Brooks, 1993) in which the Zy-64 gene product is expressed in 100%
of marrow repopulating cells while the Ly-6E gene product is expressed in only 25%
marrow repopulating cells. Thus the incomplete expression of Ly-64 in all HSCs in
our transgenic mice may be due to the lack of all the appropriate transcriptional
control elements within the 14 kb Ly-64 cassette. Alternatively, B-galactosidase
production may reach some physiological threshold in our transgenic mice, and thus,
levels appear to be limited in the Ly-64lacZ transgenic mice. Finally, our HSC
enrichment procedure relies on the permeability of these cells for the FDG substrate,
Limitation on the entry and/or retention of the subsirate in the cells may affect
efficiency.

To alleviate any possible problems of the B-galactosidase marker gene in HSC
enrichment procedures, I performed in vive studies using a GFP marker gene in the
Ly-64 expression cassette {Chapter 4 and 5). T showed that all adult BM HSCs are
GFP positive in such transgenic mice. Thus, the Ly-64GFP transgenic model is better
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and more appropriate than the Ly-64lacZ transgenics for the study of HSC
development. Within transgenic embryos, 1 also observed clear differences between
lacZ and GFP reporter expression. In AGM tissue at 10-11 dpe, GFP is expressed in
the AGM region: this includes the mesonephric tubules, Wolffian/Mullerian duct and
most importantly, the dorsal aorta endothelium. Furthermore, GFP is also expressed in
vitelline and umbilical vessels at this stage. A more limited expression pattern for the
lacZ reporter was observed at this stage. While mesonephric tubes/Wolffian ducts
expressed lacZ, expression was completely lacking around dorsal aorta (Chapter 3).
FDG sorting for HSCs in the AGM was not successful in Ly-64/acZ transgenic
embryos, while the HSCs are exclusively within the GFP" compartment of AGM
region, especially dorsal aorta sub-region of Ly-64GFP transgenic embryos. Most
likely, the expression difference between Ly-64lacZ and Ly-6AGFP (ransgenes is
related to the characteristics of the inserted marker gene itself: (1) The baterial lacZ
gene may be constrained in its expression in certain cell types in the mice; (2} The
long procedure of paraffin embedding at high temperature can reduce the X-gal
staining signal on cross sections; (3) Permeabilization of celis for the FDG substrate
can affect the sorting results. Nevertheless, the Ly-84GFP transgene quite uniquely
marks the HSCs in the tissue around dorsal-aorta subregion and localizes the 10-12
dpc functional HSCs to the endothelial layer of this vessel. These important results in
Ly-6AGFP embryos have profound implications on our thinking concerning the
origins of HSCs during onfogeny and suggest that intraembryonic HSCs arise most
likely from hemogenic endothelial cells in the midgestation mouse embryo.

This thesis has not touched upon the topic of Ly-64/F gene function in vive.
Since Ly-64/E is a cell surface GPI linked glycoprotein it might be expected to have
some role in signaling hematopoietic differentiation or HSC production/maintenance.
The results of gene targeting experiments have demonsirated that Ly-64 mutant mice
develop normally, are healthy and have normal numbers and percentages of
hematopoietic cell lineages (Stanford et al., 1997). However since the Ly-64 gene is a
member of the large highly homologous £y-6 multigene family, this result implies
that the functional study ir vivo of any single member of the Ly-6 gene family could
be difficult because of the suspected redundant/cverlapping roles played by the
members of this family. Recently, the first direct demonstration of physical linkage
of several members of the Ly-6 family on chromosome 15 has been reported
{Patterson et al., 2000). It has been shown that the Sca-2 gene lies 354 kb
downstream of the Ly-4/F (Sca-1) in the opposite transcriptional orientation and the
Ly-6M gene (another novel identified, highly homologous to Ly-64/E gene) localizes
13.4 kb downstream of Sca-1. Based on this physical map, the i» vivo functional
studies aimed at targeting this locus (including at least two genes) seems possible.

Interestingly, it has been found that the T lymphocytes from the Ly-64 muil
mice proliferate at a significantly higher rate in response to antigens and mitogens
than wild-type T-cells. This implies that Ly-64 (Sca-1) plays some role in T cell
biological function. Furthermore, during T cell differentiation and maturation, bone
marrow derived Sca-1" prothymocytes seed the thymic cortex, lose Sca-1 expression
and phenotypically obtain Sca-2 expression on double negative (CD47/CDS’)
immature T cells (Spangrude et al., 1988; Wu et al., 1991; Yeh et al., 1986). Later
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Sca-1 is re-expressed on mature single positive (CD4"/CDg, CD4/CD8") medullary
thymocytes and peripheral T cells (Spangrude et al., 1988; Yeh et al., 1986), Taking
these observations together, it appears that Sca-1 and Sca-2 both play role during T
cell differentiation and maturation. It would be interesting to study single Sca-2
mutant mice and Sca-1/8ca-2 double knockout mice to further dissect the function of
Sca-1 and Sca-2 during T cell development.

Future prospects

Since all HSCs at 11 dpc in the dorsal aorta express the Zy-64GFP transgene,
this transgenic model is an excellent marker system for studying the induction and
expression of adult HSCs during mouse development. By using this model, temporal
and spatial analysis of the expression patterns of the Ly-64GFP and the function of
these marked cell populations could be carefully and systematically performed. The
successful tracing of emerging, expressing, migrating and colonizing HSCs during
mouse embryonic development will provide insight into the generation of adult
hematopoietic system. Although some experiments to test HSCs and progenitors at 10
and 11 dpc in embryonic tissues, such as AGM, subdissected aorta and urogenital
ridges have been performed either by direct transplantation or by explant culture and
then transplantation (Chapter 5), more data on these aspects should be collected in the
slightly earlier stages like 8, 9 and 10 dpc. A careful fractionation of AGM cell
populations based on surface phenotype prior to the onset of GFP expression and
HSC function wiil be extremely useful in identifying the direct precursor cells to adult
HSCs. The GFP marker can then be used to determine the molecular and cellular
signals necessary for the onset of GFP expression and hence, HSC function,

Interestingly, preliminary data has shown that the cell cycle profiles of GFP*
and GFP" cells from dorsal aorta at 11 dpc are quite different (data not shown). It
would be worthwhile to verify these results and to determine if cell cycle status is
related to GFP" expression and HSC function. The experiments can start with sorting
different cell cycle subsets within GFP” population of the dorsal aorta and/or bone
marrow and transplantation into irradiated adult recipients,

In other related experiments, it would be interesting to use GFP™ and/or GFP*
populations from dorsal aorta and/or wrogenital ridges to test the stromal cell lines
which others in our laboratory have isolated from aorta, urogenital ridges, fetal liver
and BM. These kinds of experiments should lead to the uncovering of promising
stromal ceil lines that can maintain and/or proliferate HSCs. It would be very exciting
if any GFP" cells from AGM and/or subdissected aorta and urogenital ridges become
GFP" and acquire HSC function after culture with certain stromal cell lines. This
stromal cell and HSC precursor co-culture system can then be analysed for the
specific cellular and molecular signals necessary to generate these stem cells.

The Ly-6AGFP transgenic embryos can also be used for characterizing the
relationship between some transcription factors and the onset of HSC generation and
function. GATA-2 mutant, AML-! mutant /CBFAZ lacZ knockin transcription factor
mouse models are presently available and being used in our laboratory. CBFAZ is
expressed in the ventral endothelium of the dorsal aorta, the ventral para-aortic
mesenchyme and in the clusters of hemetopoietic cells associated with the ventral
wall of the aorta (North et al., 1999). Furthermore, CBFA2 is required for the
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formation of intra-aortic hematopoietic clusters (North et al., 1999) and for the
generation of HSCs in the AGM region (Cai et al., 2000). Taken together, these
results suggest that CBFA2 is expressed by the first HSCs as they arise in the mouse
embryo. GATA-2 transcription factor has also been found to affect definitive
hematopoiesis, (causing lethality at day 10.5-11 in gestation) (Tsai et al., 1994). To
determine if the expression of these transcription factors and their functions in HSCs
and/or their precursors precede Ly-64 expression, crosses of Ly-64GFP homozygous
mice with GAT4-2 and AML-I (CBFA2) mutant mice can be performed.
Morphological and functional studies should uncover the relative positions of these
two transcription factors and the Ly-64 gene in the gene expression and functional
cascades related to HSC generation in the AGM.

Ongoing experiments will use the 14 kb Ly-64 expression cassetie for the
expression of Cre recombinase in the fate mapping of HSCs during ontogeny.
Furthermore, genes thought to be related to HSC ontogeny can be conditionally
knocked-out by using a Ly-64 Cre-LoxP system. The success of these experiments is
dependent on the correct temporal and spatial expression pattern of Cre recombinase
during development. For this reason careful examination and comparison with the
pattern of Ly-64AGFP reporter gene expression results presented in this thesis are of
outmost importance for these studies.

Finally, the Ly-6A expression cassette can be also used to drive expression of
some oncogenes (i.c. myc, bcl2) in transgenic mice for the immortalization of
definitive HSCs so as to better genetically characterize such cefls. Previously, this
strategy using another expression cassette has been successful for the immortalization
of B cell progenitors (Strasser et al., 1990). However, improvements in this strategy
will include the flanking of the oncogene with loxP recombination sites in the Ly-6A
transgene construct. The presence of the loxP sites will allow for the removal of the
immortalizing oncogene after cell lines are isolated from transgenic mice. Established
lines characterized as being hematopoietic stem cell-like will be induced with Cre
recombinase to remove the oncogene. Thus, the stem cells should return to an un-
immortalized state, undergo normal differentiation and form a complete
hematopoietic system in the irradiated mouse recipient.
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Mammalian hematopoiesis begins early during embryogenesis and proceeds
throughout the entire life span of the animal to provide at least eight distinct lineages
of mature blood cells that derive from pluripotential hematopoietic stem cells {HSCs).
These rare cells, found in the bone marrow of adult mammals, are the basic of clinical
transplantation therapies for leukemia and genetic diseases of the blood system. While
HSCs are not morphologically distinguishable from the overwhelming numbers of
other blood cells in the bone marmrow, they have been characterized and enriched by a
unique combination of markers expressed on their cell surface. In the mouse, the Sca-
1 marker has been instrumental in such studies. This marker is a cell surface GPI
linked glycoprotein that is found on bone marrow and fetal liver HSCs. Despite
enrichment of HSCs by flow cytometric sorting for Sca-1 as well as other markers,
the isolation of the necessary large numbers for genetic manipulation and
transplantation is difficult due to the inability of these cell to proliferate in the adult
microenvironment or ik vitro culture systems. However, during embryonic
development HSCs have been found to increase in number in an intraembryonic
hematopoietically active region containing the dorsal aorta, gonads and mesonephros
(AGM). Thus, the AGM region offers a unique opportunity to examine the earliest
generation of definitive HSCs.

The AGM HSCs have been found to be positive for stem cell markers c-kit,
CD34, Sca-1 and Mac and negative for mature lineage markers B220, CD4, CD§ and
Gr-1. In order to better understand the transcription regulatory elements directing
gene expression in HSCs so as to manipulate and express heterologous genes in these
stem cells for the study of development and for possible therapeutic applications,
identification and isolation of stem cell control elements of Sca- (Ly-64/F) gene was
performed.

In this thesis studies two overlapping fragments {over 25 kb of the Ly-64
gene) from a phage library of the 129 mouse strain were cloned and selected by
hybridization with Ly-6E cDNA probe. These fragments were mapped, subcloned and
used in expression studies. Deletion analysis shows that the sequences analogous to
those in the Ly-6E allele are responsible for high-level y-IFN-induced expression in
vifro. Furthermore, the 3' distal Ly-64 fragment containing two strong DNase I
hypersensitive sites was proven to direct high-level y-IFN-induced expression from a
heterologous promoter, suggesting that it is a potent enhancer that could be usefuil for
expression in hematopoietic stem cells. On the basis of in vitro studies, the 14 kb Ly-
64 genomic fragment containing the 3' distal two strong DNase [ hypersensitive sites
was used as a expression cassette to drive heterologous report gene (lacZ and EGFP)
for in vivo studies.

For the Ly-64/acZ transgenic mice, the specific expression pattemn of two lines
(AZ1, 8 copies; AZ2, 20 copies) is similar. Furthermore, the expression pattern in the
adult is also similar between Ly-64/acZ and the previously generated Ly-6ElacZ lines.
In general, Ly-6A4lacZ transgene is expressed predominantly in the cells of the T
lymphoid lineage and this transgene facilitates about 100-fold enrichment of bone
marrow HSCs. Compared to the Ly-6ElacZ transgene, Ly-64lacZ is expressed more
widely in embryonic tissues (not only AGM and tail, but also limb bud) in
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midgestation embryos. LacZ expression was not observed around the dorsal aorta at
midgestation in Ly-6ElacZ or Ly-6AlacZ transgenic lines. Also, FDG sorting and
enrichment of lacZ marked AGM HSCs has not been successful with either Ly-
64lacZ or Ly-6ElacZ lines. Thus, further studies were focused on Ly-GAGFP
transgenic mice.

The Ly-64 GFP transgene is not only expressed in all functional repopulating
HSCs in the adult bone marrow, but also is expressed in all of the HSCs in the
midgestation AGM region, the first site of HSC emergence. While transgenic
embryos express GFP in the aorta-mesenchyme and the gonad-mesonephros
subregions, functional adult-repopulating HSCs are found only in the GFP™ cells of
the aorta-mesenchyme. Examination of whole and serially sectioned AGM regions
shows that GFP expressing cells are localized to the wall of the dorsal aorta, strongly
suggesting that HSC activity arises within the endothelial layer of this vessel. The
results of these studies suggest that the 14 kb Ly-64 genomic fragment including the
3’ DNasel hypersensitive sites contains a potent enhancer for the exogenous gene
(LacZ and GFP) expression in hematopoietic stem cells. Further examination of the
GFP transgene expression patterns during mouse midgestation should be an extremely
useful approach for fate mapping. The GFP*, and even GFP™ populations from
intraembryonic cells around dorsal aorta at midgestation stage are the important
sources for HSCs differentiation and induction studies. Furthermore, the 14 kb Ly-64
expression cassette can be used as a starting point to further dissection of the
transcriptional regulatory elements within the Ly-64 gene.
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De vorming van bloedcellen wordt hematopoiese gencemd. Het begint bij
zoogdieren al vroeg in de embryogenese en gaat vervolgens gedurende het hele leven
van het dier door. Het levert tenminste acht verschillende typen rijpe bloedcellen die
allen afstammen van multipotente hematopoietische stamcellen (HSCs). Deze
zeldzame cellen bevinden zich in het beenmerg van volwassen zoogdieren en vormen
de basis voor transplantatie-therapiéén voor leukemie en genetische ziekten van het
bloed. Omdat de HSCs morfologisch niet te onderscheiden zijn van de enmorme
aantallen andere bloedcellen in het beenmerg, zijn ze gekarakteriseerd en verrijkt door
een unicke combinatic van kenmerken die aanwezig zijn op het celoppervlak. In de
muis is Sca-1 zo'n kenmerk. Sca-1 is een glycoproteine op het celoppervlak dat
verbonden is met GPI, en is gevonden op HSCs van het beenmerg en de foetale lever.
Ondanks de verrijking van HSCs met behulp van een flow cytometer voor Sca-1, als
ook andere kenmerken, is het verkrijgen van de noodzakelijke grote aantallen cellen
voor genetische manipulatie en transplantatie moeilijk omdat deze cellen niet kunnen
prolifereren in een volwassen omgeving of in in vitro kweeksystemen. Tijdens de
embryonale ontwikkeling nemen HSCs echter wel in aantal toe mm een
intraembryonaal hematopoietisch aktief gebied, bestaande uit de dorsale aorta, de
gonaden en de mesonephros (AGM). Het AGM gebied biedt dus een unieke
mogelijkheid om de eerste vorming en proliferatie van definitieve HSCs te
bestuderen.

Het is aangetoond dat de HSCs van de AGM positief zijn voor de
stamcelkenmerken c-kit, CD34, Sca-1 en Mac en negatief voor kenmerken van rijpe
bloedcellen als B220, CD4, CD8 en Gr-1. Om de genexpressic in stamcellen te
kunnen manipuleren voor het bestuderen van de ontwikkeling en mogelijfke
therapeutische toepassingen is het noodzakelijk om meer te weten van de transcriptie
regulerende elementen die verantwoordelijk zijn voor de genexpressie in HSCs. In dit
kader zijn de stamcel controle elementen van het Sca-1 (Ly-64/E) gen geidentificeerd
en gefsoleerd.

In dit proefschrift zijn twee overlappende fragmenten (van meer dan 25 kb van
het Ly-64 gen) van een faag-bank van de muizenstam 129 gekloneerd en geselecteerd
door middel van hybridisatie met een Ly-6E cDNA probe. Deze fragmenten zijn in
kaart gebracht, gesubkloneerd en gebruikt in expressie-studies. Het blijkt dat delen
van de fragmenten die analoog zijn aan die van het Ly-6E allel verantwoordelijk zijn
voor het door y-IFN geinduceerde hoge expressie nivo in vitro. Bovendien bleek het
3’ Ly-64 fragment, dat 2 sterke DNase I hypergevoelige gebieden bevat, een door y-
TFN geinduceerde hoog expressie nivo van cen andere promoter te regisseren. Dit
suggereert dat het cen krachtige “enhancer” is die bruikbaar is voor expressie in
hematopoietische stamcellen. Daarom is het 14 kb Ly-64 genomisch fragment dat dit
3’ fragment bevat gebruikt als een expressic cassette met de markeringsgenen lacZ en
EGFP voor in vivo studies.

Er zijn 2 Ly-64lacZ transgene muizenlijnen gegenereerd (AZI/ 8 kopieen,
AZ2! 20 kopieen), waarvan het specificke expressie patroon vergelijkbaar is.
Bovendien is het expressie patroon in de volwassen muizen vergelijkbaar in de Ly-
6AlacZ en in de eerder gegenereerde Ly-6EiacZ lijnen. Ly-64iacZ komt overwegend
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tot expressie tijdens de T-celdifferentiatie en met dit transgeen is een 100-voudige
verrijking van beenmerg HSCs mogelijk. Tijdens de organogenese komt Ly-64/acZ in
meer embryonale weefsels tot expressie (niet alleen de AGM en staart, maar ook in de
pootknop) dan Ly-6ElacZ. Op dit stadium is lacZ expressie echter niet waargenomen
rond de dorsale aorta van de Ly-6ElacZ en de Ly-64lacZ transgene lijnen. Tevens was
het sorteren en verrijken van lacZ gemerkte AGM HSCs niet succesvol met noch de
Ly-6ElacZ noch de Ly-64lacZ lijnen. Daarom zijn verdere studies uitgevoerd met een
Ly-64GFP transgene muis.

Ly-64GFP komt niet alleen tot expressie in alle functionele repopulerende
HSCs van volwassen beenmerg, maar het komt ook tot expressie in alle HSCs van de
AGM fen tijde van de organogenese. Dit gebied is het vroegste embryonale gebied
waar HSCs voorkomen. Transgene embryo’s vertonen GFP expressie in de gebieden
van de aorta-mesenchym en van de gonade-mesonephros, maar finctionele HSC die
in staat zijn volwassen muizen te repopuleren, zijn alleen gevonden in de GFP* cellen
van het gebied van de aorta-mesenchym. Onderzoek van totale en in serie gesneden
AGM gebieden toont aan dat de cellen die GFP tot expressie brengen zijn
gelokaliseerd in de wand van de dorsale aorta. Dit suggereert dat HSC aktiviteit
onstaat in het endotheel van dit bloedvat. De resultaten van deze studies suggereren
dat het 14 kb Ly-64 genomische fragment inclusief de 3° DNase I hypergevoelige
gebieden een krachtige “enhancer” bevat voor het ot expressie brengen van een
exogeen gen (lacZ en GFP) in hematopoietische stamcellen. Verder onderzoek van de
GFP transgene expressie patronen tijdens de organogenese zal zeer bruikbaar zijn
voor het in kaart brengen van het ontstaan van de HSC. De GFP' en zeifs de GFP
celpopulaties van de embryonale dorsale aorta zijn belangrijke bronnen voor studies
naar HSC differentiatie en inductic. Bovendien kan het 14 kb Ly-64 fragment
gebruikt worden als startpunt in de verdere specificering van transcriptie regulerende
elementen in het Ly-64 gen.
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Stellingen
Behorende bij het proefschrift

Ly-6A/E (Sca-1) gene regulatory elements in hematopoietic
stem cells in mouse

The Ly-6A/E (Sca-1) antigen expression profiles vary between mouse strains.
(Spangrude & Brooks, 1993, Blood 82, 3327-3332)

The Ly-64 and Ly-GE alleles are 8% homologous in the region containing the +8.7
and +8.9 HSS. (This thesis)

The 3* distal fragment of Ly-64/E (Sca-1) gene is essential for high-level y-
interferon-induced expression in vitro and for tissue specific expression in vivo in
hematopoietic system. (Sinclair et al., 1996, Blood §7, 2750-2761; Miles et al,, 1997,
Development 124, 537-547 and this thesis)

The 14 kb Ly-64 expression cassette does not contain all cis-acting control regions.
(This thesis)

The unsuecessful enrichment of embryonic HSCs from the AGM region and the
localization of embryonic HSCs in the AGM region of Ly-6AflacZ transgenic mice
might result from the properties of the lacZ marker itself. (This thesis)

Adult hematopoietic stem cells localize to the endothelial cell layer in the
midgestation mouse aorta. (This thesis)

The first adult hematopoietic stem cells arise in the aorta-ganads-mesonephros
{AGM) region, (Muller et al., 1994, lmmunity 1, 291-301; Medvinsky & Dzierzak,
1996, Cell 86, 897-906)

Hematopoietic stem cell emergence oceurs in clase association with the major
vasculature of the embryo. {Garcia-Porrero et al., 1995, Anat, Embryol. Berl. 192,
425-435; Shalaby e al., 1997, Cell 89, 981-990; Tavian et al.,, 1999, Development
126, 793-803; Wooed et al., 1997, Blood 90, 2300-2311; de Bruijn et al., 2000, EMBO
119, 2465-74)

The efficiency of the concurrent Cre-mediated inter-chromosomal recombination can
be different in a same cell subset. (Vooijs et al., 2001, EMBO reports 2, 292-297)

. Tumour suppressor PTEN regulates beta-catenin gene expression. (Sujata Persad et

al., 200t, The Joumal of Cell Biology 153, 1161-1174)

. Oh, it is excellent to have a giant’s strength, but it is tyrannous to use it like a giant.

(Shakespeare)





