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ABSTRACT

Background

The transcriptional regulation of stem cell genes is still poorly understood. Kit, encoding
the stem cell factor receptor, is a pivotal molecule for multiple types of stem/ progenitor
cells. We previously generated mouse lines expressing transgenic green fluorescent protein
under the control of Kit promoter/first intron regulatory elements, and we demonstrated
expression in hematopoietic progenitors.

Design and Methods

In the present work we investigated whether the transgene is also expressed in
hematopoietic stem cells of adult bone marrow and fetal liver. To this purpose, we tested,
in long-term repopulating assays, cell fractions expressing different levels of green fluores-
cent protein within Kit-positive or SLAM-selected populations.

Results

The experiments demonstrated transgene expression in both fetal and adult hematopoiet-
ic stem cells and indicated that the transgene is transcribed at distinctly lower levels in
hematopoietic stem cells than in pluripotent and committed progenitors.

Conclusions

These results, together with previous data, show that a limited subset of DNA sequences
drives gene expression in a number of stem cell types (hematopoietic stem cells, primor-
dial germ cells, cardiac stem cells). Additionally, our results might help to further improve
high level purification of hematopoietic stem cells for experimental purposes. Finally, as
the Kit/green fluorescent protein transgene is expressed in multiple stem cell types, our
transgenic model provides a powerful in vivo system to track these cells during develop-
ment and tissue regeneration.
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Kit/GFP transgene in hematopoietic stem cells

Introduction

In the last years, great emphasis has been placed on the
isolation, characterization and potential therapeutic uses of
stem cells. There is, therefore, considerable interest in
understanding the regulatory transcriptional and signaling
networks which underlie stem cell properties, such as
pluri-multipotency and self-renewal, as well as specificity
of commitment. Recently, transcriptional networks of mul-
tipotent embryonic stem cells have started to be analyzed
by chromatin immunoprecipitation assays.”* However,
this approach cannot easily be extended to the study of the
rare and not always prospectively identifiable tissue stem
cells. For the latter stem cells, hierarchical networks of
transcription factors and signaling molecules have been
defined by gene ablation experiments, but to date the
number of stem cell genes whose regulation has been
approached at the transcriptional level remains relatively
small.

Kit encodes the membrane receptor of stem cell factor
(SCF), a diffusible ligand. It is expressed in several stem
cell types, such as primordial germ cells, neural stem cells
of the eye, hematopoietic stem cells (HSC), and cardiac
stem cells, and several types of early committed progeni-
tors. In these cells, the function of Kit is important or even
essential, as demonstrated by genetic mutants and func-
tional studies.*"" The expression of Kit in multiple stem cell
types suggests that common transcriptional programs
might regulate this gene in different stem cells. In previous
work, we showed that a mouse Kit transgene is able to
efficiently drive green fluorescent protein (GFP) expression
in primordial germ cells and in immature hematopoietic
cells, such as CFU-mix and BFU-E progenitor cells.” In the
present work, we investigated whether the transgene is
expressed in fetal liver and adult bone marrow HSC. Our
results show that the transgene is indeed expressed in a
Kit* cell type, capable of long-term hematologic reconstitu-
tion upon transplantation into irradiated recipients. The
expression level of the transgene in HSC is distinctly lower
than in other progenitors, a fact that might be exploited to
further improve the purification of HSC. In conclusion, our
transgene contains the major regulatory sequences
required for Kit (Kit/GFP) expression in several types of
stem and progenitor cells, thus providing a powerful model
to study common stem cell transcriptional programs.

Design and Methods

Mice

Transgenic Kit/GFP mice, in which the GFP-encoding
sequence was placed under the control of Kit regulatory
elements (construct 3) have been previously described.”
Kit/GFP founder transgenic mice (originally in a BDF1
background) were initially bred to BDF1 mice (for the first
generation), and then interbred among themselves. Two
different lines were tested, with similar results. Transgenic
and wild type (BDF1) mice were kept according to institu-
tional regulations. Transgenic mice were genotyped by
polymerase chain reaction using 5-ACATGAAGC-
AGCACGACTTC-8’ and &-TTGTGGCGGATCTTG-

AAGTT-8’ primers in the GFP sequence. For timed exper-
iments on embryos, the morning when the vaginal plug
was detected was considered to correspond to day 0.5
post-coitum (E0.5).

Flow cytometric analysis and cell sorting

Flow cytometric and cell sorting were performed by a
MoFlo (DAKO-Cytomation) flow cytometer/cell sorter
with Summit 4.3 and FACSAria software (Becton
Dickinson, RD). Total adult bone marrow or fetal liver
cells from Kit-GFP transgenic animals and from non-trans-
genic controls (obtained by disaggregation in phosphate-
buffered saline) were incubated with appropriate labeled
antibodies from BD-Pharmingen: phycoerythrin (PE)-
labeled anti-mouse LY 6A/E (Sca-1) (D7); peridin chloro-
phyll-cyanin 5.5-labeled anti-mouse CD11b (Mac-1)
(M1/70); allophycocyanin (APC)-labeled anti-mouse
CD117 (Kit) (2B8); PE-labeled anti-mouse CD48 (HM48-
1); APC-labeled anti-mouse Gr-1 (Ly-6G and Ly-6C) (RB6-
8C5); biotin anti-mouse T-cell receptor beta chain (H57-
597); and biotin anti-mouse CD45R/B220 (RA3-6B2).The
PE-labeled anti-mouse CD41 (MWREG30) was from
Santa Cruz. The PE anti-mouse CD71, (clone R 17127) and
APC anti-mouse CD150 (SC15-12F12.2) were from
Biolegend (San Diego, CA). All the analyses were per-
formed with the Moflo flowcytometer cell sorter, except
the one shown in Figure 1 for which a Cyan ADP (Dako)
was used. Background fluorescence levels (autofluores-
cence) were defined by comparison to levels in appropri-
ate non-transgenic control cells, stained with isotype con-
trol fluorochrome conjugate. For the analysis of the side
population,”® bone marrow cells (3x10°/mL) were incubat-
ed with Hoechst 33342 (Sigma), 5 pg/mL for 90 min at
37°C, either in the absence (experimental samples) or
presence (control samples) of 50 uM verapamil. The cells
were then washed four times with fresh culture medium
(1% fetal calf serum in Dulbecco’s modified Eagle’s medi-
um), further incubated with labeled antibodies for 30 min
at 4°C, washed again at 4°C and analyzed by Moflo
(DAKO) with UV (350 nm), 630 nm and 488 nm lasers.
Data from at least 1.5x10° live cells were acquired. Cell
sorting of bone marrow or disaggregated fetal liver cells
from heterozygous transgenic embryos (identified by
their bright GFP fluorescence) was performed after APC-
labeled anti-Kit staining, and Kit" cells were fractionated
on the basis of levels of GFP fluorescence. In order to sort
signaling lymphocytic activation molecule (SLAM)-posi-
tive HSC, bone marrow cells were pre-enriched with a
double density Ficoll gradient™ adapted for mouse cells, in
which undifferentiated mononuclear cells are layered
between 1.069 g/mL and 1.075 g/mL by centrifugation.

In vitro colony assays

The culture conditions for the in vitro colony assay have
been described elsewhere.”” Briefly, bone marrow cells
were flushed from femora and tibiae in Iscove’s modified
Dulbecco’s medium (IMDM) with 2% fetal calf serum and
cultured at a maximum density of 5x10* cells/mL in
IMDM containing o-thioglycerol, methyl cellulose,
bovine serum albumin, 5% fetal calf serum, iron-saturated
transferrin, lecithin, oleic acid, cholesterol, 2 u/mL human
recombinant erythropoietin, 10 ng/mL murine stem cell

haematologica | 2009; 94(3)

| 319 |



| 320 |

F. Cerisoli et al.

factor, and 10 ng/mL murine interleukin-3. Cultures were
scored both in bright field and fluorescence at 2, 7, and 12
days with an inverted microscope by using standard crite-
ria.

Bone marrow transplantation

BDF1 female recipient mice, 8-12 weeks old, were
lethally irradiated with 830 rads (x-ray source). Two hours
after irradiation, they were injected intravenously with
different numbers of sorted fetal liver or bone marrow
cells, and 5x10° to 2x10° (as specified in individual experi-
ments) unsorted wild type bone marrow cells as support,
resuspended in IMDM. Controls were injected with cell-
free suspending medium. Engrafted animals were killed
and analyzed 4-6 months after transplantation. For sec-
ondary transplants, 10" cells from primary reconstituted
mice were injected intravenously into lethally irradiated
secondary BDF1 recipients.

Results

The transgenic Kit/GFP gene is expressed
in hematopoietic stem cells of adult bone marrow
and fetal liver

The Kit transgene consists of 6.7 Kb of mouse promoter
sequences, followed by the GFP gene and by 8 Kb of
sequences from the 5’ part of the first intron of the gene.”
In addition to the promoter, only approximately 4 Kb at
the 5’ part of the intron are sufficient to drive expression
of the transgene; however, mouse lines including all 8 Kb
of the intron show more accurately regulated transcrip-
tion, and we therefore studied one of these lines in detail
(mouse line 3 described by Caims et al.) (another line
obtained with the same construct from a different founder
gave similar results).

In previous research, both E11.5 fetal liver and adult
bone marrow cells FACS-sorted for GFP (or GFP and Kit)
expression were found to be highly enriched for CFU-mix
and BFU-E; however, we did not ascertain GFP expression
in HSC.” To address this question, we selected cell popu-
lations with different GFP fluorescence levels from adult
bone marrow and E12.5 fetal liver (Figures 1A and 1B), and
tested each of them by i vitro colony assays," as well as by
long-term in vivo repopulation studies in lethally irradiated
mice (HSC assays) (Figurel). For long-term repopulation
studies, we transplanted FACS-sorted cell fractions at var-
ious concentrations (ranging from 100 to 50,000 cells)
together with a fixed number (2x10° cells) of non-trans-
genic total bone marrow cells as a support. After at least 4
months, we assessed hematologic reconstitution in two
ways (Figures 1C-D). First, bone marrow from the recipi-
ent mice was plated in methylcellulose cultures, and the
proportion of GFP-expressing (versus non-expressing)
CFU-mix colonies was evaluated (Figure 1C). Previous
work had shown that over 90% of CFU-mix colonies from
the transgenic line used here express GFE, thus the propor-
tion of fluorescent CFU-mix colonies is expected to faith-
fully reflect the level of reconstitution of the bone marrow
by GFP transgenic versus non-transgenic co-transplanted
cells. Second, we analyzed the GFP expression (by FACS)
of bone marrow from the transplanted mice. In general a

high level of reconstitution, as measured by colony assays
(over 90% of fluorescent colonies), was paralleled (Figure
1D) by a high level of fluorescent cells in the bone marrow
of reconstituted mice (25-35%, note that most differentiat-
ed bone marrow cells do not express Kit/GFP) (see below
and Ounline Supplementary Figures S1 and S2).

The pattern of GFP expression in adult bone marrow is
rather complex. Over 90% of Kit" cells are also GFP; with-
in the Kit' population, the majority of the cells show high
levels of fluorescence (GFP"#" cells), whereas a smaller pro-
portion (GFP™ cells) show lower levels of fluorescence,
and are poorly separated from the minor Kit"/GFP~ popu-

A
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Figure 1. Experimental strategy for the evaluation of the HSC con-
tent of different fetal liver and bone marrow fractions. Bone mar-
row (panel A) and fetal liver (panel B) cell fractions of different
GFP fluorescence were transplanted into irradiated mice.
Reconstitution was evaluated by the proportion of fluorescent (i.e.
transgenic) versus non-fluorescent (i.e. non-transgenic, from co-
transplanted supporting bone marrow) CFU-mix type colony (panel
C) obtained from in vitro clonogenic assays of the bone marrow of
transplanted mice. Note the intense fluorescence of the CFU-mix
type colony, versus the complete absence of fluorescence of the
adjacent mature myeloid colony. FACS analysis of the same mar-
row (panel D) shows excellent agreement of the results with those
obtained by colony assays. The negative bone marrow sample
(panel D, right side) did not yield any fluorescent CFU-mix, where-
as the positive sample (left) yielded 87% fluorescent CFU-mix type
colonies.
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lation. Within the Kit7/lineage marker (Lin)* population,
the analysis of GFP fluorescence (Online Supplementary
Figure S1 and data not shown) showed that a large propor-
tion of the Kit/Lin® cells are either completely GFP~ or
show much lower levels of GFP expression than Kit" cells.
In particular, 60-90% of Kit/CD71 or Ter119* cells (ery-
throid cells) are GFP-, as well as 90-95% of lymphoid cells
(B220 and T-cell receptor positive cells, nor shown);
myeloid cells (Gr-1* and CD11b*) express GFP at low lev-
els. Interestingly, and unexpectedly, Kit’/CD71* or
Kit'/Gr-1" double positive cells express very high levels of
GFP, even higher than those shown in Kit/CD71" or
Kit*/Gr-1" cells (Online Supplementary Figure S1, panels viii
and xii, compare the green line, i.e. Kit"/lin* double posi-
tive, with the red and blue lines, i.e. Kit single positive and
Kit/lin* cells, respectively). Similarly to bone marrow, in
fetal liver (Online Supplementary Figure S2) Kit* cells are
divided into GFP**" and GFP™ cells (with very few GFP-
cells); Kit/Lin* cells (largely erythroid, ie. CD71" or
Ter119* cells) are mostly (90%) GFP, with a small propor-
tion of weakly GFP* cells (panel viii).

For colony assays and transplantation experiments, we
FACS-sorted Kit" cells based on their levels of GFP expres-
sion. Kit/GFP* cells were tested as well. Table 1 shows
that most bone marrow progenitors, as assayed in vitro
(CFU-mix, BFU-E), are contained in the GFP"¢" fraction. In
contrast, HSC are highly enriched in the bone marrow
Kit*/GFP* fraction, as demonstrated by the hematologic
reconstitution of most transplanted mice (Table 2). Bone
marrow cells expressing intermediate levels of GFP effi-
ciently reconstituted a total of 16 out of 23 transplanted
animals (Table 2, Kit/GFP™ and GFP™ fractions). In con-
trast, only four out of 22 recipients were repopulated by
the GFP™" fractions (Table 2, Kit'/GFP*¢* and GFP*" cells).
Furthermore, whereas 2x10°-1x10* bone marrow
Kit"/GFP™ cells were sufficient to reconstitute four out of
seven transplanted mice at a high level (85-50% of fluo-

Table 1. Hematopoietic precursors in the sorted cell fractions.

Cell fraction BFU-E CFU-Mix Total myeloid
CFUx10%cells ~ CFUx10*cells  CFUx10*cells

A. Bone marrow

Kit*/GFpr 145 (82%) 233 (72%) 330 (37%)

Kit*/GFP™ 32 (18%) 91 (28%) 574 (63%)

Kit/GFp™ - - -

Kit/GFP- - - -

Cell fraction BFU-E CFU-Mix Total myeloid
CFUx10%cells  CFUx10“cells  CFUx10*cells

B. Fetal liver

Kit/GFp" 46 (79%) 25 (53%) 134 (64%)

Kit*/GFP™" 53 (21%) 96 (47%) 283 (33%)

Kit/GFP™ - - -

Kit/GFP- - — -

Numbers of different progenitors were evaluated in duplicate plates. The figures
shown in the first column represent progenitor number/ 10" cells. Figures between
parentheses represent the proportion of each progenitor that is contained in the cell
fraction tested, calculated on the basis of numbers of cells present in each sorted
fraction (see legend to Figure 2), multiplied by the progenitor numbers/10" cells
obtained in the present experiment.

rescent CFU-mix), a comparable level of repopulation
could be obtained only with 5x10* bone marrow
Kit'/GEFP"¢ cells (Table 2 and Figure 2). As expected, mice
that received Kit/GFP* cells did not show any reconstitu-
tion with fluorescent cells. To further confirm that the
bone marrow reconstitution was really due to long-term
repopulating cells, bone marrow from primary recipients
was transplanted into secondary irradiated recipients.
The results presented in Table 2 show that only bone
marrow cells derived from GFP* transplanted mice were
able to fully repopulate three out of four secondary recip-
ients, whereas GFP"® cells did not show reconstituting
ability either in primary or secondary transplants. We also
obtained similar conclusions by transplantation of frac-
tionated E12.5 fetal liver cells (Figure 1B). Again,
Kit*/GFP"# fractions contained significantly more colony-

Table 2. Long-term reconstitution of bone marrow by transplantation
of cell fractions expressing different levels of green fluorescent pro-
tein.

Tissue Fraction  Cells | Reconstituted Il Reconstituted
injected
Bone marrow Kit*/GFP"  5x1(" 12 -
2x10" 23 -
10! 1/6 -
2x10° 0/4 —
210 073 -
Kit/GFP™  5x10° 33 -
210 33 -
10! 41 —
2x10° 3/4 -
2x10? 0/3 =
Kit/GFP- 10! 01 -
Kit7GFP+  5x10* 01 -
210 072 -
10* 072 =
Bone marrow GFP"™" 10° 072 0/9
210 0/2 —
GFp™ 10° 22 3/4
2x10" 11 -
GFP- 10° 073 02
Fetal liver  Kit*/GFP""  4x1(* 0/1 -
210 01 -
10 01 -
10° 01 -
Kit/GFP™  4x10* 11 -
210" 11 -
10! 2/2 -
10° 02 -
Kit7GFP™  4x10* 01 -
210 01 -
10 01 -
10° 01 -
Kit/GFP-  4x10* 072 -

GFP: green fluorescent protein. In most experiments, cells were selected on the
basis of their expression of Kit and GFP as indicated. In some experiments, cells
were selected only on the basis of their GFP expression level. For fraction identifica-
tion, see examples in Figure 1.
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forming cells than Kit”/GFP™ fractions (Table 1). In con-
trast, upon transplantation Kit/GFP™, but not Kit'/GFP"e
cell fractions (Figure 1), efficiently repopulated lethally
irradiated mice (Table 2 and Figure 2B).

Long-term repopulating hematopoietic stem cells are
contained in the GFP™ population

We subsequently tested whether the above results were
confirmed in populations highly enriched in HSC.
Recently, it was shown that stringent selection for
CD150%, CD48, CD41" cells (SLAM cells) yields a popula-
tion containing the large majority of HSC, at a high level
of purity."*"” We initially selected lineage marker-negative
cells from Kit/GFP bone marrow, and from them we puri-
fied the HSC-enriched SLAM population (Figure 3 and
Online Supplementary Figure S3). As shown in Figure 3, lin-

eage marker-negative cells are dramatically enriched, rela-
tive to the total population (compare panels a and b), in
Kit/GFP*e cells and Kit/GFP™ cells, which yield two
prominent, well identified peaks (Int and High).Upon
SLAM  purification, the  selected  population
CD150'/CD487/CD41" (representing 0.0045 + 0.0005% of
total bone marrow), consisted mostly of GFP™ cells (about
58%), with a shoulder (33%) of GFP**" cells (Figure 3,
compare panel ¢ to panels a and b): a low percentage of
SLAM HSC cells (about 9%) were GFP~. We then trans-
planted limiting dilutions of SLAM HSC sorted cells
(Online Supplementary Figure S3) on the basis of high, inter-
mediate or null expression of GFP into lethally irradiated
recipients. None of the mice transplanted with SLAM

Table 3. Long-term reconstitution of bone marrow by transplantation
of SLAM HSC expressing different levels of Kit/GFP.

A Fraction (CD150", Cells Reconstituted % of
70% 1 reconstitution
60% - GFp# 300 23 24,05
100 173 1.20
50% 7 10 073
GFp™ 300 33 54,194,314
40% 7
100 2/2 14.9,1
30% 10 13 1.10
GFP- 300 0/3
20%
100 0/3
10% T
Reconstitution of transplanted mice was evaluated as percentage of GFP* cells in
0% - bone marrow, by FACS analysis, 4 months after transplantation.
5x10*
2x10* A B
B - 4
90% 1 Neg Int High
75% - 1 3
60% ]
45% .
30% 1 Ty Ty Ty L | 4 Lt Bom | L | L | Lo
0 100 10° 10° 0 100 10¢ 10°
15% 1 c GFP GFP
0% 10°% —
N
410 1 GFP i
A 10 Kt g 3 13
Kt Kit S 10*
& V1
X7
[an)
< 1
Figure 2. Relative hematopoietic stem cells content of bone mar- 03
row and fetal liver cell fractions expressing different levels of GFP,
as evaluated by long-term repopulation studies. Bone marrow T T -
long-term repopulation (4-5 months) by cell fractions from bone 0 100 10° 10° 0 100 10° 10°
marrow (A) and fetal liver (B). Reconstitution was evaluated by the CD150 GFP

proportion of GFP- expressing CFU-mix type colonies obtained
from the bone marrow of each transplanted mouse; GFP- colonies
are assumed to derive from non-transgenic stem cells contained
in the support bone marrow co-transplanted with the FACS-frac-
tionated transgenic cells. Note that 90-100% of CFU-mix type
colonies from untreated Kit/GFP mice express GFP*2 The number
of cells used for each transplant, and their level of GFP expression
are shown. Fractions used are as exemplified in Figure 1. Kit™ indi-
cates GFP* or GFP- cell fractions not expressing Kit; GFP™: Kit*
cells expressing intermediate levels of GFP; GFP"=: Kit* cells
expressing high levels of GFP. The data for the transplantation of
fetal liver cells refer to an experiment using cells pooled from 16
GFP* livers (five pregnant females) at E12.5. The data for bone
marrow are from four adult donor transgenic mice.

Figure 3. FACS analysis and separation of CD150°CD48-CD41" lin-
eage-depleted cells on the basis of Kit/GFP expression. Total bone
marrow from adult Kit/GFP mice (A) was depleted of lineage-pos-
itive cells (B). After lineage depletion, SLAM hematopoietic stem
cells were gated as shown in (C); the right panel (D) represents the
levels of GFP expression of CD150'CD48-CD41- hematopoietic
stem cells-enriched fractions. GFP-negative (Neg), intermediate
(Int) or high cells were gated (gates were set on the general GFP
expression level shown in Online Supplementary Figure S1 and
represented 8.92+1.80%, 57.77+4.60%, 33.10+2.52%, respec-
tively. The same gating strategy was used for sorting (see Online
Supplementary Figure S3).
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HSC GEFP- cells was repopulated in the short or long-term
after transplantation, while both SLAM HSC GFP"*" and
GEP™ cells were capable of short-term repopulation, at all
the cell doses used (data not shown). In strong contrast,
however, after 4 months SLAM HSC GFP™ cells showed
a much better long-term repopulating ability than that of
GEFP" cells (Table 3). Taken together, these results
demonstrate that the KitGFP transgene is expressed in
HSC of adult bone marrow and fetal liver. The intermedi-
ate level of GFP expression in HSC contrasts with the
high level of expression seen in progenitors (Table 1).
Interestingly, FACS analysis of the side population of adult
bone marrow shows that the #ip of this population, which
is known to consist of a high proportion of Kit"/Scal*
HSC' (and SLAM HSC),” is enriched in Kit'/Scal* GFP™
cells, whereas the base includes mainly Kit"/Scal®
Kit/GFP*® cells (Online Supplementary Figure S4). This
result independently confirms, at the phenotypic level,
the data obtained by SLAM analysis and transplantation.
Similarly, in the hematopoietic fetal liver, Scal*, CD11b",
Kit* cells (representing the immunophenotypic properties
of fetal liver HSC)*"”* mostly exhibit intermediate levels of
Kit/GFP expression (Online Supplementary Figure S5).

Thus, HSC, as defined by both functional and pheno-
typic criteria, express GFP and, unexpectedly, are
Kit/GFP™.

Discussion

In a previous study we generated a Kit transgene capa-
ble of driving GFP expression in progenitor cells both of
the germ and the hematopoietic cell lineages.” In this
work we report that this transgene is expressed in the
large majority of fetal liver and adult bone marrow HSC.
The distinct intermediate level of GFP expression detect-
ed in these cells may further help their purification for
experimental purposes.

The present results, together with other reports,
now indicate that this transgene is expressed in a variety
of stem cells, ranging from primordial germ cells to car-
diac and hematopoietic stem cells, providing the basis for
the elucidation of DNA sequences regulating a stem cell
gene in multiple stem cell types.

9,12,23

Transgenic Kit/GFP is expressed in most
hematopoietic Kit' cells

The Kit/GFP transgene appears to be regulated correct-
ly in early Kit" hematopoietic progenitors. In fact, over
90% of cells in bone marrow fractions highly enriched in
HSC and early progenitor cells, known to be Kit" (SLAM
HSC, CD150%,CD48,CD41),"*" and side population
Kit/Scal® cells™" (Figure 3 and Ounline Supplementary
Figure S4), show GFP expression. Similarly, most E12.5
fetal liver Kit" cells, including Kit"/Scal”/CD11b" cells,
which have the immunophenotype of fetal HSC,** are
also GFP* (Online Supplementary Figure S5). The small pro-
portion of Kit/GFP- cells might represent cells in which
the transgene is sporadically silenced by adjacent
sequences due to its integration in a non-optimal chro-
matin environment.”

A proportion of Kit/Lin* cells, from both bone marrow

and fetal liver, express GFP. Expression of GFP in these
cells may either reflect transcription of the transgene in
these cells, or persistence of GFP-mRNA and protein pro-
duced in Kit" progenitors upstream to these cells.
Although we cannot strictly rule out the possibility that
some transcription of the Kit/GFP transgene occurs in Kit”
cells, we favor the alternative possibility for several rea-
sons. First, as exemplified in the erythroid lineage in bone
marrow and fetal liver, most (60-90%, respectively)
Kit/CD71" cells are GFP-, whereas the remainder show
moderate GFP levels, much lower than those found in Kit*
/CD71" double positive and Kit/CD71" early progenitor
cells (Online Supplementary Figure S1, panel viii; Online
Supplementary Figure S2, panel viii, compare Kit7/CD71*
cells (blue line) with Kit* /CD71" or Kit//CD71" cells, red
and green, respectively). Similar data were also obtained
in the myeloid lineage, as exemplified in bone marrow
Kit/Gr1" cells (Online Supplementary Figure S1, panel xii)
and Kit/CD11b", as well as in lymphoid B and T cells
(data not shown). Second, these data are consistent with
the results of our previous in vitro colony assays, which
showed that colonies were homogeneously highly fluo-
rescent during the early days of culture, whereas at later
stages the fluorescence was greatly decreased (in ery-
throid colonies) or fully suppressed (in myeloid colonies®
see also Figure 1C). Thus, we suggest that, following its
very efficient expression in the majority of early Kit/Lin*
double positive hematopoietic progenitor cells, the trans-
gene is downregulated in most of the more mature cell
types, which progressively dilute, over successive cell
divisions, the GFPmRNA and protein produced at high
levels in early progenitors. Persistence of some GFP, but
not Kit, in differentiated cells, may also be explained by
the presence in hematopoietic cells of abundant micro
RNA mir 221 and 222 (data not shown), which target Kit
mRNA® but not Kit/GFP mRNA, and might thus cause
much faster turnover of Kit-mRNA than of Kit/GFP-
mRNA.

Transgenic Kit/GFP is expressed in most
hematopoietic stem cells

The transplantation experiments presented in Figures
1-3 and Tables 2 and 3 indicate that the Ki/GEP trans-
gene is expressed in most bone marrow and fetal liver
HSC. Unexpectedly, functional HSC are contained with-
in cell fractions that express the transgene at intermedi-
ate levels. This is seen both using cells fractionated on
the basis of Kit and Kit/GFP expression, and using cell
fractions highly enriched in HSC on the basis of stringent
SLAM-selection. In the latter case, most of the SLAM-
selected GFP* population are GFP™, and essentially all the
HSC capable of long-term reconstitution are in this frac-
tion (Figure 3, Table 3). Interestingly, cells selected less
stringently for CD150, which are expected to contain
lower proportions of HSC, show a higher proportion of
GFP™ versus GFP™ cells (data not shown). These results
are in agreement with the expression of Kit/GFP at inter-
mediate levels also in cells with the immunopheno-
type'®** of HSC, such as side population Kit/Scal*
bone marrow cells and Kit"/Scal*/CD11b" fetal liver cells
(Online Supplementary Figures S4 and S5). In contrast to
HSC, progenitors such as CFU-mix and BFU-E express
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Kit/GFP at high levels (Table 1), as also do Kit"/Lin* cells
(Online Supplementary Figures S1 and S2). The basis for this
surprising result is unknown. One possibility is that HSC
are inherently less able than more downstream progeni-
tors to transcribe Kit mRNA; this hypothesis may find
some support from studies that showed that cell fractions
with very low levels of Kit mRNA and protein could give
efficient long-term bone marrow reconstitution.”* An
alternative, perhaps more credible, hypothesis is that the
Kit transgene, though capable of transcription in all types
of Kit* cells, may lack some of the regulatory elements
that are required for optimal transcription in HSC, but not
in other more downstream progenitors (see below). The
distant &’ regulatory sequences” discussed below are pos-
sible candidates for this role.

Finally, the observation that within SLAM-selected
bone marrow cells'®” almost all cells are GFP*, and the
majority of HSC are GFP™, has some potential experimen-
tal applications. In fact, the precise gating for SLAM selec-
tion is a matter of discussion in HSC purification;* selec-
tion for GFP™ in conjunction with SLAM purification
might thus help to further enrich in HSC the SLAM popu-

lation.

The Kit/GFP transgene includes sequences controlling
gene expression in different subsets of stem cells

The mouse Kit gene is a large gene extending for more
than 100 Kb, and distant upstream deletions affect Kit
activity.” In spite of the large size of Kit, our present work
demonstrates that a small subset of sequences, including a
6.7 Kb fragment of the promoter and 8 Kb of the first
intron, is sufficient for expression in HSC, early progeni-
tors and more mature Kit" cells, indicating that a minimum
complement of sequences essential for expression in HSC
is contained in the transgene.

This finding will allow detailed characterization of the
specific sequences responsible for Kit regulation in HSC.
Upstream distant sequences (lying more than 100 Kb from
the transcription start site) contact the Kit promoter-prox-
imal intron region hypersensitive site 5 (HS5)" (correspon-
ding to the fragments present in our construct) in early
erythroid progenitors grown in vitro, which express Kit.””
These sequences are then displaced upon induced differ-
entiation and Kit repression.” The transcription factor
GATA1 may replace the GATA2 factor bound to a
sequence in HS5 and may thus be instrumental in these
chromatin changes and in repression.® These data suggest
that upstream sequences are involved in Kit activity,®
although, unexpectedly, large transgenic constructs includ-
ing them are very poorly expressed in bone marrow cells.”

Notably, the upstream sequences are dispensable in our
construct. It is possible that these sequences might be
involved in a different level of regulation than the promot-
er and first intron sequences, perhaps controlling chro-
matin structure and accessibility of the proximal
sequences to the transcriptional machinery, rather than
directly affecting their activity. Alternatively, upstream
sequences might play specific roles in different subsets of
stem/progenitor cells. Addition of fragments of the
upstream sequences to the presently defined transgenic
sequences will allow their role to be tested in HSC versus
downstream progenitors.

A few transgenic constructs have previously been
shown to be expressed in HSC and/or early hematopoiet-
ic progenitors. These are based on regulatory sequences
corresponding to genes encoding transcription factors
such as Scl-Tal1,** Runx1¥ and possibly GATA-2* and the
membrane proteins Scal” and CD34.% All of these genes
are coexpressed with Kit; SCL-Tall and Gata2 are thus
potential regulators of Kit transcription.

A direct comparison between our results and those
reported above is difficult, because of the differences in
the reporter genes used, in the expression of the transgene
in non-HSC populations and in the numbers and type of
coinjected supporting cells used for transplantation.
Overall, the data presented in Table 2 and Figure 2 show
that the enrichment obtained with Kit"/GFP™ cells is of a
similar order to that reported by Silberstein et al. and Ma
et al®¥ Notably, as in our study, in these works the trans-
gene was expressed in a large number of non-HSC/pro-
genitor cells, a fact presumably reflecting the persistence
in downstream cells of reporter mRNA/protein accumu-
lated in earlier progenitors.

Expression of the Sc//Tal1 and Runx1 transgenes in HSC
and other hematopoietic cells requires a subset of Scl/Tall,
GATA-2 and ETS binding sites;**¥* similar sites are also
present in the Kit HS regions, although with different
reciprocal arrangements than in the Sc//Tal1 gene. Further
comparison and identification of common regulatory
motifs between other stem cell genes and Kir will be
important to define a critical regulatory network of gene
expression in HSC.

The Kit gene is active in several types of stem cells, and
its defects affect multiple cell lineages’ pointing to Kit
being a pleiotropic, though cell-type-restricted, molecule.
It would, therefore, be particularly relevant to have a
mouse model in which the transgene efficiently recapitu-
lates the activity of the endogenous molecule. The present
Kit/GFP transgene, in addition to being expressed in HSC,
is also active in primordial germ cells and subsets of sper-
matogonia,”” in early blastocysts grown in vitro and in
embryonic stem cells (unpublished data: SO, LC and S.
Dolci), and in a population of cardiac stem cells.” Thus, Kit
might be regulated by subsets of common transcriptional
programs in different stem cells. Targets of the responsible
transcription factors must lie within the relatively short
regions encompassed by our transgene. Finally, transgene
expression in HSC/progenitors has enabled monitoring of
bone marrow cellular homing to muscle” and heart (FC,
unpublished data) following tissue damage. Thus, our trans-
genic mouse lines provide a powerful tool to shed light on
aspects of cell trafficking and tissue regeneration, and on
relationships with HSC.
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