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Pluripotent hematopoietic stem cells contain high levels of mRNA
for c-kit, GATA-2, p45 NF-E2, and c-myb and low levels or no
mRNA for c-fms and the receptors for granulocyte
colony-stimulating factor and interleukins 5 and 7
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ABSTRACT Pluripotent hematopoietic stem cells (PHSCs)
were highly enriched from mouse bone marrow by counterflow
centrifugal elutriation, lineage subtraction, and fluorescence-
activated cell sorting based on high c-kit receptor expression
(c-kitBR). We used reverse transcriptase polymerase chain reac-
tion to assay the c-kitBR subset and the subsets expressing low
(c-kitDULL) and no (c-kitmG) c-kit receptor for expression of
mRNA encoding hematopoietic growth factor receptors and
transcription factors. The c-kitBR cells had -3.5-fold more c-kit
mRNA than unfractionated bone marrow cells. The c-kitDUIL
cells had 47-58% of the c-kit mRNA found in c-kitBR cells and the
c-kitNEG cells had 4-9% ofthe c-kit mRNA present in c-kitBR cells.
By comparing mRNA levels in c-kitBR cells (enriched for PHSCs)
with those ofunfractionated bone marrow, we demonstrated that
c-kitBR cells contained low or undetectable levels of mRNA for
c-fims, granulocyte colony-stimulating factor receptor, interleu-
kin 5 receptor (IL-5R), and IL-7R. These same cells had mod-
erate levels ofmRNA for erythropoietin receptor, IL-3R subunits
IL-3Ra (SUT-1), AIC-2A, and AIC-2B, IL-6R and its partner
gp-130, and the transcription factor GATA-1 and high levels of
mRNA for transcription factors GATA-2, p45 NF-E2, and c-myb.
We conclude from these findings that PHSCs are programed to
interact with stem cell factor, IL-3, and IL-6 but not with
granulocyte or macrophage colony-stimulating factor. These
findings also indicate that GATA-2, p45 NF-E2, and c-myb
activities may be involved in PHSC maintenance or proliferation.

All circulating blood cells are derived from a limited number
of pluripotent hematopoietic stem cells (PHSCs). PHSCs in
mouse bone marrow (BM) are a rare population of cells
(estimates vary between 1/10,000 and 1/100,000) that are
capable of long-term reconstitution of the entire lympho-
hematopoietic system of lethally irradiated mice (1-3). The
properties of PHSCs differ markedly from those of the more
numerous, committed hematopoietic progenitor cells such as
erythroid-burst-forming units (BFU-E) and granulocyte/
macrophage colony-forming units (CFU-GM) (for review see
ref. 4). The progenitor cells ("1/200-500 BM cells) respond
to late-acting growth factors and differentiate into specific cell
lineages. Since their ability to self-renew is limited they can only
provide short-term repopulation. The discovery of the hemato-
poietic growth factors that control proliferation and differentia-
tion of BFU-E and CFU-GM has been a direct consequence of
the availability of specific clonogenic in vitro assays (5, 6). Similar
assays for the proliferation and differentiation of PHSCs would
be useful for studies attempting to expand PHSCs prior to
retroviral transduction and BM transplantation.
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Several papers have described procedures to separate
PHSCs from whole BM populations. Spangrude et al. (7)
obtained a subset of BM cells enriched for PHSCs and spleen
colony-forming units (CFU-S) by subtracting cells that express
lineage-specific antigens associated with mature cells (Lin-)
followed by flow cytometry based on low expression of Thy-1.1
and high expression of Sca-1 antigens. Using another fraction-
ation protocol, Jordan et al. (8) enriched fetal liver PHSCs by
sorting Lin- cells on the basis of AA4.1 antigen expression.
Although we have not purified PHSCs to homogeneity, we (9,
10) and others (11) have enriched PHSCs from mouse BM on
the basis of high expression of c-kit (c-kitBR) receptor. By
combining counterflow centrifugal elutriation at a flow rate of
25 ml/min (FR25) with lineage subtraction and c-kit selection,
we were able to isolate a population of FR25 Lin- c-kitBR cells
highly enriched for PHSC activity and nearly depleted of
CFU-S. As few as 100-200 cells from this population com-
pletely repopulated the lympho-hematopoietic system in the
WBB6 F1 W/Wv mouse. PHSCs were also highly enriched in
populations of Lin- c-kitBR cells elutriated at 35 ml/min (FR35
Lin- c-kitBR), but this population contained CFU-S as well. No
PHSCs were found in the c-kitDULL and c-kitNEG subsets (10).

Enriched populations of PHSCs provide an opportunity to
study some of the molecular events that occur in these most
primitive of all hematopoietic cells. Jordan et al. (8) generated a
cDNA library from RNA extracted from Lin- AA4.1+ fetal liver
cells and identified the cDNA for a hematopoietic-specific ty-
rosine kinase receptor, flk-2. Using adult BM, we were able to
detect flk-2 mRNA in the total cellular RNA extracted from
FR35 Lin- c-kitBR cells but not in the PHSC-enriched FR25 Lin-
c-kitBR cells (10). This suggested that there may be differences in
gene expression between PHSCs in fetal liver and adult BM. It
also suggested that the phenotypically different PHSCs in the
FR25 Lin- c-kitBR and FR35 Lin- c-kitBR fractions may express
differences in mRNA levels for receptors for early- and late-
acting growth factors and transcription factors.
To test the hypothesis that specific hematopoietic growth

factor receptors and transcription factors are differentially
expressed in heterogeneous populations of mouse PHSCs, we
used reverse transcriptase polymerase chain reaction (RT-PCR)
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to analyze mRNA levels in PHSC-enriched and PHSC-depleted
BM fractions. The PHSC-enriched FR25 Lin- c-kitBR fraction
expressed high levels of mRNAs encoding the c-kit receptor, as

predicted from our flow cytometry data, and high levels of
mRNA for the transcription factors GATA-2, p45 NF-E2, and
c-myb. This same fraction contained low levels or no mRNA for
c-fins, granulocyte colony-stimulating factor receptor (G-CSFR),
interleukin 5 receptor (IL-5R), and IL-7R.

METHODS
Mice. Adult, female C57BL/6 mice 3-5 weeks old were used

in this study.
Fractionation of BM Cells. Single cell suspensions were

fractionated by counterflow centrifugal elutriation followed by
subtraction of lineage-positive cells as described (10, 12). The
FR25 Lin- and FR35 Lin- cell populations were fractionated
by fluorescence-activated cell sorting (FACS) into subsets
expressing high (c-kitBR), low (c-kitDULL), and no (c-kitNEG)
c-kit receptor.
RT-PCR. Total RNA from unfractionated BM and the FR25

Lin- c-kitBR, c-kitDULL, and c-kitNEG and FR35 Lin- c-kitBR,
c-kitDULL, and c-kitNEG fractions obtained by FACS was prepared
using RNAzol B (Tel-Test, Friendswood, TX) and first strand
cDNA was prepared according to the manufacturer's instructions
(Perkin-Elmer/Cetus). The cDNAwas amplified byPCR at 94°C
for 30 sec, 58°C for 1 min, and 72°C for 2 min using 33 cycles for
32-microglobulin (f2m) cDNA and 36 cycles for all other cDNAs.
Quantitation of the mRNA Populations Amplified by RT-

PCR. To obtain an estimate of the concentration of RNA in
each sample (13), limiting dilution aliquots of RNA were

assayed by RT-PCR to identify the linear and plateau portions
of the 32m cDNA amplification curve.
The mRNA levels obtained for f2m were used as internal

standards in our estimates of themRNA levels for receptor and
transcription factor genes. The ratio ofmRNA for these genes
to 32m mRNA was determined for each sample of fractionated
BM. These ratios were compated with the ratio obtained for
unfractionated BM in order to quantify relative gene expres-
sion in each fraction of BM cells (see Fig. 2).

RESULTS
Purification of Cells Expressing c-kit. The results of four

BM fractionations are seen in Table 1. The FR25 Lin- and
FR35 Lin- subsets contained an average of3% and 4% c-kitBR
cells, 7% and 16% c-kitDULL cells, and 90% and 80% c-kitNEG
cells, respectively. Approximately 1 x 105 and 2 x 105 cells
were obtained for the FR25 Lin- c-kitBR and FR35 Lin-
c-kitBR subsets and these had an average c-kitBR purity of 88%
and 91% by FACS analysis.
Morphologic Analysis of Purified Cell Populations. The cells

in FR25 and FR35 Lin- c-kitBR and c-kitDULL fractions were
mononuclear cells with a few contaminating erythroid and gran-
ulocytic cells when viewed in cytocentrifuge preparations. In
contrast, numerous immature erythroblasts and myelocytes were
present in the FR25 Lin- -kitNEG and FR35 Lin- c-kitNE
subsets. This information was used to interpret our data regarding
c-fms, erythropoietin receptor (EpoR), and transcription factors.

Quantitative Analysis ofmRNA Using RT-PCR. The primer
pairs were designed to span one or more intron/exon bound-
ary. Each primer was 17-27 nt in length (Table 2). We used a

limiting dilution RT-PCR for unfractionated BM and for each
BM fraction to obtain an estimate of the mRNA level for the
constitutively expressed f2m gene (14). By selecting a point on the
linear phase of the reaction curve we were able to equalize the
quantity of RNA used in each subsequent RT-PCR (Fig. 1).
RT-PCR Analysis of Receptor mRNA. To confirm the flow

cytometry data, we quantified the level of c-kit mRNA in FR25
Lin- c-kitBR, c-kitDULL, and c-kitNEG and in FR35 Lin- c-kitBR,

Table 1. Results of flow cytometry based on c-kit expression
Sample* % of totalt Average no. of cellst % purity§

FR25 Lin- c-kitBR 3 99,000 88
FR25 Lin- c-kitDULL 7 243,000 87
FR25 Lin- c-kitNEG 90 982,000 99
FR35 Lin- c-kitBR 4 189,000 91
FR35 Lin- c-kitDULL 16 549,000 91
FR35 Lin- c-kitNEG 80 920,000 94

*Samples were obtained by counterflow centrifugal elutriation, lineage
subtraction, and staining with anti c-kit monoclonal antibody.

tEstimates of the percent of FR25 Lin- and FR35 Lin- fractions
sorted as c-kitBR, c-kitDULL, and c-kitNEG cells.
SThe c-kitBR cells were collected throughout the entire sorting pro-
cedure, whereas the second stream was alternated between the
c-kitDULL and c-kitNEG subsets.
§The purity of each c-kit fraction was determined by FACS reanalysis.
c-kitDULL, and c-kitNEG cells. Primers were used that amplified
two cDNA transcripts, 95 and 107 bp in length, referred to as
c-kit and c-kitA, respectively (19). Data for the fractionated
cells are presented as the ratio of mRNA for c-kit (c-kit plus
c-kitA) to the mRNA for 32m divided by the ratio obtained for
unfractionated BM (Fig. 2).

Both c-kitBR fractions had -3.5-fold more c-kit mRNA than
the cells in unfractionated BM. The c-kitDULL subsets had
48-58% of the c-kitmRNA found in the c-kitBR subsets and the
c-kitNEG subsets had 4-9% of the c-kit transcripts found in their
respective c-kitBR subsets. These results were consistent with
our FACS analysis of these fractions and demonstrated that
the RT-PCR assay was sufficiently accurate to quantify cyto-
kine receptor transcript levels in different subsets of hemato-
poietic cells. Unfractionated BM and all fractionated popula-
tions contained both c-kit and c-kitA transcripts. In each
sample the expression of c-kitA was lower than that of c-kit
with the ratio of c-kitA:c-kit being highest (1:2) in the two
c-kitBR subsets and lowest (1:12 and 1:6) in the two c-kitNEG
subsets (Table 3). These differences in c-kitA expression in the
c-kitBR and c-kitNEG subsets were significant (P < 0.003).
The results of our survey of cytokine receptor mRNAs are

shown in Table 4. The mRNA levels for G-CSFR, IL-5R, and
IL-7R were low or undetectable in the PHSC-enriched, CFU-
S-depleted FR25 Lin- c-kitBR fraction and in the FR35 Lin-
c-kitBR fraction, which contained both PHSCs and CFU-S. In
contrast, the FR25 Lin- c-kitBR cells contained significantly
less mRNA for c-fms and EpoR compared with the FR35 Lin-
c-kitBR subset. The levels of mRNA for c-fins and G-CSFR in
the FR35 Lin- c-kitNEG fraction, which contained the myelo-
cytes not removed by lineage subtraction, were 57-fold and
66-fold higher than the levels of these mRNAs in the myelo-
cyte-depleted FR25 Lin- c-kitBR fraction.
The difference between the RNA levels in FR25 Lin-

c-kitBR and FR35 Lin- c-kitBR cells did not differ significantly
for 10 of the 12 receptor mRNAs assayed. However, the mean
mRNA levels in the FR25 Lin- c-kitBR, c-kitDULL, and c-kitNEG
cells were generally lower than those observed in the corre-
sponding FR35 Lin- c-kitBR, c-kitDULL, and c-kitNEG cells. We
also observed that mRNA levels in the FR25 Lin- c-kitBR cells
were generally lower than the levels present in the FR25 Lin-
c-kitDULL and FR25 Lin- c-kitNEG cells.
The mRNA for Etk2, a candidate growth factor receptor

(20), is expressed in embryonic stem (ES) cells, in 4- to 20-day
embryoid bodies (EB) containing mature hematopoietic cells
and progenitors, and in adult brain. However, we were not able
to detect mRNA for Etk2 in unfractionated adult BM or in any
of the fractions obtained by flow cytometry (data not shown).
RT-PCR Analysis ofTranscription Factor mRNA. We assayed

for the expression of several transcription factors involved in
erythropoiesis (Table 4). To determine whether contaminating
erythroid progenitors or erythroblasts were present in the frac-
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Table 2. Primer pairs used for RT-PCR analysis of mRNA levels for cytokine receptors and
transcription factors

Gene Oligonucleotide primers nt* Ref.

32m s 5'-TGCTATCCAGAAAACCCCTC-3' 258 14
a 3'-GGACGTCTCAATTCGTACTG-5'

c-kitt s 5'-GGGCAAGAGTTCCGCCTTCTT-3' 95 and 105 NA
a 3'-CCGAAACACCAGCGTCG-5'

c-fins s 5'-CTGAGTCAGAAGCCCTTCGACAAAG-3' 449 15t
a 3'-CGATGTCGGAAACCAGACCCGTTTC-5'

EpoR s 5'-AGGCCGCACTGAGTGTGTTC-3' 356 39
a 3'-ACCAACAGACACCACCTCGG-5'

IL-6R s 5'-GTTCTACAGAAGCAACGAGTGTCCTC-3' 336 15t
a 3'-GGAATACTGTTGTCGTTGTCTCTGA-5'

gp-130 s 5'-CTCACCTGCAACATCCTGTCCT-3' 249 16
a 3'-ACCGTGAAGTACATACCAGTCG-5'

IL-3Ra s 5'-GAACAGATTCCACCATGGCCTCCTTG-3' 228 15t
a 3'-GTCTCCACTACGGACACTTCTGTC-5'

AIC-2A s 5'-CAGCCTTCGCGACTAAGAAC-3' 242 15t
a 3'-TTAAGGAAGATCGGCTGGGTCC-5'

AIC-2B s 5'-AAGATGGCTTACTCATTCATT-3' 654 15t
a 3'-GTTGAGGATTGTCTGGATCC-5'

G-CSFR s 5'-CGTCACCCTAAACATCTCCCTCCAT-3' 309 15t
a 3'-CAACGGGTGGTAGTACTGTCTCCTT-5'

IL-5Ra s 5'-GCCCTTTGATCAGCTGTTCAGTCCAC-3' 451 15t
a 3'-CTGGTCCAACAAAGGTGGCCAAGGC-5'

IL-7R s 5'-CAAAGTCCGATCCATTCCCCATAAC-3' 237 15t
a 3'-GGATCAGAGGGGCTAGTATTCTTTTG-5'

3-Globin s 5'-GAAGTTGGGTGCTTGGAGAC-3' 401 17
a 3'-GCTAAGATCCCTCGTCAGAG-5'

GATA-1 s 5'-GGAGCCCTCTCAGCTCAGC-3' 470 18
a 3'-GACTTCCTGGTCGACCACCG-5'

GATA-2§ s 5'-GGCGTCAAGTACCAAGTGTCAC-3' 258 NA
a 3'-GAGGACGAGTCTTCCGGCCCTC-5'

p45 NF-E2§ s 5'-GGGGCCAACCGTGCTCCGCGCCCA-3' 210 NA
a 3'-TTAGGAAACACGAACACCTCTGGA-5'

c-myb s 5'-GAGCTTGTCCAGAAATATGGTCCGAAG-3' 523 15t
a 3'-CAGGGAGTCGGCCGACGCCGTCGG-5'

Etk2 s 5'-ACCAAATTGCCCAATCCCAG-3' 593 NA
a 3'-GACCAGGTCCTCAGTCCGTAAA-5'

s, Sense; a, antisense; NA, not applicable.
*Number of nucleotides (nt) in the amplified fragments.
tProvided by Xiao Piao and Alan Bernstein (Mount Sinai Hospital, Toronto).
tSee ref. 15 for original references for these primer pairs.
§Provided by Nancy C. Andrews and Stuart H. Orkin (the Children's Hospital, Boston).

tionated BM subsets we tested for the presence of 13-globin
mRNA. The levels of mRNA for 13-globin in the FR25 Lin-
c-kitBR and FR35 Lin- c-ktBR subsets were 16% and 4%,
respectively, of unfractionated BM, indicating that some ery-
throid cells were present in both PHSC-enriched cell populations.
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All three FR25 Lin- c-kit fractions contained moderate
levels of GATA-1 mRNA including the c-kitDULL and c-kitNEG
fractions, which had higher levels of 3-globin mRNA. Mod-
erate to low levels of GATA-1 were found in the FR35 Lin-
c-kitBR, c-kitDULL, and c-kitNEG fractions. In contrast, the
expression of GATA-2 and p45 NF-E2 was extremely high in
both PHSC-enriched c-kitBR fractions. This pattern was re-
versed in the two PHSC and CFU-S-depleted c-kitNEG frac-
tions, which showed significantly lower quantities of both
GATA-2 and p45 NF-E2 mRNA. The level of c-myb mRNA
followed a pattern similar to that of GATA-2 and p45 NF-E2
with the highest levels in the two c-kitBR fractions and the
lowest levels in the two c-kitNEG fractions.

FR35 Lin- H r I v

FIG. 1. RT-PCR analysis of the concentration of 32m mRNA in
each of six subsets of BM cells obtained by flow cytometry. This
limiting dilution assay enabled us to determine the linear and plateau
phases of the PCR. The RNA in each BM fraction was adjusted by
selecting a point on the linear phase of the reaction and this volume
of RNA was then used in all subsequent assays.

DISCUSSION
In this study we have analyzed mRNA levels in highly enriched
populations of PHSCs that have been separated from most
progenitors and maturing blood cells on the basis of c-kit
expression. Several methods currently in use for quantitative
PCR include the addition of cloned genomic templates (21) or
deleted versions of sample cDNA templates (22). This allows
use of the same primer set for the standard and sample
template; however, amplification efficiency may still differ due to
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FIG. 2. RT-PCR assay of 132m, c-kit, and c-kitA mRNA in unfractionated (Unfr) BM and fractionated (Fr) BM (FR25 and FR35). The quantity
of RNA in each sample was approximately equal as seen by the 32m bands. The c-kitA (107 bp) band is evident in the c-kitBR and c-kitDULL cells
but is difficult to resolve in the two c-kitNEG subsets. The c-kit (95 bp) band is seen in all fractions. The c-kit and c-kitA isoforms in each fraction
were quantified as a combined single value. Each mean + SD is based on four separate experiments. These values and those reported in Table
3 were obtained using the following equation:

/Test gene mRNA in FrBM / test gene mRNA in Unfr BM
\2m gene mRNA in FrBM / 2m gene mRNA in Unfr BM

c-kit mRNA in FR25 Lin- c-kitBR (126,406) / c-kit mRNA in Unfr BM (19,064) -

[p2m mRNA in FR25 Lin- c-kitBR (272,682)/ 2m mRNA in Unfr BM (143,141)] 3

differences in template size. We chose to use an endogenous
internal standard, f32m, based on our earlier finding that f32m and
3-actin primer sets had a very similar efficiency of amplification
and either could be used to quantify MDR-1 and c-kitcDNA (13).
The high level of c-kit mRNA in the FR25 and FR35 Lin-

c-kitBR fractions suggested that c-kit receptor has a rapid
turnover rate as has been demonstrated for other receptors
(23). Both isoforms of c-kit mRNA were present in these
fractions. Although the functional importance of these iso-
forms has not been established, it has been suggested that the
ratio of c-kitA to c-kit has an effect on dimerization of c-kit
receptor subunits, thereby affecting the ability of c-kit receptor
to bind its ligand, stem cell factor (19).
The PHSC-enriched c-kitBR cells contain moderate levels of

mRNA for IL-6R, gp-130, IL-3Ra, AIC-2A, and AIC-2B. This
supports other findings (24-27) that indicate PHSC and CFU-S
proliferation in vitro is enhanced by a combination of stem cell
factor, IL-3, and IL-6 but not by any one of these cytokines alone.
The expression ofmRNA for IL-3R and IL-6R subunits in allBM
fractions supports a large body of data showing that IL-3 and IL-6
have pleiotropic effects in hematopoiesis.
Of the 12 cytokine receptor mRNAs assayed, only c-fms and

EpoR mRNA levels were significantly lower in the PHSC-
enriched FR25 Lin- c-kitBR fraction, which contains few
CFU-S, compared with the FR35 Lin- c-kitBR fraction, which
contains a large number of CFU-S and progenitor cells. The
CFU-S or the many BFU-E in the FR35 fraction (28) may
contribute the higher level of EpoR mRNA (29) present in the
FR35 Lin- c-kitBR cells. Low levels of EpoR mRNA may be
present in the PHSCs of both c-kitBR fractions without con-

Table 3. RT-PCR analysis of the ratio of c-kitA to c-kit isoforms

Sample Ratio* nt P value

FR25 Lin- c-kitBR 0.46 + 0.05 5 0.001*
FR25 Lin- c-kitDULL 0.44 + 0.06 3 0.018t
FR25 Lin- c-kitNEG 0.08 ± 0.14 3
FR35 Lin- c-kitBR 0.46 ± 0.03 5 0.003§
FR35 Lin- c-kitDULL 0.36 ± 0.11 3 0.122
FR35 Lin- c-kitNEG 0.16 ± 0.14 3

*Mean ± SD.
tNumber of experiments.
tSignificantly different from FR25 Lin- c-kitNEG.
§Significantly different from FR35 Lin- c-kitNEG.

ferring a capacity to respond to Epo. Migliaccio et al. (30) have
suggested that mRNA expression is not correlated with EpoR
formation since the translocation of the receptor to the cell
membrane may be erythroid-specific. Similarly, the FR25 Lin-
c-kitBR cells contained significantly less c-fms mRNA com-
pared with the progenitor-enriched FR35 Lin- c-kitBR cells
and the FR35 Lin- c-kitNEG population, which contained many
myelocytes (12). We believe that these findings support the
concept that PHSCs lack receptors for late-acting cytokines
such as Epo and M-CSF.
G-CSFR, IL-5R, and IL-7R were expressed at very low or

undetectable levels in both PHSC-enriched subsets. Although
these subsets were not purified to homogeneity, our inability
to detect mRNA for G-CSFR, IL-5R, and IL-7R indicates that
the PHSCs in these subsets do not express these receptors. The
absence of mRNA for G-CSFR was an unexpected finding
since earlier studies demonstrated that G-CSF can mobilize
PHSCs from BM into the circulation (31) and together with
stem cell factor can induce PHSC proliferation (32). Our
results suggest that G-CSF may exert an indirect effect on
PHSCs or, if its action is direct, may only interact with a small
population of PHSCs.
The role of GATA-1, GATA-2, p45 NF-E2, and c-myb in

hematopoiesis is still largely unknown but there are indications
that these transcription factors are expressed in early cells of
several hematopoietic lineages (33-37). The transcription fac-
tors GATA-1 and GATA-2 bind to a concensus element found
in the enhancers and promotors of globin loci, whereas the
erythroid-specific nuclear factor, p45 NF-E2, binds to the locus
control region of the globin genes. We found the highest levels
ofmRNA for GATA-2 and p45 NF-E2 in the primitive c-kitBR
cell populations and lower levels in more mature cell subsets.
Thus GATA-2 and p45 NF-E2 may induce differentiation or
proliferation in primitive PHSCs and CFU-S. Mice with disrupted
GATA-2 genes fail to develop hematopoietic activity (40). Sim-
ilarly, down-regulation of c-myb is a prerequisite for Epo-induced
erythroid differentiation (37). Our data support the concept that
these transcription factors act on the most primitive BM cells in
FR25 Lin- c-kitR and FR35 Lin- c-kitBR fractions.

Others have studied the expression of hematopoiesis-related
genes in ES cells and in the EB they produce in culture.
Erythroid precursors appear in EB at day 4 followed by
macrophages and myelocytes. Although their quantitative
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Table 4. RT-PCR analysis of mRNA contained in fractionated BM cells

FR25 Lin- FR35 Lin-

Gene c-kitBR c-kitDULL c-kitNEG c-kitBR c-kitDULL c-kitNEG

c-kit 371 ± 163 217 ± 150 13 ± 1* 332 ± 128 155 ± 48* 30 ± 22*
c-fins 14 ± 6 76 + 45 260 + 138* 188 ± 79* 83 + 62 803 + 131*t
EpoR 33 ± 4 11 + 12* 75 ± 66 127 + 55* 40 ± 27 42 + 49
IL-6R 55 + 63 100 + 92 61 + 41 94 + 103 312 + 134*t 102 + 69
gp-130 93 ± 79 291 ± 143 47 + 33 339 ± 339 193 + 97 105 + 90
IL-3Ra 130 ± 57 136 ± 48 95 ± 18 342 ± 217 228 ± 61 326 ± 50*t
AIC-2A 55 ± 22 138 ± 72 40 ± 19 65 ± 39 249 ± 104* 70 ± 40
AIC-2B 59 + 46 71 + 42 35 + 9 89 ± 71 166 + 44*t 73 + 33
G-CSFR 1 ± 3 8 + 12 16 + 10* 3 ± 3 223 + 185*t 66 ± 24*
IL-5R 0 ± 0 ND 151 ± 173 ND ND ND
IL-7R 0 ± 0 237 ± 257 37 ± 26 1 ± 3 4 ± 5 6 ± 6
3-Globin 16 ± 12 123 ± 90* 87 + 10* 4 ± 2 ND 26 + 24t
GATA-1 73 + 33 62 ± 53 46 ± 40 129 ± 55 35 ± 15 2 ± 2*
GATA-2 749 ± 269 228 ± 100* 141 ± 46* 618 ± 106 205 ± 167* 312 ± 166
p45 NF-E2 811 ± 441 210 ± 208* 214 ± 258 709 ± 786 320 ± 297 188 ± 37t
c-myb 157 ± 101 70 ± 32 27 ± 30 162 - 93 32 ± 19* 5 + 3*

All values are given as percent mean ± SD relative to unfractionated BM (mean of three or four experiments). ND, not determined.
*Significantly different from FR25 Lin- c-kitBR (P < 0.05).
tSignificantly different from its corresponding FR25 Lin- c-kit fraction (P < 0.05).
estimates differed, the studies of Keller et al. (38) and Mc-
Clanahan et al. (15) detected c-kit mRNA in ES cells and early
EB. Also, both demonstrated a later appearance ofmRNA for
the cytokine receptors c-fins and AIC-2A. McClanahan et al.
(15) further observed that in comparison to the high-level
expression of c-kit mRNA in ES cells and early EB, the mRNA
for G-CSFR, IL-5R, and IL-7R occurred at only trace levels
until later stages of EB and the onset of hematopoietic
development. Although it is unclear whether any cells in the
EB correspond to the PHSCs of adult BM, this pattern of
receptor development is similar to what we find in PHSC-
enriched FR25 Lin- c-kitBR cells.
The ES cell and EB system can be used as a model for

embryonic hematopoiesis; however, the EB include cells of
many developing systems. Identification of c-kit mRNA in EB
may not necessarily indicate hematopoietic activity since c-kit
is also involved early in gonadogenesis and neural crest cell
migration. This organ specificity may explain why it was
possible to detect Etk2 mRNA in ES cells and EB and in adult
brain of mice (ref. 20; unpublished data) but not in adult
unfractionated or fractionated BM.
Our findings provide an opportunity to correlate the mRNA

levels of specific genes in enriched populations of adult BM
PHSCs with what is observed in in vitro models such as the ES
cell and EB systems. We predict that further analysis of both
models will focus attention on early events in hematopoiesis.
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