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During ontogeny primitive (CD341CD382) hematopoietic cells show altered
expression of a subset of genes associated with early cytokine and
differentiation responses of their adult counterparts
Il-Hoan Oh, Aster Lau, and Connie J. Eaves

Comparison of gene expression profiles
in closely related subpopulations of primi-
tive hematopoietic cells offers a powerful
first step to elucidating the molecular
basis of their different biologic proper-
ties. Here we present the results of a
comparative quantitative analysis of tran-
script levels for various growth factor
receptors, ligands, and transcription
factor genes in CD34 1CD382 and
CD341CD381 cells purified from first tri-
mester human fetal liver, cord blood, and
adult bone marrow (BM). In addition, adult
BM CD341CD382 cells were examined
after short-term exposure to various

growth factors in vitro. Transcripts for 19
of the 24 genes analyzed were detected in
unmanipulated adult BM CD34 1CD382

cells. Moreover, the levels of transform-
ing growth factor beta (TGF- b), gp130,
c-fos , and c- jun transcripts in these cells
were consistently and significantly differ-
ent (higher) than in all other populations
analyzed, including phenotypically simi-
lar but biologically different cells from
fetal or neonatal sources, as well as adult
BM CD341 cells still in G 0 after 2 days of
growth factor stimulation. We have thus
identified a subset of early response
genes whose expression in primitive hu-

man hematopoietic cells is differently
regulated during ontogeny and in a fash-
ion that is recapitulated in growth factor-
stimulated adult BM CD34 1CD382 cells,
before their cell cycle progression and
independent of their subsequent differen-
tiation response. These findings suggest
a progressive alteration in the physiology
of primitive hematopoietic cells during
development such that these cells ini-
tially display a partially “activated” state,
which is not maximally repressed until
after birth. (Blood. 2000;96:4160-4168)

© 2000 by The American Society of Hematology

Introduction

Analyses of mature blood cell differentiation from multipotent
human hematopoietic progenitors at the population level has led to
the widely held view that this process involves a series of ordered
biologic changes that typically span many cell generations. These
changes include modulation of the cell surface phenotype, nuclear
transcription factor activity, growth factor responsiveness, prolifera-
tive activity, proliferative potential, and lineage restriction. Never-
theless, deviations from a single coordinated process are well
documented from studies of both bulk1-4 and clonal populations5-8

derived from otherwise indistinguishable primitive hematopoietic
progenitors. In addition, comparisons of functionally similar popu-
lations obtained from different stages of ontogeny have shown
these cells to exhibit differences in their cell cycle transit times,9,10

in their biologic responses to various cytokines,11-18 in their in vivo
turnover rates,9,19-21and in some of the lineage-specific genes they
express.22-24 Previous studies have indicated that the majority of
CD341CD382 cells analyzed directly after their isolation from the
bone marrow (BM) of healthy adults are deeply quiescent.25-27

Nevertheless, most of these cells, including those identified func-
tionally as long-term culture-initiating cells (LTC-ICs) on the basis
of their ability to generate colony-forming cell (CFC) progeny for
at least 6 weeks on stromal feeder layers,6 will enter mitosis within
7 days of exposure in vitro to high concentrations of flt3-ligand
(FL), Steel factor (SF), interleukin-3 (IL-3), IL-6, and granulocyte

colony-stimulating factor (G-CSF), although a first division may
not be seen before the third day.25,27-30 In contrast, the same
cytokines will stimulate human cord blood CD341CD382 cells to
begin to divide one day earlier and most, including the LTC-ICs,
will complete at least one mitosis within 5 days.10,31 Analogous
experiments with human fetal liver CD341CD382 cells suggest
they can be recruited into cycle even faster.10,32 Because most
phenotypic differences between cells will ultimately be dictated by
their particular recent gene expression profiles, we hypothesized
that ontogenically earlier populations of CD341CD382 human
hematopoietic cells might show quantitative differences in certain
gene transcripts when compared with their counterparts in normal
adult BM. Further, we anticipated that the expression of at least
some of these genes would be affected by growth factor stimulation
of adult BM CD341CD382 cells.

To address this question required a semiquantitative procedure
for measuring transcripts for multiple genes that would be appli-
cable to the small numbers (less than 104) of highly purified cells
obtainable. Previous studies had shown that these requirements
could be met using a reverse transcriptase-polymerase chain
reaction (RT-PCR) method originally developed by Brady et al,33

which, however, is limited to the detection of transcripts with
unique 39 terminal sequences. From the information available at the
time this study was initiated, this constraint could be met for 6
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growth factor genes, 7 growth factor receptor genes, and several
transcription factor genes, all known to be relevant to hematopoi-
esis,7,34-36 as well as for a number of less hematopoietic-specific,
“early response” genes. A total of 24 genes were thus selected as an
initial test group to determine which were expressed in adult BM
CD341CD382 cells and how their expression would be altered by
growth factor stimulation, both in vivo (as indicated by analysis of
the CD341CD381 subset of adult human BM cells) and in vitro.
The results of such analyses have revealed a number of consistent
and rapid changes in gene expression that occur in growth
factor-stimulated adult BM CD341CD382 cells even before their
exit from G0. As predicted, similar differences in expression of
many of the same genes were found to distinguish adult from
neonatal or fetal sources of CD341CD382 cells as well as adult
BM CD341CD381 and CD341CD382 cells.

Materials and methods

Cells

First trimester fetal liver tissue from scheduled abortions, umbilical cord
blood from full-term deliveries obtained by cesarean section, and healthy
adult BM obtained from cadaveric or allogeneic transplant donors were
prepared as low-density (less than 1.077 gm/cm3) single-cell suspensions
and cryopreserved in DMSO as previously described.37 Informed consent
was obtained for all material according to institutional guidelines.

Cell purification

As required, cell aliquots were thawed and CD341CD382 and CD341CD381

subsets isolated by FACS after removal of cells expressing CD2, CD3,
CD14, CD16, CD19, CD24, CD56, CD66b, and glycophorin A using an
immunomagnetic affinity column (StemSep, StemCell Technologies Inc,
Vancouver, BC, Canada).38 Viable (propidium iodide [PI, Sigma Chemi-
cals, St Louis, MO]-negative) CD341 cells with low to medium forward
light-scattering characteristics were subdivided into CD381 and CD382

subpopulations using a gate that excluded more than 99% of cells stained
with a similarly labeled isotype control antibody and collected into separate
tubes containing Iscove medium (IMDM, StemCell), supplemented with a
serum substitute (BIT, StemCell). For the cell cycle tracking experiments,
lineage marker-negative (lin2) adult BM cells were first incubated for 45
minutes at 37°C in 10mM Hoechst 33342 (Hst, Molecular Probes, Eugene,
OR) to which 5mg/mL Pyronin Y (Py, Sigma) was then added, and the
incubation continued at 37°C for another 45 minutes. The cells were then
labeled with anti-CD34–FITC for an additional 20 minutes, washed in the
continuing presence of 10mM Hst and 2.5mg/mL Py plus 1mg/mL PI,
resuspended in the same solution without PI, and kept on ice in the dark
until being sorted. Separate aliquots of cells stained with PI only, with PI
and anti-CD34–FITC, and with PI, anti-CD34–FITC and Py were used to
set the compensation. The PI2 CD341 cells expressing low levels of Hst
and Py (HstloPylo) and considered to be in G0 (referred to as the initial G0
[G0i] cells) were then collected as described in detail previously.39 To
isolate G0 cells from 40-hour cultures initiated with these CD341 G0i cells,
the cells harvested from the culture were restained with Hst, Py, and PI, and
then the PI2 HstloPylo (G09) cells were sorted. The remaining (G1/S/G2/M)
PI2 cells in the cultures (designated as non-G0 or NG09 cells) were also
collected and analyzed in parallel using the same protocol as for the cells
used to initiate the cultures.

Liquid suspension cultures

CD341CD382 or CD341 G0i cells were suspended in Iscove’s medium
supplemented with BIT, 40mg/mL low-density lipoproteins (Sigma), 1024

M 2-mercaptoethanol (Sigma) at 43 103 cells/mL, and cultured at 37°C in
3 to 6 mL volumes with one of 5 different combinations of purified human
recombinant growth factors (A, B, C, D, and thrombopoietin [TPO] only),
as indicated. Combination A consisted of FL (Immunex Corporation,

Seattle, WA) at 300 ng/mL, SF (Amgen, Thousand Oaks, CA) at 300
ng/mL, IL-3 (Novartis, Basel, Switzerland) at 60 ng/mL, IL-6 (Cangene,
Mississauga, Ontario) at 60 ng/mL, and G-CSF (StemCell) at 60 ng/mL.
Combination B contained the same growth factors but each at a 30-fold
lower final concentration. Combination C consisted of FL, SF, and IL-3
only, each at the same concentration as in combination A. Combination D
also consisted of these 3 growth factors, the IL-3 at the same concentration
(60 ng/mL) but both the FL and SF reduced 30-fold to 10 ng/mL each. TPO
(Genentech, CA) was added at 50 ng/mL. For single-cell cultures,
individual cells were deposited by the single-cell deposition unit of the
FACS directly into the round-bottomed wells of a 96-well microtiter plate,
each of which had been preloaded with 100mL of the complete serum-free
medium described above plus growth factor combination A or 50 ng/mL
TPO, as indicated. The wells were examined immediately after sorting to
confirm the presence of a single cell in each well and then daily thereafter.

RNA extraction and reverse transcriptase-polymerase
chain reaction analyses

For each sample, a minimum of 23 103 cells of each population to be
analyzed were obtained and lysed in 50mL of GIT buffer (5 M guanidine
isothiocyanate, 20 mM 1,4-dithiothreitol [DTT], 25 mM sodium citrate
[pH 5 7.0], 0.5% sarcosyl), and the nucleic acids in the lysate were then
precipitated in ethanol using 4 mg of glycogen as a carrier. For reverse
transcription, the procedure of Brady et al40 as modified by Sauvageau et
al41 and Jiang et al42 was used. Briefly, RNA was redissolved in 5.8mL of
RNase-free water plus 0.2mL of oligo (dT) primer (1mg/mL) (60 mer:
59CATGTCGTCCAGGCCGCTCTGGACAAAATATGAATTCT24) and
heated to 70°C for 10 minutes, quenched on ice, and mixed with 2mL of 5X
RT buffer (GIBCO/BRL, Grand Island, NY). One microliter of 0.1 M DTT,
0.2 mL of 25 mM (deoxynucleotide triphosphate) dNTPs (GIBCO/BRL),
0.5 mL of placental RNase inhibitor (GIBCO/BRL), 0.5mg nuclease-free
bovine serum albumin (BSA) (Boehringer Mannheim, Laval, Quebec), and
0.5 mL of Superscript II (GIBCO/BRL). The reaction mixtures were
incubated at 42°C for 1 hour and heat inactivated at 70°C for 10 minutes.
After ethanol precipitation, the pellet was resuspended in 5.5mL of tailing
solution (1mL of 5X tailing buffer [GIBCO/BRL]), 0.5mL of 100 mM
dATP, 3.5mL of water, and 0.5mL of terminal deoxynucleotidyl transferase
(15 U/mL, GIBCO/BRL) for 15 minutes at 37°C and heated to 70°C for 10
minutes. Aliquots of this solution were subjected to a PCR in a solution of
50 mM KCl, 5 mM MgCl2, 0.5mg/mL BSA, 1 mM dNTPs, 1mL of gene 32
(Pharmacia), and 5 units of Taq polymerase (GIBCO/BRL). The complemen-
tary DNAs (cDNAs) were initially amplified for 25 cycles, each consisting
of 1 minute at 94°C, 2 minutes at 55°C, and 10 minutes at 72°C, except for
the first cycle, in which the annealing temperature was 37°C instead of
55°C. An additional 5 units of Taq polymerase was then added and a further
25 cycles carried out. This procedure produces a semiquantitative amplifica-
tion of the reverse transcribed total messenger RNAs (mRNAs) present in
the original extract40,41 and has been used previously to discriminate
different transcript levels in various cell populations in which the small
numbers of cells available for analysis preclude the use of alternative
methodologies of mRNA quantitation.8,40,41,43,44

Southern analysis

The amplified cDNAs were electrophoresed in 1% agarose gels and
transferred to nylon membrane (Hybond-N, Amersham) for hybridization
with specific cDNA probes as follows. A full-length cDNA for human FL
was obtained from Immunex. The cDNAs for human IL-1b, SF, and TGF-b
were provided by Dr K. Humphries (Terry Fox Laboratory, Vancouver, BC,
Canada). The 39 region of human c-kit cDNA corresponding to 4043-base
pair (bp) to 4775-bp was cloned from human fetal liver by RT-PCR, using
59 CAG TAT CTA TAT ATG TGT ATG TAC C 39 as the forward primer and
59 CTG AAG TAC CTA GAC ATC TAT AAC 39 as the reverse primer. A
750-bp PCR product was then cloned into a PCR cloning kit (In-Vitrogen)
using theEcoRI site created at the end of each primer, and the sequence
confirmed by automatic DNA sequencing before being used as a probe. A
full-length human flt-3 cDNA was a gift from Dr D. Birnbaum (Institut
Paoli-Calmettes Marseille, France), and theEcoRI/PstI fragment was used
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as a probe. The cDNA for gp130 (pRMHA-3) was obtained from Dr M.
Hall (University of Birmingham, Birmingham, UK) and theEcoRI/BamHI
fragment was used as a probe. The cDNAs for the murine G-CSFR, c-myc,
Id-1, c-fos, and c-jun were obtained from Dr P. Reddy (Fels Institute,
Philadelphia, PA). For c-fos and c-jun, cDNAs corresponding to the
nonhomologous regions N-terminal to the basic helix-loop-helix regions
were PCR-amplified using 59 ATG ACT GCAAAG ATG GA 39 and 59 TCA
AAA TGT TTG CAA CT 39 primers for c-jun and 59 GAG ACA GAC CAA
CTA GA 39 and TCA CAG GGC CAG CAG CG 39 primers for c-fos. The
cDNAs for AML-1b and PU.1 were obtained from Dr S. Hiebert
(Vanderbilt University, Nashville, TN) and Dr D. Tenen (Harvard Medical
School, Boston, MA), respectively. The probe for SCL/tal-1 was prepared
by RT-PCR using Tal-F2 (59 ATA GAA TTC CTA AGC CCA TGG GAC
AAA TTG C 39) as the forward primer and Tal-R2 (59 AAT GAA TTC ATA
CTG TGG CTG CTT CTC ATT CC 39) as the reverse primer for PCR
amplification of the region between 2654-bp and 3180-bp, followed by
DNA sequencing to verify the probe obtained. For each PCR-amplified
probe used, the 39 coding region was chosen to minimize nonspecific
hybridization to repetitive genomic sequences as determined by hybridiza-
tion to the products of control reactions to which no reverse transcriptase
was added. The cDNA for murine c-myb was also obtained from Dr P.
Reddy and the 39 half of the nonhomologous region, excluding the
N-terminal DNA binding domain, was prepared bySmaI/BamHI digestion.
The cDNAs for ets-1 and ets-2 (also from Dr P. Reddy) were digested with
EcoRI to obtain the fragments used as probes. The cDNA for Ki-67
(Kon-21) was obtained from Dr T. Scholzen (Borstel Research Institute,
Borstel, Germany) and digested withBamHI/NotI to isolate the probe used.
The cDNA for IL-3Ra was obtained from Dr T. Kitamura (University of
Tokyo, Tokyo, Japan) and was digested withXhoI. The cDNA for IL-3
receptor beta chain (IL-3Rbc) was obtained from Dr A. Mui (University of
British Columbia, Vancouver, BC, Canada) and was digested withBglII/
XbaI. The cDNA for IL-6R was obtained from Immunex and was digested
with SalI. The glyceraldehyde-3 phosphate dehydrogenase (GAPDH) probe
was obtained from Dr G. Krystal (Terry Fox Laboratory) and prepared by
PstI digestion.

For Southern analyses, each filter was hybridized with probes labeled
with 32P using a random primer kit (GIBCO/BRL) and hybridized for 12 to
16 hours at 45°C in a solution of 40% formamide, 50 mM NaPO4, 0.5%
SDS, 5X SSPE, 5X Denhardt’s solution, 0.25 mg/mL denatured salmon
sperm DNA, and 100 mg/mL sodium dextran. The hybridized filters
were then washed at room temperature in 2X SSC plus 0.1% SDS, followed
by consecutive washes in 0.2X SSC plus 0.1% SDS first at 50°C and
then at 55°C.

To quantitate each gene-specific signal, the washed filters were exposed
to a phosphoimager screen (Molecular Dynamics, Sunnyvale, CA) for 2 to
4 hours, scanned in the phosphoimager (Storm 860, Molecular Dynamics),
or autoradiographed for 1 to 2 days, and the signal quantitated using
Molecular Dynamics APPS software. Each measurement was corrected for
the signal level obtained in the RT2 control that was hybridized to the same
filter under the same conditions. Filters were then stripped and rehybridized
to the GAPDH probe to normalize for the amount of cDNA loaded onto
each gel. For comparisons of transcript levels between fresh and/or cultured
cells from the same tissue sample, each normalized transcript signal was
expressed as a ratio relative to the normalized transcript signal measured in
the reference population (either the corresponding freshly isolated
CD341CD382 cells or the CD341 G0i cells in the cell cycle experiments
with adult BM), which was obtained from the same gel and filter. The
resultant ratios were then averaged, and the standard error of the mean
(SEM) for each data set was calculated. For comparisons of transcript levels
in populations obtained from different tissues (eg, CD341CD382 cells from
adult BM vs cord blood vs fetal liver samples), at least one sample of each
of the populations being compared were run on the same gel to control for
variations in the Southern blotting procedure. Normalized transcript signal
values were then expressed as a ratio relative to the average normalized
value for the same type of transcript in the adult BM CD341CD382

populations assessed. The Studentt test was then used to determine which
transcript signals were significantly different from the reference population
with aP , .05.

Results

Differences in gene expression in the CD38 2 and CD381

subsets of adult bone marrow CD34 1 cells

To obtain a reference pattern of gene expression in adult BM
CD341CD382 cells and to test the ability of the comparative
procedure described in the “Materials and methods” to detect
quantitative differences in transcript levels between closely related,
but phenotypically or biologically distinct populations, we first
compared the results obtained from paired CD382 and CD381

subsets of CD341 cells isolated from several different healthy adult
BM samples. This comparison included a survey of transcripts for
various growth factor receptors, ligands and transcription factors
known or anticipated from previous studies to be involved in the
regulation of CD341 hematopoietic cell proliferation and differen-
tiation.7,34-36 Transcripts for TGF-b, FL, IL-1b, G-CSFR, gp130,
IL-3Ra, IL-6Ra, flt-3, c-kit, c-fos, c-jun, Id, AML-1b, SCL/tal-1,
PU.1, c-myb, and ets-2 were readily detected, albeit at variable
levels, in all CD341CD382 adult BM cell isolates examined
(n 5 5). In contrast, extracts of these same cells contained very low
levels of IL-3Rbc and c-myc transcripts. Figure 1shows the
hybridization results for a representative experiment. Transcripts
for IL-3, IL-6, SF, and ets-1 were not detectable in either CD341

subset (data not shown). Comparison of the transcript levels
between the matched pairs of CD341CD381 and CD341CD382

adult BM cells for 19 other genes analyzed showed a number of
consistent differences. As can be seen in Figure 2, on average,
transcripts for TGF-b, G-CSFR, gp130, c-fos, and c-jun appeared
approximately 2-fold lower in the CD341CD381 cells, and for IL-3Rbc

and c-mycwere approximately 3- to 4-fold higher. Expression of Id in
the CD341CD381 population also appeared slightly reduced, although
this difference was not statistically significant (P. .05). Levels of
transcripts for the other 16 genes surveyed appeared to be similar in both
subsets of adult BM CD341 cells.

Differences in gene expression in CD34 1CD382 and
CD341CD381 cells as a function of their ontogenic state

We next examined the RT-PCR products obtained from paired
CD341CD382 and CD341CD381 cell subpopulations isolated indepen-
dently by FACS from several different fetal liver and cord blood
samples. A representative set of filters for 8 of the genes examined is
shown in Figure 2A. Figure 2B shows the differences in transcript levels
observed when the CD381 and CD382 subsets for both of these tissues
were compared using the matched CD382 subset as the reference
population in each case. Cord blood and fetal liver CD341CD381 cells
both showed lower levels of transcripts for TGF-b, G-CSFR, gp130,
c-fos, and c-jun, and even lower levels of Id transcripts, but higher levels
of IL-3Rbc and c-myctranscripts, relative to the CD341CD382 cells in
the same sample. These differences are similar to those seen when
CD341CD382 and CD341CD381 cells from adult BM are compared.
Levels of transcripts that appeared to be similar in adult BM
CD341CD382 and CD341CD381 cells (ie, for FL, IL-1b, IL-3Ra,
IL-6Ra, flt-3, c-kit, AML-1b, SCL/tal-1, PU.1, c-myb, and ets-2) also
appeared similar in the corresponding subsets of CD341 fetal liver and
cord blood cells (data not shown).

Given the known differences in the biologic properties of
CD341CD382 cells from fetal liver, cord blood, and adult BM, it
was of interest to also compare the transcript levels in these
phenotypically similar populations. To minimize variability, RT-
PCR products were analyzed on the same filters (eg, Figure 2A)
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and transcript levels first normalized to matched GAPDH transcript
levels. A value of 1.0 was then assigned to the average value
obtained from the adult BM CD341CD382 cell data set and all
other values expressed as a ratio of that value. Figure 2C shows the
individual data points obtained from this analysis. Despite the
considerable intersample variation still observed, significant differ-
ences between the levels of some transcripts in fetal or neonatal
versus adult sources of CD341CD382 cells could be discerned. For
example, relative to CD341CD382 adult BM cells, there were
fewer TGF-b transcripts in CD341CD382 fetal liver cells, fewer
gp130 transcripts in CD341CD382 cord blood cells, and fewer
c-fos and c-jun transcripts in both. Similarly, transcripts for

IL-3Rbc and c-mycappeared to be present at increasingly higher
levels in CD341CD382 cells from cord blood and fetal liver,
although these latter differences were not statistically significant. In
addition, the 16 genes whose expression had not been found to be
different between the CD382 and CD381 subsets of CD34 cells
from any particular stage of development also showed no differ-
ence in transcript levels when the CD341CD382 subsets from fetal,
neonatal, and adult hematopoietic tissues were compared. The one
exception to this was the increased level of G-CSFR transcripts
typical of CD341CD382 cord blood and fetal liver cells relative to
their counterparts in adult BM.

Changes in gene expression induced in adult BM CD34 1CD382

cells after growth factor stimulation

We next asked whether the same genes whose expression was
different between ontogenically distinct sources of CD341CD382

cells would also be affected by in vitro growth factor stimulation of
adult BM CD341CD382 cells. Accordingly, aliquots of
CD341CD382 cells from 3 of the same BM samples used for the
ontogenic analyses were cultured in serum-free medium containing
FL, SF, IL-3, IL-6, and G-CSF at 2 different concentrations. After 5
days, cells were harvested and RNA was extracted. The 5-day
period of culture was chosen anticipating that this might be
sufficient to allow a biologically relevant pattern of altered gene
expression to be established before extensive cell division. The 2
growth factor combinations used (A and B, as described in
“Materials and methods”) had been shown previously to have
equivalent mitogenic activity on adult BM CD341CD382 cells
while differing by more than 50-fold in their ability to preserve
LTC-IC activity among the progeny generated after 10 days.3

Assessment of transcript levels in the cells that had been cultured
under these conditions for 5 days (Figure 1) revealed similar
quantitative changes in expression of many of the same genes
whose transcript levels had been found to differ between freshly
isolated and CD341CD382 hematopoietic cells from adult versus
fetal and neonatal sources (Figure 2C), as well as between

Figure 1. Representative analysis of transcripts found in different populations
of primitive adult BM cells. RNA extracts from purified CD341CD382 (341382) and
CD341CD381 (341381) adult BM cells and their progeny obtained after 5 days of
stimulation by 2 growth factor combinations (A and B, described in “Materials and
methods”) were subjected to semiquantitative RT-PCR, followed by Southern blot
analysis using gene-specific cDNA probes. Each filter was then stripped and
reprobed with a GAPDH probe (not shown) to allow normalization for cDNA loading.

Figure 2. Comparative analysis of gene expression in CD34 1 subpopulations from adult BM, cord blood (CB), and fetal liver (FL). Panel A shows a representative
Southern blot analysis of cDNAs for 7 genes expressed in the matching CD341CD382 and CD341CD381 subpopulations isolated from 2 different samples of each tissue.
Panel B shows the results of a quantitative comparison of the different levels of transcripts in the CD382 and CD381 subsets of CD341 cells obtained from a total of 3 samples
of each different tissue. In each case the value shown is the mean 6 SEM of the normalized gene-specific transcript levels in the CD341CD381 subset expressed as a fraction
of the levels measured in the matching CD341CD382population (set 5 1.0) as described in the “Materials and methods.” Panel C shows a quantitative analysis of the relative
levels of expression of the same genes as shown in panel B but, in this case, comparing the results for the CD341CD382 subset in CB and FL with the CD341CD382 data from
adult BM examined on the same filter. The result for the CD341CD382 cells from each sample (panel B) was thus first normalized and then expressed as a proportion of the
average value obtained for all adult BM CD341CD382 samples analyzed using the same probe (average value set 5 1.0, n 5 5). In panels B and C, significant differences
between the test and the reference population (P , .05) are indicated by an asterisk (*).
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internally compared CD341CD382 and CD341CD381 cells from
each of these tissues (Figure 2B). Specific changes seen included
even greater decreases in TGF-b, gp130, c-fos, c-jun, and Id
transcripts and greater increases in c-myctranscripts (Figure 3). In
most cases, these differences were statistically significant (P , .05).
In the cultured cells, IL-3Rbc transcripts were also increased but
transcript levels for FL, IL-1b, AML-1b, SCL/tal-1, and PU.1 were
unchanged. Exposure of adult BM CD341CD382 cells to the lower
concentration of FL, SF, IL-3, IL-6, and G-CSF elicited a number
of other changes not seen when freshly isolated CD341CD381 and
CD341CD382 cells were compared. These included detectable
increases in IL-3Ra, IL-6Ra, flt-3, and c-kit transcripts and more
pronounced increases in c-myband ets-2 transcripts.

To assess whether the similarity in gene expression profiles of
growth factor-stimulated CD341CD382 cells and freshly isolated
CD341CD381 cells from adult BM might lie in the differences in
the proliferative activity of these 2 populations by comparison to
freshly isolated CD341CD382 adult BM cells,25,27 a time course
experiment was performed. Two samples of adult BM
CD341CD382 cells were therefore cultured with the same growth
factor combinations (ie, A and B), and the cells then harvested for
growth transcript analysis after 1, 3, and 5 days of incubation. In
addition, aliquots of the same original cells were cultured with 2
other growth factor combinations (C and D, described in the
“Materials and methods”) and similarly followed. Growth factor
combinations C and D are, like A and B, similarly mitogenic for
adult BM CD341CD382 cells but optimize and minimize, respec-
tively, the retention of LTC-IC activity by the stimulated cells.3 As
a further comparison, a time course experiment was simultaneously
performed on adult BM CD341CD382 cells cultured in serum-free
medium for up to 5 days in the presence of TPO only. In contrast to
the other 4 growth factor cocktails, TPO alone was confirmed by
direct visual analyses of single cell cultures to be poorly mitogenic
for adult BM CD341CD382 cells over at least 5 days (data not
shown), although during this period, TPO alone is quite efficient at
preserving the viability45 and LTC-IC activity of these cells.39

Figure 4 shows the results only for the transcripts whose levels
relative to adult BM CD341CD382 cells were found to be
modulated during ontogeny (Figure 2) and/or after growth factor
stimulation (Figures 1 and 3). In both of the time course experi-
ments performed, decreases in G-CSFR, gp130, c-fos, and c-jun
transcripts were already apparent and (except for gp130) were
maximal within 1 day, independent of the growth factor stimulus
applied. Most changes were complete within 3 days; however, the
timing of the decrease in TGF-b and Id transcripts and the increase
in c-mycexpression appeared more variable and in some instances
delayed. Because very few adult BM CD341CD382 cells enter
mitosis before the third day of exposure to any of the growth factors
used in these studies25,27-30 (and data not shown), these results
suggested that the changes in gene expression seen could occur
before cell division.

A next experiment was therefore undertaken to determine
whether the changes in gene expression observed within 1 to 2 days
of growth factor-stimulation of adult BM CD341CD382 cells
could be formally shown to occur even before these cells entered
G1. For this, the method of dual Hst/Py labeling was used to allow
the selective isolation by FACS of CD341 cells in G0 both before
(G0i) and after (G0

9) they had been in culture with growth factor
combination A for 40 hours (Figure 5). In these experiments,
staining for CD38 was omitted because isolation of G0 (HstloPylo)
cells from within the PI2 CD341CD382 population would have
required a 2-step staining and sorting procedure. The 40-hour

culture interval was chosen to increase the selectivity of the
analysis for CD341CD382 cells persisting in G0. Gene expression
profiles for the G0 populations isolated before and after culture
were then compared.

The blots obtained from a representative experiment of this
design are shown in Figure 6A. Relative levels of all genes
surveyed in these studies (using the initial CD341 G0 cells as the
reference population) are shown in Figure 6B. Low expression of
Ki67 in both populations defined as G0cells on the basis of Hst/Py
staining and increased expression of Ki67 (on average 4-fold,
P , .05) in the cultured NG09 fraction confirmed the validity of the
FACS gates used to isolate both G0 populations. Interestingly,
TGF-b, G-CSFR, gp130, c-myc, c-fos, c-jun, and Id transcript
levels were all significantly (P , .05) reduced, albeit to variable
degrees, in the persisting G09 cells. Reductions in G-CSFR, gp130,
c-fos, c-jun, and Id transcripts were also seen in the simultaneously
harvested, cultured NG09 cells. The lack of evidence of a similar
response with respect to the expression of TGF-b and c-mycin the

Figure 3. Quantitative analysis of gene-specific transcript levels in differently
stimulated populations of primitive adult BM cells. Values were calculated as
described in the “Materials and methods” using adult BM CD341CD382 cells as the
reference population ( 5 1.0). Shown are the mean of analyses of at least 3
independent BM samples 6 SEM. Values that are significantly different from 1.0
(P , .05) are indicated by an asterisk (*).
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cultured NG09 and G09 cells is, however, difficult to interpret
because of the wide intersample variation seen in the responses of
these 2 particular genes in the NG09 cells. Nevertheless, overall,
many of the changes in gene expression that occur in growth
factor-stimulated CD341 adult BM cells could be seen to be
induced independently of the timing of their exit from G0.

Discussion

It is generally accepted that many features of differentiation and
development will eventually be understood by more complete
descriptions of the changing patterns of gene expression that occur
when these processes take place. Indeed, such studies have already
led to the identification of a number of relevant genes for
transcription factors, as well as genes that encode receptors for
ligands that stimulate the transition of specific cell types from one
state to another. In the hematopoietic system, examples of the

former include genes like theHOX genes that appear to be stage-
but not tissue-specific,46 as well as others like the GATA family,
SCL-/tal-1, AML-1b, and PU.1 that are more unique to the
hematopoietic system.35,36Nevertheless, the mechanisms by which
the products of such genes interact to allow lineage determining
events to occur, and the dynamics of these processes are still
poorly understood.

Progress in the development of technologies for detecting
transcript levels in rare populations33,40,47-49 has begun to make
possible the analysis of gene expression patterns in purified subsets
of human hematopoietic cells that are highly enriched in cells with
stem cell activity. In a study reported by Bello-Ferna´ndez et al,50

transcripts for GM-CSFRa and GM-CSFRb ( 5 IL-3Rbc), c-kit,
G-CSFR, flt-3, myeloperoxidase, and TNFRI and TNFRII were all
consistently detected in freshly isolated CD341Thy-11 and
CD341Thy-12 subsets of cord blood cells. However, differences in

Figure 4. Time course of changes in gene expression
in variously growth factor-stimulated primitive adult
BM cells. Panel A shows the Southern blot analyses of
transcript cDNAs detected in 2 independent experiments
in which FACS-sorted CD341CD382 cells were stimu-
lated with one of 5 different growth factor conditions (as
shown) and the cells harvested for RT-PCR analysis at
the times indicated. Panel B shows the same data
normalized as described in the “Materials and methods”
using the corresponding starting CD341CD382 BM cells
as the reference population in each case (values
set 5 1.0). Each symbol identifies the results obtained
for a different growth factor condition (F, TPO; ■, Comb.
A; h, Comb. B; Œ, Comb. C; D, Comb. D).

Figure 5. Hst/Py staining of adult BM CD34 1 cells before and after culture with
growth factor combination A. Lin2 adult BM cells were labeled with CD34-FITC,
Hst and Py as described in the “Materials and methods,” and then the gates shown
were used to isolate the G0 (HstloPylo) fraction (middle panel) from within the PI2

CD341 population (left panel). These G0i cells were then cultured in serum-free
medium containing FL, SF, IL-3, IL-6, and G-CSF (Comb. A) for 40 hours. The cells
were then restained as before to allow the isolation of the persisting G0 cells (G09) by
FACS separate from the remaining G1/S/G2/M (NG09) cells.

Figure 6. Analysis of changes in gene expression in growth factor-stimulated
adult BM CD34 1 cells remaining quiescent for 40 hours. Panel A shows
representative blots comparing transcript cDNAs for 9 genes expressed in freshly
isolated CD341 G0 (G0i) cells, cells found to be still in G0 after 40 hours in culture (G09
cells), and the remaining (NG09) cells. Cells were cultured and isolated as described
in Figure 5 and then RNA extracts were prepared and subjected to semiquantitative
RT-PCR analysis as described in the “Materials and methods.” Panel B shows the
same data quantitated and normalized as in Figure 2, but using the G0i cells as the
reference population in this case (value for each transcript 5 1.0 for the G0i cells).
Shown are the mean 6 SEM of data from 3 independent experiments in each of
which BM cells from a different individual were used. Values found to be significantly
different from 1.0 (P , .05) are indicated by an asterisk (*).
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levels of these transcripts between the 2 populations were not
resolved. Evidence of GM-CSFR (a and b), c-kit, G-CSFR, and
flt-3 on G-CSF mobilized adult CD341CD382 cells and of c-kit,
flt-3, and IL-1R expression by freshly isolated adult BM
CD341CD382 cells has also been obtained from ligand-binding
studies.51,52 Scadden and colleagues43,53 surveyed the changes in
the expression profiles of many of these as well as a number of
other genes associated with hematopoietic cell differentiation.
However, their initially isolated CD341CD382 cells had been
exposed to various growth factors for at least 2 days before the first
analysis. Nevertheless, their studies were able to document the
additional presence of transcripts for GM-CSFRa, c-kit, gp130,
IL-6Ra, IL-1R, G-CSFR, SCL, GATA-1 and GATA-2, NF-E2,
PU.1, AML1b, and C/EBPa, but not IL-3Rbc ( 5 GM-CSFRb),
erythropoietin receptor (EPOR), or c-MPL. In a recent report, we
showed that neither freshly isolated adult BM CD341CD45RA2

CD712cells nor the CD341CD451 and/or CD711 cells contain
detectable transcripts for IL-3, IL-6, SF, GM-CSF, G-CSF, or
TPO.42 Thus, there is a growing body of information about which
genes may (or may not) be expressed in primitive human hemato-
poietic cells from different sources and enriched to varying degrees
in their stem cell content. Nevertheless, a systematic quantitative
comparison of transcript levels in such samples has been lacking.

In the current study, we have used a semiquantitative proce-
dure33 to address this question and to test the hypothesis that
primitive hematopoietic cells from fetal and neonatal tissues might
display a pattern of gene expression exhibited by their adult
counterparts after a period of growth factor stimulation. Initially,
we confirmed and extended previous surveys of gene expression in
primitive human hematopoietic cells by demonstrating an absence
of IL-3, IL-6, and SF transcripts, and the presence of low, but
detectable levels of IL-3Rbc transcripts, in addition to readily
detectable levels of transcripts for TGF-b, G-CSFR, gp130,
IL-6Ra, flt-3, c-kit, SCL/tal-1, PU.1, and AML1b in highly
purified CD381 and CD382 subpopulations of CD341 cells
obtained from human fetal liver, cord blood, and adult BM. Our
current findings also provide the first documentation of detectable
levels of mRNA for the transcription factors: c-myb, c-fos, c-jun,
Id, ets-2, and the growth factors: FL and IL-1b, and low to
detectable levels of c-myc in each of these primitive human
hematopoietic cell populations. Internal comparisons of the relative
levels of particular transcripts in the CD381 and CD382 fractions
of CD341 cells from human fetal liver, cord blood, and adult BM
revealed remarkably consistent differences between the 2 popula-
tions in each case. In fact, most of the 23 genes studied showed
little or no evidence of a change in the expression between these 2
subpopulations. However, transcripts for TGF-b, G-CSFR, gp130,
c-fos, c-jun, and Id were generally lower in the CD381 population,
and for c-mycand IL-3Rbc, were usually higher. Taken together,
these results demonstrate the presence of detectable transcripts in
the most primitive hematopoietic cells of many genes generally
considered specific to hematopoietic cell differentiation. In addi-
tion, they underscore the likely importance of quantitative changes
in the expression of these genes in the mechanisms by which the
biologic status of primitive hematopoietic cells is altered.8,43

Consistent with this prediction was the finding that the expres-
sion of many of the genes affected by CD341CD382 cell differen-
tiation into CD341CD381 cells in vivo is altered, and in a similar
fashion, when adult BM CD341CD382 cells are mitogenically
stimulated by growth factors in vitro. Interestingly, this was found
to be the case for all 5 growth factor cocktails tested, even though
these vary markedly in their mitogenic and differentiation promot-

ing activities on CD341CD382 adult BM cells, although all
support the viability of these cells.3,45 Moreover, the common
changes in transcript levels seen in these variously stimulated
CD341CD382 adult BM cells could be detected before most of the
original cells had completed a first division (ie, within 3 days) and
were also detectable in CD341 cells that had been exposed to
growth factors for 2 days but were not yet ready to exit G0. Thus,
genes whose level of expression in CD341CD382 cells is modu-
lated during ontogeny appear to overlap extensively with “early
response” genes of growth factor-stimulated primitive adult hema-
topoietic cells.

These findings provide transcriptional evidence to support the
concept that primitive fetal hematopoietic cells and, to a lesser
extent, their neonatal derivatives, show features of an activated
state relative to their CD341CD382 counterparts in adult BM. The
extent to which this is causally related to potential differences in the
microenvironmental characteristics of fetal and adult hematopoi-
etic tissues is not yet clear. Alternative, although not necessarily
mutually exclusive, explanations would include the possibilities
that fetal and adult gene expression programs are, at least to some
extent, predetermined, or that the regulated expression of a
CD341CD382 phenotype during development may not be as
tightly linked to the differentiation status of primitive hematopoi-
etic cells as has been assumed. Nevertheless, the current observa-
tions do suggest that the different cytokine response behavior of
primitive adult and fetal/neonatal hematopoietic cells is unlikely
to be explained solely by differences in ligand and/or receptor
expression. An alternative possibility would be that the signaling
status of these cells, or key downstream targets such as c-fos,
c-jun, and c-myc, are present in these cells at different levels. With
the rapidly emerging capacity to extend the type of study per-
formed here to all genes expressed in human hematopoietic stem
cells, more extensive comparison of the differences between fetal
and adult human cells should allow this concept to be more
rigorously examined.

The nature of the current analysis unfortunately makes it
difficult to infer a specific role for any of the changes in gene
expression observed. However, in light of published evidence that
endogenous TGF-b production may serve as an autocrine inhibitor
of primitive hematopoietic cell proliferation,54-56 it might be
speculated that a down-regulation of TGF-b transcripts could play
a necessary, although perhaps not sufficient, role in promoting the
exit of adult CD341CD382 cells out of a G0 state. This would be
consistent with our observation that TGF-b mRNA levels were
highest in unmanipulated CD341CD382 BM cells. It is also
interesting to note that the forced expression of c-fos in primitive
murine hematopoietic cells has been found to inhibit their cell cycle
progression.57 These latter findings are consistent with the present
observation that c-fostranscripts are highest in a subset of primitive
hematopoietic cells that are relatively resistant to growth factor
activation (ie, adult BM CD341CD382 cells). Finally, it is interest-
ing to note that our studies did not reveal any changes in gene
expression that appeared to correlate with the retention/loss of the
primitive functional status of the cells analyzed, as inferred from
previously documented changes in the LTC-IC activity of adult BM
CD341CD382 cells cultured under the same conditions as used
here.3 Accordingly, it might be argued that changes in the expres-
sion of the genes analyzed in this study do not represent steps in the
process by which hematopoietic stem cell differentiation decisions
are determined. This would not, of course, preclude a potentially
important role of the products of these genes in such processes, or
the likelihood that they may contribute to such cellular decisions
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through other mechanisms, which could include changes in expres-
sion of other genes whose products they might interact with.58-62

Indeed, there is now increasing evidence that the early differentia-
tion process may involve quantitative changes in a complex
portfolio of transcripts whose dynamics may have major conse-
quences on the pace and direction of differentiation that primitive
hematopoietic cells will undertake.63,64

The presently documented ability of deeply quiescent primitive
hematopoietic cells to generate a rapid and integrated response to
growth factor stimulation that can accompany, but does not require,
progression of the cells into G1 and can be monitored by
quantitative transcript analyses also has potentially interesting
practical applications. For example, the changes observed (eg,
up-regulation of c-myc or down-regulation of TGF-b, G-CSFR,
c-fos, c-jun, or Id) may prove useful in future studies of neoplastic
hematopoietic stem cell populations, or may serve as sensitive
indicators of novel factors to which normal CD341CD382 cells
may be responsive. Further studies to identify the points in time

when growth factor-induced differentiation of CD341CD382 cells
may be fixed irreversibly should also help to establish the relevance
of the kinetics of changes in expression of TGF-b, G-CSFR, c-fos,
c-jun, and Id in very primitive hematopoietic populations.

Acknowledgments

We thank Dianne Reid and Margaret Hale for expert technical
assistance; the staff of the Stem Cell Assay Laboratory for
assistance in the initial processing, cryopreservation, and isolation
of lin2 cells from fetal liver, cord blood, and adult BM samples;
and Yvonne Yang for assistance in preparing the manuscript. We
also thank Cangene, Genentech, Immunex, Novartis, StemCell, D.
Birnbaum, M. Hall, S. Hiebert, K. Humphries, T. Kitamura, P.
Lansdorp, A. Mui, P. Reddy, and D. Tenen for their generous
provision of reagents and probes.

References

1. Rebel VI, Dragowska W, Eaves CJ, Humphries
RK, Lansdorp PM. Amplification of Sca-11 Lin2

WGA1 cells in serum-free cultures containing
Steel factor, interleukin-6, and erythropoietin with
maintenance of cells with long-term in vivo recon-
stituting potential. Blood. 1994;83:128-136.

2. Spangrude GJ, Brooks DM, Tumas DB. Long-
term repopulation of irradiated mice with limiting
numbers of purified hematopoietic stem cells: in
vivo expansion of stem cell phenotype but not
function. Blood. 1995;85:1006-1016.

3. Zandstra PW, Conneally E, Petzer AL, Piret JM,
Eaves CJ. Cytokine manipulation of primitive hu-
man hematopoietic cell self-renewal. Proc Natl
Acad Sci U S A. 1997;94:4698-4703.

4. Dorrell C, Gan OI, Pereira DS, Hawley RG, Dick
JE. Expansion of human cord blood
CD341CD382 cells in ex vivo culture during retro-
viral transduction without a corresponding in-
crease in SCID repopulating cell (SRC) fre-
quency: dissociation of SRC phenotype and
function. Blood. 2000;95:102-110.

5. Humphries RK, Eaves AC, Eaves CJ. Self-
renewal of hemopoietic stem cells during mixed
colony formation in vitro. Proc Natl Acad Sci
U S A. 1981;78:3629-3633.

6. Sutherland HJ, Lansdorp PM, Henkelman DH,
Eaves AC, Eaves CJ. Functional characterization
of individual human hematopoietic stem cells cul-
tured at limiting dilution on supportive marrow
stromal layers. Proc Natl Acad Sci U S A. 1990;
87:3584-3588.

7. Ogawa M. Differentiation and proliferation of he-
matopoietic stem cells. Blood. 1993;81:2844-
2853.

8. Hu M, Krause D, Greaves M, et al. Multilineage
gene expression precedes commitment in the
hemopoietic system. Genes Dev. 1997;11:774-
785.

9. Peschle C, Migliaccio AR, Migliaccio G, et al.
Identification and characterization of three
classes of erythroid progenitors in human fetal
liver. Blood. 1981;58:565-572.

10. Glimm H, Eaves CJ. Direct evidence for multiple
self-renewal divisions of human in vivo repopulat-
ing hematopoietic cells in short-term culture.
Blood. 1999;94:2161-2168.

11. Migliaccio AR, Migliaccio G. Human embryonic
hemopoiesis: control mechanisms underlying
progenitor differentiation in vitro. Dev Biol. 1988;
125:127-134.

12. Lu L, Xiao M, Grigsby S, et al. Comparative ef-
fects of suppressive cytokines on isolated single
CD34111 stem/progenitor cells from human bone

marrow and umbilical cord blood plated with and
without serum. Exp Hematol. 1993;21:1442-
1446.

13. Mayani H, Little MT, Dragowska W, Thornbury G,
Lansdorp PM. Differential effects of the hemato-
poietic inhibitors MIP-1a, TGF-b, and TNF-a on
cytokine-induced proliferation of subpopulations
of CD341 cells purified from cord blood and fetal
liver. Exp Hematol. 1995;23:422-427.

14. Kurata H, Mancini GC, Alespeiti G, Migliaccio AR,
Migliaccio G. Stem cell factor induces prolifera-
tion and differentiation of fetal progenitor cells in
the mouse. Br J Haematol. 1998;101:676-687.

15. Zandstra PW, Conneally E, Piret JM, Eaves CJ.
Ontogeny-associated changes in the cytokine
responses of primitive human haematopoietic
cells. Br J Haematol. 1998;101:770-778.

16. Weekx SFA, van Bockstaele DR, Plum J, et al.
CD3411CD382 and CD341CD381 human hema-
topoietic progenitors from fetal liver, cord blood,
and adult bone marrow respond differently to he-
matopoietic cytokines depending on the onto-
genic source. Exp Hematol. 1998;26:1034-1042.

17. Nicolini FE, Holyoake TL, Cashman JD, Chu
PPY, Lambie K, Eaves CJ. Unique differentiation
programs of human fetal liver stem cells revealed
both in vitro and in vivo in NOD/SCID mice.
Blood. 1999;94:2686-2695.

18. Weekx SFA, Plum J, Van Cauwelaert P, et al. De-
velopmentally regulated responsiveness to trans-
forming growth factor-beta is correlated with func-
tional differences between human adult and fetal
primitive hematopoietic progenitor cells. Leuke-
mia. 1999;13:1266-1272.

19. Moore MAS, Williams N. Analysis of proliferation
and differentiation of foetal granulocyte-macro-
phage progenitor cells in haemopoietic tissue.
Cell Tissue Kinet. 1973;6:461-476.

20. Fleming WH, Alpern EJ, Uchida N, Ikuta K, Span-
grude GJ, Weissman IL. Functional heterogeneity
is associated with the cell cycle status of murine
hematopoietic stem cells. J Cell Biol. 1993;122:
897-902.

21. Rufer N, Brummendorf TH, Kolvraa S, et al. Telo-
mere fluorescence measurements in granulo-
cytes and T lymphocyte subsets point to a high
turnover of hematopoietic stem cells and memory
T cells in early childhood. J Exp Med. 1999;190:
157-167.

22. Papayannopoulou TH, Brice M, Stamatoyanno-
poulos G. Hemoglobin F synthesis in vitro: evi-
dence for control at the level of primitive erythroid
stem cells. Proc Natl Acad Sci U S A. 1977;74:
2923-2927.

23. Papayannopoulou T, Chen P, Maniatis A, Stama-
toyannopoulos G. Simultaneous assessment of
i-antigenic expression and fetal hemoglobin in
single red cells by immunofluorescence. Blood.
1980;55:221-232.

24. Weissman IL. Developmental switches in the im-
mune system. Cell. 1994;76:207-218.

25. Reems JA, Torok-Storb B. Cell cycle and func-
tional differences between CD341/CD38hi and
CD341/38lo human marrow cells after in vitro cy-
tokine exposure. Blood. 1995;85:1480-1487.

26. Hao Q-LH, Shah AJ, Thiemann FT, Smogorze-
wska EM, Crooks GM. A functional comparison of
CD341CD382 cells in cord blood and bone mar-
row. Blood. 1995;86:3745-3753.

27. Jordan CT, Yamasaki G, Minamoto D. High-reso-
lution cell cycle analysis of defined phenotypic
subsets within primitive human hematopoietic cell
populations. Exp Hematol. 1996;24:1347-1355.

28. Petzer AL, Hogge DE, Lansdorp PM, Reid DS,
Eaves CJ. Self-renewal of primitive human hema-
topoietic cells (long-term-culture-initiating cells) in
vitro and their expansion in defined medium. Proc
Natl Acad Sci U S A. 1996;93:1470-1474.

29. Agrawal YP, Agrawal RS, Sinclair AM, et al. Cell-
cycle kinetics and VSV-G pseudotyped retrovirus-
mediated gene transfer in blood-derived CD341

cells. Exp Hematol. 1996;24:738-747.

30. Ramsfjell V, Borge OJ, Cui L, Jacobsen SEW.
Thrombopoietin directly and potently stimulates
multilineage growth and progenitor cell expansion
from primitive (CD341CD382) human bone mar-
row progenitor cells. J Immunol. 1997;158:5169-
5177.

31. Hennemann B, Conneally E, Pawliuk R, et al. Op-
timization of retroviral-mediated gene transfer to
human NOD/SCID mouse repopulating cord
blood cells through a systematic analysis of pro-
tocol variables. Exp Hematol. 1999;27:817-825.

32. Brummendorf TH, Dragowska W, Zijlmans JMJM,
Thornbury G, Lansdorp PM. Asymmetric cell divi-
sions sustain long-term hematopoiesis from
single-sorted human fetal liver cells. J Exp Med.
1998;188:1117-1124.

33. Brady G, Barbara M, Iscove NN. Representative
in vitro cDNA amplification from individual hemo-
poietic cells and colonies. Methods Mol Cell Biol.
1990;2:17-25.

34. Brugger W, Kanz L. Ex vivo expansion of hemato-
poietic precursor cells. Curr Opin Hematol. 1996;
3:235-240.

35. Shivdasani RA, Orkin SH. The transcriptional
control of hematopoiesis. Blood. 1996;87:4025-
4039.

GENE EXPRESSION IN PRIMITIVE HUMAN HEMATOPOIETIC CELLS 4167BLOOD, 15 DECEMBER 2000 z VOLUME 96, NUMBER 13

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/96/13/4160/1670618/h8240004160.pdf by guest on 08 June 2024



36. Tenen DG, Hromas R, Licht JD, Zhang D. Tran-
scription factors, normal myeloid development
and leukemia. Blood. 1997;90:489-519.

37. Fujisaki T, Berger MG, Rose-John S, Eaves CJ.
Rapid differentiation of a rare subset of adult human
lin2CD342CD382 cells stimulated by multiple growth
factors in vitro. Blood. 1999;94:1926-1932.

38. Thomas TE, Miller CL, Eaves CJ. Purification of
hematopoietic stem cells for further biological
study. Methods. 1999:202-218.

39. Holyoake T, Jiang X, Eaves C, Eaves A. Isolation
of a highly quiescent subpopulation of primitive
leukemic cells in chronic myeloid leukemia.
Blood. 1999;94:2056-2064.

40. Brady G, Billia F, Knox J, et al. Analysis of gene
expression in a complex differentiation hierarchy
by global amplification of cDNA from single cells.
Curr Biol. 1995;5:909-922.

41. Sauvageau G, Lansdorp PM, Eaves CJ, et al.
Differential expression of homeobox genes in
functionally distinct CD341 subpopulations of hu-
man bone marrow cells. Proc Natl Acad Sci
U S A. 1994;91:12223-12227.

42. Jiang X, Lopez A, Holyoake T, Eaves A, Eaves C.
Autocrine production and action of IL-3 and
granulocyte colony-stimulating factor in chronic
myeloid leukemia. Proc Natl Acad Sci U S A.
1999;96:12804-12809.

43. Cheng T, Shen H, Giokas D, Gere J, Tenen DG,
Scadden DT. Temporal mapping of gene expres-
sion levels during the differentiation of individual
primary hematopoietic cells. Proc Natl Acad Sci
U S A. 1996;93:13158-13163.

44. Zinovyeva MV, Mark J, Zijlmans JM, Fibbe WE,
Visser JWM, Belyavsky AV. Analysis of gene ex-
pression in subpopulations of murine hematopoi-
etic stem and progenitors cells. Exp Hematol.
2000;28:318-334.

45. Borge OJ, Ramsfjell V, Cui L, Jacobsen SEW.
Ability of early acting cytokines to directly pro-
mote survival and suppress apoptosis of human
primitive CD341CD382 bone marrow cells with
multilineage potential at the single-cell level: key
role of thrombopoietin. Blood. 1997;90:2282-
2292.

46. Thorsteinsdottir U, Sauvageau G, Humphries RK.
HOX homeobox genes as regulators of normal
and leukemic hematopoiesis. In: Zon LI, ed. He-
matology/Oncology Clinics of North America:
Aplastic Anemia and Stem Cell Biology. 11th ed.
Philadelphia, PA: WB Saunders; 1997:1221-
1237.

47. DeRisi J, Penland L, Brown PO, et al. Use of a cDNA
microarray to analyse gene expression patterns in
human cancer. Nat Genet. 1996;14:457-460.

48. Fambrough D, McClure K, Kazlauskas A, Lander
ES. Diverse signaling pathways activated by
growth factor receptors induce broadly overlap-
ping, rather than independent, sets of genes.
Cell. 1999;97:727-741.

49. Hung H-L, Song F, Gewirtz A. A method for identi-
fying differentially expressed genes in rare popu-
lations of primary human hematopoietic cells.
Leukemia. 1999;13:295-297.

50. Bello-Fernandez C, Matyash M, Strobl H, Schei-
necker C, Knapp W. Analysis of myeloid-associ-
ated genes in human hematopoietic progenitor
cells. Exp Hematol. 1997;25:1158-1166.

51. Roberts AW, Zaiss M, Boyd AW, Nicola NA. G-
CSF-mobilized peripheral blood progenitor cells:
in vitro growth pattern and hematopoietic growth
factor receptor profile. Exp Hematol. 1997;25:
298-305.

52. Wagner JE, Collins D, Fuller S, et al. Isolation of
small, primitive human hematopoietic stem cells:
distribution of cell surface cytokine receptors and
growth in SCID-Hu mice. Blood. 1995;86:512-
523.

53. Berardi AC, Wang A, Levine JD, Lopez P, Scad-
den DT. Functional isolation and characterization
of human hematopoietic stem cells. Science.
1995;267:104-108.

54. Hatzfeld J, Li ML, Brown EL, et al. Release of
early human hematopoietic progenitors from qui-
escence by antisense transforming growth factor
b1 or Rb oligonucleotides. J Exp Med. 1991;174:
925-929.

55. Cardoso AA, Li ML, Batard P, et al. Release from
quiescence of CD341 CD382 human umbilical
cord blood cells reveals their potentiality to en-

graft adults. Proc Natl Acad Sci U S A. 1993;90:
8707-8711.

56. Dao MA, Taylor N, Nolta JA. Reduction in levels
of the cyclin-dependent kinase inhibitor p27kip-1

coupled with transforming growth factor b neutral-
ization induces cell-cycle entry and increases ret-
roviral transduction of primitive human hemato-
poietic cells. Proc Natl Acad Sci U S A. 1999;95:
13006-13011.

57. Okada S, Fukuda T, Inada K, Tokuhisa T. Pro-
longed expression of c-fos suppresses cell cycle
entry of dormant hematopoietic stem cells. Blood.
1999;93:816-825.

58. Voronova AF, Lee F. The E2A and tal-1 helix-loop-
helix proteins associate in vivo and are modu-
lated by Id proteins during interleukin 6-induced
myeloid differentiation. Proc Natl Acad Sci U S A.
1994;91:5952-5956.

59. Petrovick MS, Hiebert SW, Friedman AD, Hether-
ington CJ, Tenen DG, Zhang DE. Multiple func-
tional domains of AML1: PU.1 and C/EBPalpha
synergize with different regions of AML1. Mol Cell
Biol. 1998;18:3915-3925.

60. Behre G, Whitmarsh AJ, Coghlan MP, et al. c-Jun
is a JNK-independent coactivator of the PU.1
transcription factor. J Biol Chem. 1999;274:4939-
4946.

61. Yamamoto H, Kihara-Negishi F, Yamada T,
Hashimoto Y, Oikawa T. Physical and functional
interactions between the transcription factor PU.1
and the coactivator CBP. Oncogene. 1999;18:
1495-1501.

62. Rekhtman N, Radparvar F, Evans T, Skoultchi AI.
Direct interaction of hematopoietic transcription
factors PU.1 and GATA-1: functional antagonism
in erythroid cells. Genes Dev. 1999;13:1398-
1411.

63. Orkin SH. Development of the hematopoietic sys-
tem. Curr Opin Genet Dev. 1996;6:597-602.

64. Lenny N, Westendorf JJ, Hiebert SW. Transcrip-
tional regulation during myelopoiesis. Mol Biol
Rep. 1997;24:157-168.

4168 OH et al BLOOD, 15 DECEMBER 2000 z VOLUME 96, NUMBER 13

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/96/13/4160/1670618/h8240004160.pdf by guest on 08 June 2024


