HEMATOPOIESIS

'.) Check for updates

During ontogeny primitive (CD34CD38") hematopoietic cells show altered
expression of a subset of genes associated with early cytokine and

differentiation responses of their adult counterparts

II-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

growth factors in vitro. Transcripts for 19

of the 24 genes analyzed were detected in
unmanipulated adult BM CD34 +CD38~
cells. Moreover, the levels of transform-

man hematopoietic cells is differently
regulated during ontogeny and in a fash-
ion that is recapitulated in growth factor-
stimulated adult BM CD34

+CD38~ cells,

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 *CD38~ and
CD34+CD38* cells purified from first tri-
mester human fetal liver, cord blood, and
adult bone marrow (BM). In addition, adult
BM CD34+CD38~ cells were examined
after short-term exposure to various

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 CD34+ cells still in G ¢ after 2 days of
growth factor stimulation. We have thus
identified a subset of early response
genes whose expression in primitive hu-

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)
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Introduction

|gneursuoneogndyse//:dpy wouy papeojumog

Analyses of mature blood cell differentiation from multipotentolony-stimulating factor (G-CSF), although a first division may
human hematopoietic progenitors at the population level has ledtot be seen before the third d&#7-3° In contrast, the sames
the widely held view that this process involves a series of orderegitokines will stimulate human cord blood CD32D38" cells to
biologic changes that typically span many cell generations. Thesegin to divide one day earlier and most, including the LTC-I
changes include modulation of the cell surface phenotype, nucledll complete at least one mitosis within 5 dayfs$’! Analogous
transcription factor activity, growth factor responsiveness, proliferaxperiments with human fetal liver CD3€D38" cells suggest &
tive activity, proliferative potential, and lineage restriction. Neverthey can be recruited into cycle even fadfe¥ Because most 8
theless, deviations from a single coordinated process are wgfienotypic differences between cells will ultimately be dictated Ey
documented from studies of both bdtkand clonal population®®  their particular recent gene expression profiles, we hypothesig?ed
derived from otherwise indistinguishable primitive hematopoietithat ontogenically earlier populations of CD33D38  human
progenitors. In addition, comparisons of functionally similar popuhematopoietic cells might show quantitative differences in cert@n
lations obtained from different stages of ontogeny have shovgene transcripts when compared with their counterparts in norgal
these cells to exhibit differences in their cell cycle transit tifi#¥s, adult BM. Further, we anticipated that the expression of at le@st
in their biologic responses to various cytokii&sgin their in vivo  some of these genes would be affected by growth factor stlmulaﬁ’on
turnover rates?'°-21and in some of the lineage-specific genes thegf adult BM CD34"CD38" cells. g
express2-24 Previous studies have indicated that the majority of To address this question required a semiquantitative procecgjre
CD34"CD38 cells analyzed directly after their isolation from thefor measuring transcripts for multiple genes that would be apﬁl-
bone marrow (BM) of healthy adults are deeply quieséeft. cable to the small numbers (less tharf)1df highly purified cells 3
Nevertheless, most of these cells, including those identified funabtainable. Previous studies had shown that these requiremgnts
tionally as long-term culture-initiating cells (LTC-ICs) on the basisould be met using a reverse transcriptase-polymerase chain
of their ability to generate colony-forming cell (CFC) progeny foreaction (RT-PCR) method originally developed by Brady €€al,

at least 6 weeks on stromal feeder lay&nsll enter mitosis within - which, however, is limited to the detection of transcripts with

7 days of exposure in vitro to high concentrations of flt3-ligandnique 3 terminal sequences. From the information available at the
(FL), Steel factor (SF), interleukin-3 (IL-3), IL-6, and granulocytdime this study was initiated, this constraint could be met for 6
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growth factor genes, 7 growth factor receptor genes, and sevesahttle, WA) at 300 ng/mL, SF (Amgen, Thousand Oaks, CA) at 300
transcription factor genes, all known to be relevant to hematopig/mL, IL-3 (Novartis, Basel, Switzerland) at 60 ng/mL, IL-6 (Cangene,
esis?:3436 g5 well as for a number of less hematopoietic-specifi&’,‘iSSis_saU_gav Ontario)_ at 60 ng/mL, and G-CSF (StemCell) at 60 ng/mL.
“early response” genes. A total of 24 genes were thus selected a&gAiPination B contained the same growth factors but each at a 30-fold
initial test group to determine which were expressed in adult BMWer final concentration. Combination C consisted of FL, SF, and IL-3

. . only, each at the same concentration as in combination A. Combination D
v f
CD34'CD38" cells and how their expression would be altered bé{lso consisted of these 3 growth factors, the IL-3 at the same concentration

growth factor stimulation, both in vivo (as indicated by an_aly?‘is %o ng/mL) but both the FL and SF reduced 30-fold to 10 ng/mL each. TPO
the CD34'CD38" subset of adult human BM cells) and in Vitro.(Genentech, CA) was added at 50 ng/mL. For single-cell cultures,

The results of such analyses have revealed a number of consisfgditidual cells were deposited by the single-cell deposition unit of the
and rapid changes in gene expression that occur in growtACS directly into the round-bottomed wells of a 96-well microtiter plate,
factor-stimulated adult BM CD34CD38™ cells even before their each of which had been preloaded with 3000f the complete serum-free
exit from Gy. As predicted, similar differences in expression ofedium described above plus growth factor combination A or 50 ng/mL
many of the same genes were found to distinguish adult froRP O, as indicated. The wells were examined immediately after sorting to
neonatal or fetal sources of CD32D38 cells as well as adult confirm the presence of a single cell in each well and then daily thereafter.

BM CD34*CD38" and CD34CD38" cells. ) )
RNA extraction and reverse transcriptase-polymerase

chain reaction analyses ‘S
Materials and methods For each sample, a minimum of>2 13 cells of each population to beg’
analyzed were obtained and lysed in 50 of GIT buffer (5 M guanidine %
Cells isothiocyanate, 20 mM 1,4-dithiothreitol [DTT], 25 mM sodium citrat§

) ) . . . . H = 7.0], 0.5% sarcosyl), and the nucleic acids in the lysate were tt&n
First trimester fetal liver tissue from scheduled abortions, umbilical co . ] 270 y) Y I%e
recipitated in ethanol using 4 mg of glycogen as a carrier. For revex;'se

blood from fullfterm deliveries ob_tamed by cesarean section, and healtr nscription, the procedure of Brady et%s modified by Sauvageau ef
adult BM obtained from cadaveric or allogeneic transplant donors wer <

. . X . .
prepared as low-density (less than 1.077 gnjcsingle-cell suspensions ar and Jiang et & was used. Briefly, RNA was redissolved in .8 of

. : RNase-free water plus 042L of oligo (dT) primer (1pg/mL) (60 mer:
and cryopreserved in DMSO as previously descritiddformed consent g, o1 GTCCAGGCCGCTCTGGACAAAATATGAATTCE,) and
was obtained for all material according to institutional guidelines.

heated to 70°C for 10 minutes, guenched on ice, and mixed withdf 5X
RT buffer (GIBCO/BRL, Grand Island, NY). One microliter of 0.1 M DTTg
0.2 pL of 25 mM (deoxynucleotide triphosphate) dNTPs (GIBCO/BRLE
As required, cell aliquots were thawed and CH@D38 and CD34CD38" 0.5 uL of placental RNase inhibitor (GIBCO/BRL), 0459 nuclease-free £
subsets isolated by FACS after removal of cells expressing CD2, COBvine serum albumin (BSA) (Boehringer Mannheim, Laval, Quebec), ghd
CD14, CD16, CD19, CD24, CD56, CD66b, and glycophorin A using af.5 uL of Superscript Il (GIBCO/BRL). The reaction mixtures were
immunomagnetic affinity column (StemSep, StemCell Technologies Incubated at 42°C for 1 hour and heat inactivated at 70°C for 10 minug@s.
Vancouver, BC, Canad4j.Viable (propidium iodide [PI, Sigma Chemi After ethanol precipitation, the pellet was resuspended inub.5f tailing 5
cals, St Louis, MO]-negative) CD34cells with low to medium forward solution (1L of 5X tailing buffer [GIBCO/BRL]), 0.5uL of 100 mM
light-scattering characteristics were subdivided into CD2&id CD38  dATP, 3.5pL of water, and 0.5.L of terminal deoxynucleotidyl transferaseg
subpopulations using a gate that excluded more than 99% of cells staiffié@ U/mL, GIBCO/BRL) for 15 minutes at 37°C and heated to 70°C for B
with a similarly labeled isotype control antibody and collected into separafiéinutes. Aliquots of this solution were subjected to a PCR in a solution®f
tubes containing Iscove medium (IMDM, StemCell), supplemented with® mM KCl, 5 mM MgCh, 0.5ug/mL BSA, 1 mM dNTPs, JuL of gene 32 8
serum substitute (BIT, StemCell). For the cell cycle tracking experiment$harmacia), and 5 units of Taq polymerase (GIBCO/BRL). The complemén-
lineage marker-negative (Iin adult BM cells were first incubated for 45 tary DNAs (cDNAs) were initially amplified for 25 cycles, each consisting
minutes at 37°C in 1Q.M Hoechst 33342 (Hst, Molecular Probes, Eugenef 1 minute at 94°C, 2 minutes at 55°C, and 10 minutes at 72°C, exceptjor
OR) to which 5ug/mL Pyronin Y (Py, Sigma) was then added, and théhe first cycle, in which the annealing temperature was 37°C insteacs of
incubation continued at 37°C for another 45 minutes. The cells were theh°C. An additional 5 units of Taq polymerase was then added and a furﬁ;er
labeled with anti-CD34-FITC for an additional 20 minutes, washed in tr6 cycles carried out. This procedure produces a semiquantitative amplifca-
continuing presence of 1@M Hst and 2.5ug/mL Py plus 1pg/mL PI,  tion of the reverse transcribed total messenger RNAs (MRNAs) prese@ in
resuspended in the same solution without PI, and kept on ice in the d&k original extracf4! and has been used previously to discriminage
until being sorted. Separate aliquots of cells stained with PI only, with Rlifferent transcript levels in various cell populations in which the smajl
and anti-CD34—FITC, and with PI, anti-CD34-FITC and Py were used fdimbers of cells available for analysis preclude the use of alternafive
set the compensation. The PCD34" cells expressing low levels of Hst methodologies of MRNA quantitaticif.? 414344

and Py (H<¢Py?) and considered to be ingGreferred to as the initial &

[Goi] cells) were then collected as described in detail previotsfo  Southern analysis

isolate G cells from 40-hour cultures initiated with these CD33,i cells,

the cells harvested from the culture were restained with Hst, Py, and PI,éH?Je amplified cDNAs were electrophoresed in 1% agarose _g(_als _and
then the Pt HstoPy® (Gy') cells were sorted. The remaining {S/G,/M) transferred to nylon membrane (Hybond-N, Amersham) for hybridization

PI- cells in the cultures (designated as nopdd NGy’ cells) were also with specific cDNA probes as follows. A full-length cDNA for human FL

collected and analyzed in parallel using the same protocol as for the cdf@s obtained from Immunex. The cDNAs for human Ig; 5F, and TGF3
used to initiate the cultures. were provided by Dr K. Humphries (Terry Fox Laboratory, Vancouver, BC,

Canada). The '3region of human dit cDNA corresponding to 4043-base
pair (bp) to 4775-bp was cloned from human fetal liver by RT-PCR, using
5" CAG TAT CTATAT ATG TGTATG TAC C 3 as the forward primer and
CD34"CD38" or CD34" Gyi cells were suspended in Iscove’s medium5’ CTG AAG TAC CTA GAC ATC TAT AAC 3’ as the reverse primer. A
supplemented with BIT, 4Q.g/mL low-density lipoproteins (Sigma), 16 750-bp PCR product was then cloned into a PCR cloning kit (In-Vitrogen)
M 2-mercaptoethanol (Sigma) at4 10 cells/mL, and cultured at 37°C in using theEcoRI site created at the end of each primer, and the sequence
3 to 6 mL volumes with one of 5 different combinations of purified humagonfirmed by automatic DNA sequencing before being used as a probe. A
recombinant growth factors (A, B, C, D, and thrombopoietin [TPO] only)full-length human flt-3 cDNA was a gift from Dr D. Birnbaum (Institut

as indicated. Combination A consisted of FL (Immunex CorporatiofRaoli-Calmettes Marseille, France), and BwRI/Pst fragment was used

0la/18uSuOHEdq

Cell purification

291/091 ¥/

Liquid suspension cultures



4162 OHetal BLOOD, 15 DECEMBER 2000 « VOLUME 96, NUMBER 13

as a probe. The cDNA for gp130 (pRMHA-3) was obtained from Dr M.
Hall (University of Birmingham, Birmingham, UK) and thecoRI/BanH| Results

fragment was used as a probe. The cDNAs for the murine G-CSRR/gc-

Id-1, cfos and cjun were obtained from Dr P. Reddy (Fels Institute,pjfferences in gene expression in the CD38  ~ and CD38+

Philadelphia, PA). For ¢es and cjun, cDNAs corresponding to the ¢ psets of adult bone marrow CD34  + cells

nonhomologous regions N-terminal to the basic helix-loop-helix regions

were PCR-amplified using BTG ACT GCAAAGATG GA3 and BTCA  To obtain a reference pattern of gene expression in adult BM
AAATGT TTG CAACT 3' primers for cjunand S GAGACAGAC CAA  CD34*CD38" cells and to test the ability of the comparative
CTAGA 3" and TCA CAG GGC CAG CAG CG 3primers for cfos The  procedure described in the “Materials and methods” to detect

CDNAs for AML-1g and PU.1 were obtained from Dr S. Hiebertq, o nvitative differences in transcript levels between closely related,
(Vanderbilt University, Nashville, TN) and Dr D. Tenen (Harvard Medlcab

School, Boston, MA), respectively. The probe for SCL/tal-1 was prepared’It phenc(i)ti/hplcally ﬁr blstlo.g|03”¥ dlstlngt %O%Lgxgs(’:gggﬂrﬁ
by RT-PCR using Tal-F2 (5ATA GAA TTC CTAAGC CCATGG GAC ~ compared the results obtained from paire

AAATTG C 3') as the forward primer and Tal-R2/(BAT GAA TTC ATA subsets of CD34cells isolated from several different healthy adult
CTG TGG CTG CTT CTC ATT CC 3 as the reverse primer for PCR BM samples. This comparison included a survey of transcripts for
amplification of the region between 2654-bp and 3180-bp, followed Byarious growth factor receptors, ligands and transcription factors
DNA sequencing to verify the probe obtained. For each PCR-amplifiddhown or anticipated from previous studies to be involved in the
probe used, the '3coding region was chosen to minimize nonspecifitegulation of CD34 hematopoietic cell proliferation and differen;?
hybridization to repetitive genomic sequences as determined by hybridizeation.”-34-36 Transcripts for TGH3, FL, IL-18, G-CSFR, gp130,
tion to the products of control reactions to which no reverse transcriptage 3Rq, IL-6Rq, flt-3, ckit, cfos, c4un, Id, AML-1B, SCL/tal-1,
was added. The cDNA for murineraybwas also obtained from Dr P. py 1 cmyh and ets-2 were readily detected, albeit at Varia@e
Reddy and the ‘3 half of the nonhomologous region, excluding thelevels, in all CD34CD38 adult BM cell isolates examinedz

N-terminal DNA binding domain, was prepared $na/BarH digestion. = 5). In contrast, extracts of these same cells contained very %W
The cDNASs for ets-1 and ets-2 (also from Dr P. Reddy) were digested wi R ’ ’ . . o
vels of IL-3R3. and cmyc transcripts. Figure 1shows the 3

EcoRl to obtain the fragments used as probes. The cDNA for Ki-6 R . - 2
(Kon-21) was obtained from Dr T. Scholzen (Borstel Research Institut@}’b”d'zat'on results for a representative experiment. Transcrigts

Borstel, Germany) and digested wianHI/Not to isolate the probe used. fOr IL-3, IL-6, SF, and ets-1 were not detectable in either CD3%

=

The cDNA for IL-3Ra was obtained from Dr T. Kitamura (University of Subset (data not shown). Comparison of the transcript levgls
Tokyo, Tokyo, Japan) and was digested withd. The cDNA for IL-3  between the matched pairs of CDD38" and CD34CD38 =
receptor beta chain (IL-3R) was obtained from Dr A. Mui (University of adult BM cells for 19 other genes analyzed showed a numbeéof
British Columbia, Vancouver, BC, Canada) and was digested Bafll/  consistent differences. As can be seen in Figure 2, on averége,
Xbal. The cDNA for IL-6R was obtained from Immunex and was digestegtanscripts for TG, G-CSFR, gp130, s and cjun appeared &

with Sal. The glyceraldehyde-3 phosphate dehydrogenase (GAPDH) progﬁproximately 2-fold lower in the CD3€D38" cells, and for IL-3f;

was obtained from Dr G. Krystal (Terry Fox Laboratory) and prepared hé(nd cmycwere approximately 3- to 4-fold higher. Expression of Id i
Pst digestion. . .
For Southern analyses, each filter was hybridized with probes Iabelthé3 CD34 CD38" population also appeared slightly reduced, althou

with 32P using a random primer kit (GIBCO/BRL) and hybridized for 12 tot%IS difference was not statistically significa® % .05). Levels of

16 hours at 45°C in a solution of 40% formamide, 50 mM NaRD5% transcripts for the other 16 genes surveyed appeared to be similar in
SDS, 5X SSPE, 5X Denhardts solution, 0.25 mg/mL denatured salmskdsets of adult BM CD34cells.
sperm DNA, and 100 mg/mL sodium dextran. The hybridized filters
were then washed at room temperature in 2X SSC plus 0.1% SDS, followpiiferences in gene expression in CD34 +CD38~ and
by consecutive washes in 0.2X SSC plus 0.1% SDS first at 50°C agh3a+CD38+ cells as a function of their ontogenic state
then at 55°C.

To quantitate each gene-specific signal, the washed filters were expo¥éel next examined the RT-PCR products obtained from paiéd
to a phosphoimager screen (Molecular Dynamics, Sunnyvale, CA) for 2@D34*CD38 and CD34 CD38" cell subpopulations isolated indeper
4 hours, scanned in the phosphoimager (Storm 860, Molecular Dynamicggntly by FACS from several different fetal liver and cord bIoozﬂ
or autoradiographed for 1 to 2 days, and the signal quantitated usiggmples. A representative set of filters for 8 of the genes examinegl is
Molecular Dynamics APPS software. Each measurement was correcteddggyn in Figure 2A. Figure 2B shows the differences in transcript levels
the signal level obtained in the RTcontrol that was hybridized to the Sameot&served when the CD3@&nd CD38 subsets for both of these tissue%
filter under the same conditions. Filters were then stripped and rehybridize

. N
to the GAPDH probe to normalize for the amount of cDNA loaded ontd'€€ compared using the maiched CD3ibset as the reference*

each gel. For comparisons of transcript levels between fresh and/or cuItuP&pwaﬁon in each case. Cord blood _and fetal liver COEA38" cells
cells from the same tissue sample, each normalized transcript signal W&t showed lower levels of transcripts for TBFG-CSFR, gp130,

expressed as a ratio relative to the normalized transcript signal measure@- RS and ciun, and even lower levels of Id transcripts, but higher levels
the reference population (either the corresponding freshly isolat@fiIL-3RB. and cmyctranscripts, relative to the CD3€D38" cells in
CD34"CD38" cells or the CD34 Gyi cells in the cell cycle experiments the same sample. These differences are similar to those seen when
with adult BM), which was obtained from the same gel and filter. Th€D34"CD38" and CD34 CD38" cells from adult BM are compared.
resultant ratios were then averaged, and the standard error of the mpagels of transcripts that appeared to be similar in adult BM
(SEM) for each data set was calculated. For comparisons of transcript levels34+CD38- and CD34CD38' cells (ie, for FL, IL-1B, IL-3Ra,

in populations obtained from different tissues (eg, CD3B38" cells from IL-6Rq, flt-3, ckit, AML-1pB, SCLAal-1, PU.1, enyh and ets-2) also
adult BM vs cord blood vs fetal liver samples), at least one sample of ea S . ' ' '

) . %Bpeared similar in the corresponding subsets of CO&4l liver and
of the populations being compared were run on the same gel to control for
c?rd blood cells (data not shown).

variations in the Southern blotting procedure. Normalized transcript signal’ __ he K diff in the biologi . f
values were then expressed as a ratio relative to the average normalizeaG'Ven the known di erenf:es in the biologic properties ,0
value for the same type of transcript in the adult BM cped3g CD34°CD38" cells from fetal liver, cord blood, and adult BM, it

populations assessed. The Studeest was then used to determine whichwas of ir_]terest o also compare the trgnsgript Ie\./elg. in these
transcript signals were significantly different from the reference populatid)henotyplcally similar populations. To minimize variability, RT-
with aP < .05. PCR products were analyzed on the same filters (eg, Figure 2A)
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L9 9 % s IL-3RB. and cmycappeared to be present at increasingly higher
. <m L 4 <@ L 4@ levels in CD34CD3& cells from cord bloqd .and fgtall !iver,
2 % -E -E Q29 -E E 28 -g -g aIthpyghthese latter differences were not statistically significant. In
e 80 4660 400 addition, the 16 genes whose expression had not been found to be
o s e R different between the CD38and CD38 subsets of CD34 cells
TGF-B SRR @lbm from any particular stage of development also showed no differ-

ence in transcript levels when the CDZID38 subsets from fetal,
neonatal, and adult hematopoietic tissues were compared. The one
exception to this was the increased level of G-CSFR transcripts

# o Wi|ccsrrlBE ¢ B|gp130

i

IL-3Ra IL-6Ra llt-3 typical of CD34'CD38" cord blood and fetal liver cells relative to
_ their counterparts in adult BM.
LA il c-kit
: Changes in gene expression induced in adult BM CD34  *CD38~
c-myc c-fos c-jun cells after . -
growth factor stimulation
'd PlESaN tal-1 We next asked whether the same genes whose expressionswas
PU.1 c-myb @ets-z different between ontogenically di_stinct sources of CI_BIBIZD3E_>F f_:
cells would also be affected by in vitro growth factor stimulation gf
Figure 1. Representative analysis of transcripts found in different populations adult BM CD34'CD38 cells. Accordingly, aliquots of %

of primitive adult BM cells.  RNA extracts from purified CD34*CD38" (34738") and +
CD34+CD38" (34%38") adult BM cells and their progeny obtained after 5 days of CD34°CD38" cells from 3 of the same BM samples used for t@

stimulation by 2 growth factor combinations (A and B, described in “Materials and OntOQGniC analyses were cultured in serum-free medium Contai@ng
methods”) were subjected to semiquantitative RT-PCR, followed by Southern blot ~ FL, SF, IL-3, IL-6, and G-CSF at 2 different concentrations. After#
analysis us_ing gene-specific cDNA probes. Each filter .wa.s then stripped ._and days, cells were harvested and RNA was extracted. The S-an
reprobed with a GAPDH probe (not shown) to allow normalization for cDNA loading. . .. . . . 5
period of culture was chosen anticipating that this might Be
sufficient to allow a biologically relevant pattern of altered ger_§e
and transcript levels first normalized to matched GAPDH transcripkpression to be established before extensive cell division. T@ 2
levels. A value of 1.0 was then assigned to the average valgewth factor combinations used (A and B, as described gn
obtained from the adult BM CD34CD38" cell data set and all “Materials and methods”) had been shown previously to haye
other values expressed as a ratio of that value. Figure 2C showseheivalent mitogenic activity on adult BM CD3€D38" cells 3
individual data points obtained from this analysis. Despite thehile differing by more than 50-fold in their ability to preserv%
considerable intersample variation still observed, significant diffetTC-IC activity among the progeny generated after 10 days.
ences between the levels of some transcripts in fetal or neongiabessment of transcript levels in the cells that had been cultuged
versus adult sources of CD88D38" cells could be discerned. For under these conditions for 5 days (Figure 1) revealed sim#ar
example, relative to CD34CD38 adult BM cells, there were quantitative changes in expression of many of the same gefes
fewer TGF8 transcripts in CD34CD38 fetal liver cells, fewer whose transcript levels had been found to differ between fresEIy
gp130 transcripts in CD34CD38" cord blood cells, and fewer isolated and CD34CD38" hematopoietic cells from adult versu%
cfos and cjun transcripts in both. Similarly, transcripts forfetal and neonatal sources (Figure 2C), as well as betwegen
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Figure 2. Comparative analysis of gene expression in CD34  * 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 CD34*CD38~ and CD34"CD38" 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 CD38~ and CD38* subsets of CD34™" cells obtained from a total of 3 samples
of each different tissue. In each case the value shown is the mean = SEM of the normalized gene-specific transcript levels in the CD34*CD38" subset expressed as a fraction
of the levels measured in the matching CD34*CD38 population (set = 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 CD34*CD38~ subset in CB and FL with the CD34*CD38~ data from
adult BM examined on the same filter. The result for the CD34*CD38" 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 CD347CD38~ samples analyzed using the same probe (average value set = 1.0, n = 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 CD34CD38 and CD34CD38" cells from
each of these tissues (Figure 2B). Specific changes seen included

Comb.A-d5
Comb.B-d5
Comb.A-d5
Comb.B-d5
Comb.A-d5
Comb.B-d5

even greater decreases in T@Fgp130, cfos cqun, and Id é g é
transcripts and greater increases imgetranscripts (Figure 3). In s i é
most cases, these differences were statistically signifi€ast 05). hid
In the cultured cells, IL-3B. transcripts were also increased but 0 TGF-3 3.01 FL 5.0 IL-1B
transcript levels for FL, IL-B, AML-13, SCL/tal-1, and PU.1 were I 3.0
unchanged. Exposure of adult BM CD33D38" cells to the lower ~ 0-5 * 4 [1.01 . - i 1.0
concentration of FL, SF, IL-3, IL-6, and G-CSF elicited a number ’
of other changes not seen when freshly isolated CICE38" and
CD34°CD38" cells were compared. These included detectable, . _G-CSFR | | _gp130 5.01 IL-3RB,
increases in IL-3R, IL-6Rq, flt-3, and ckit transcripts and more ’ 3.0
pronounced increases imgyband ets-2 transcripts. 0.51 I * *I 0.5 I . i

To assess whether the similarity in gene expression profiles of 1.0
growth factor-stimulated CD34CD38" cells and freshly isolated g g 5.0 5.0 .
CD34"CD38" cells from adult BM might lie in the differences in IL-3Ra IL-6Ro ’ fit-3
the proliferative activity of these 2 populations by comparison to 3.01 3.0 3.0
freshly isolated CD34CD38" adult BM cells?>27 a time course 1.0 1.0 1.0

experiment was performed. Two samples of adult BM
CD34"CD38" cells were therefore cultured with the same growth 5 g kit
factor combinations (ie, A and B), and the cells then harvested for
growth transcript analysis after 1, 3, and 5 days of incubation. In1-01
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 ¢-myc 1.0 c-fos
combinations C and D are, like A and B, similarly mitogenic for
adult BM CD34'CD38" cells but optimize and minimize, respec 5
tively, the retention of LTC-IC activity by the stimulated cellas 1
a further comparison, a time course experiment was simultaneously
performed on adult BM CD34CD38" cells cultured in serum-free 1.0 2.0
medium for up to 5 days in the presence of TPO only. In contrast to ) 1.0 |
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 CD34"'CD38" cells over at least 5 days (data not PU.1 3.0 c-myb 3.0 ets-2
shown), although during this period, TPO alone is quite efficient at20] 2.0 2.0
preserving the viabilit? and LTC-IC activity of these cel. 1.0 '
. . 1.0 1.0

Figure 4 shows the results only for the transcripts whose levels
relative to adult BM CD34CD38" cells were found to be Figure 3. Quantitative analysis of gene-specific transcript levels in differently
modulated during ontogeny (Figure 2) and/or after growth faCtg imulate;d populations of primitive adult BM cells. Values were calculated as
stimulation (Figures 1 and 3). In both of the time course expemescribed in the “Materials and methods” using adult BM CD34+CD38- cells as the
ments performed, decreases in G-CSFR, gpla‘ﬁscand C}UI’] _reference population (= 1.0). Shown are the mean qf_ analysgs of at least 3
trans_cripts_w_ere aIreaQy apparent and (except for gp13_0) W¢ ip%r;t;zr:;Ii?;]lxélicsae:;ndplbeysai;il\r/ilgk\/(all)l.;es that are significantly different from 1.0
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 TGB-and Id transcripts and the increaseculture interval was chosen to increase the selectivity of the
in c-mycexpression appeared more variable and in some instangegilysis for CD34CD38" cells persisting in @ Gene expression™
delayed. Because very few adult BM CD32D38" cells enter profiles for the G populations isolated before and after culture
mitosis before the third day of exposure to any of the growth factowgre then compared.
used in these studi®’30 (and data not shown), these results The blots obtained from a representative experiment of this
suggested that the changes in gene expression seen could odedign are shown in Figure 6A. Relative levels of all genes
before cell division. surveyed in these studies (using the initial CD33, cells as the

A next experiment was therefore undertaken to determimeference population) are shown in Figure 6B. Low expression of
whether the changes in gene expression observed within 1 to 2 d&y&7 in both populations defined ag¢&lls on the basis of Hst/Py
of growth factor-stimulation of adult BM CD34D38 cells staining and increased expression of Ki67 (on average 4-fold,
could be formally shown to occur even before these cells entered< .05) in the cultured N@ fraction confirmed the validity of the
G;. For this, the method of dual Hst/Py labeling was used to alloRACS gates used to isolate both, Gopulations. Interestingly,
the selective isolation by FACS of CD34sells in G, both before TGF, G-CSFR, gp130, cayc cfos c4un, and Id transcript
(Goi) and after (@) they had been in culture with growth factorlevels were all significantlyR < .05) reduced, albeit to variable
combination A for 40 hours (Figure 5). In these experimentslegrees, in the persistingy&ells. Reductions in G-CSFR, gp130,
staining for CD38 was omitted because isolation gf(Bst°Py°)  c-fos c-jun, and Id transcripts were also seen in the simultaneously
cells from within the Pt CD34*CD38" population would have harvested, cultured Ng5cells. The lack of evidence of a similar
required a 2-step staining and sorting procedure. The 40-haesponse with respect to the expression of T&g&nd cmycin the
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Figure 4. Time course of changes in gene expression A - 55 22 BB TERES
in variously growth factor-stimulated primitive adult i 5 4 m Q < m g «moooaoon 1.0 8 108
F-1 S o00000400
BM cells. Panel A shows the Southern blot analyses of 33 % o 'E 'E o 'E E o E § EEEEEE TGFp o o5
transcript cDNAs detected in 2 independent experiments SIESSESS8ES83888 8888
in which FACS-sorted CD34*CD38" cells were stimu- 10
lated with one of 5 different growth factor conditions (as gp130 & BAREN G-CSFR LE ]
shown) and the cells harvested for RT-PCR analysis at 0.5 0.5
the times indicated. Panel B shows the same data ‘“
normalized as described in the “Materials and methods”  €™Y¢ - 1.0 1.0
using the corresponding starting CD34*CD38~ BM cells ap130 -
as the reference population in each case (values annnw * 0:5
set = 1.0). Each symbol identifies the results obtained
for a different growth factor condition (®, TPO; m, Comb. c-mye 2.0 19
A; [, Comb. B; A, Comb. C; A, Comb. D). o2 5T 8% &% 1.0 i
BY anp<mp<m : 3
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cultured NG’ and G’ cells is, however, difficult to interpret former include genes like thdOX genes that appear to be stage:
because of the wide intersample variation seen in the responsebutf not tissue-specifits as well as others like the GATA famlly,:
these 2 particular genes in the p&ells. Nevertheless, overall, SCL-/tal-1, AML-13, and PU.1 that are more unique to the
many of the changes in gene expression that occur in growtematopoietic systeft:36Nevertheless, the mechanisms by whltgl
factor-stimulated CD34 adult BM cells could be seen to bethe products of such genes interact to allow lineage determlr@\g
induced independently of the timing of their exit frong.G events to occur, and the dynamics of these processes are §st|II
poorly understood. g

Progress in the development of technologies for detect®g
transcript levels in rare populatioig®47“*has begun to make@
possible the analysis of gene expression patterns in purified sulsets
It is generally accepted that many features of differentiation ard human hematopoietic cells that are highly enriched in cells wﬁh
development will eventually be understood by more complettem cell activity. In a study reported by Bello-Fendaz et aP?
descriptions of the changing patterns of gene expression that ocganscripts for GM-CSFRand GM-CSFR ( = IL-3Rp,), c-kit,
when these processes take place. Indeed, such studies have alr€a@\BFR, flt-3, myeloperoxidase, and TNFRI and TNFRII were
led to the identification of a number of relevant genes faronsistently detected in freshly isolated CD3#y-1* and
transcription factors, as well as genes that encode receptors @34 Thy-1- subsets of cord blood cells. However, differences:
ligands that stimulate the transition of specific cell types from one

oy

Discussion
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state to another. In the hematopoietic system, examples of thA B
5.0 Ki6T TR
a0 1.0
> 2 Ki-67 - 05 i
)
EL 8_ G cs 1.0 ap13n 10 G-CSFR
= R1 - I I
g E; ™ 0.5 T, |os ;
[T =l H
|
g _8_- c-myc 10 d - cmye
o 05 10
Q o _> 7 £
i o c-jun I l i
e r T . 1.0 odun A
B 00160 200 20 50|00 150 260 250 750 100 150|200 240 = 3 S
ssC Hst / Hst\l/ GAPDH 05 A o
Gj G NG, G Gy NG
G i G - G /S/GZ/M Figure 6. Analysis of changes in gene expression in growth factor-stimulated
o o 1 . adult BM CD34 * cells remaining quiescent for 40 hours. Panel A shows
( N Go ) representative blots comparing transcript cDNAs for 9 genes expressed in freshly

isolated CD34" Gq (Goi) cells, cells found to be still in G after 40 hours in culture (Go'
cells), and the remaining (NG,') cells. Cells were cultured and isolated as described
in Figure 5 and then RNA extracts were prepared and subjected to semiquantitative

Figure 5. Hst/Py staining of adult BM CD34 * cells before and after culture with
growth factor combination A.  Lin~ 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 G,y (Hst°PyP) fraction (middle panel) from within the PI-
CD34+ population (left panel). These Ggi 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 Gg cells (Go') by
FACS separate from the remaining G1/S/G,/M (NGy’) cells.

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 Gi cells as the
reference population in this case (value for each transcript = 1.0 for the Goi cells).
Shown are the mean = 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 mog activities on CD34CD38  adult BM cells, although all
resolved. Evidence of GM-CSFRx (and ), ckit, G-CSFR, and support the viability of these celfs'> Moreover, the common
flt-3 on G-CSF mobilized adult CD34€D38" cells and of ckit, changes in transcript levels seen in these variously stimulated
flt-3, and IL-1R expression by freshly isolated adult BMCD34"CD38 adult BM cells could be detected before most of the
CD347CD38 cells has also been obtained from ligand-bindingriginal cells had completed a first division (ie, within 3 days) and
studies®52 Scadden and colleagyé$? surveyed the changes inwere also detectable in CD34cells that had been exposed to
the expression profiles of many of these as well as a numbergrbwth factors for 2 days but were not yet ready to ext Ghus,
other genes associated with hematopoietic cell differentiatiogenes whose level of expression in CD8D38 cells is modu
However, their initially isolated CD34CD38  cells had been lated during ontogeny appear to overlap extensively with “early
exposed to various growth factors for at least 2 days before the firssponse” genes of growth factor-stimulated primitive adult hema-
analysis. Nevertheless, their studies were able to document tbpoietic cells.
additional presence of transcripts for GM-CSFRkit, gp130, These findings provide transcriptional evidence to support the
IL-6Ra, IL-1R, G-CSFR, SCL, GATA-1 and GATA-2, NF-E2, concept that primitive fetal hematopoietic cells and, to a lesser
PU.1, AML1B, and C/EBR, but not IL-3R3. (= GM-CSFR3), extent, their neonatal derivatives, show features of an activated
erythropoietin receptor (EPOR), or c-MPL. In a recent report, watate relative to their CD34CD38" counterparts in adult BM. The
showed that neither freshly isolated adult BM CD8845RA"  extent to which this is causally related to potential differences in the
CD71 cells nor the CD34CD45" and/or CD71 cells contain microenvironmental characteristics of fetal and adult hemato@i-
detectable transcripts for IL-3, IL-6, SF, GM-CSF, G-CSF, oetic tissues is not yet clear. Alternative, although not necessagily
TPO#*2 Thus, there is a growing body of information about whichmutually exclusive, explanations would include the possibilitigs
genes may (or may not) be expressed in primitive human hematbat fetal and adult gene expression programs are, at least to some
poietic cells from different sources and enriched to varying degreestent, predetermined, or that the regulated expression oz a
in their stem cell content. Nevertheless, a systematic quantitati@®34"CD38~ phenotype during development may not be &s
comparison of transcript levels in such samples has been lackingightly linked to the differentiation status of primitive hematopoé

In the current study, we have used a semiquantitative proaatic cells as has been assumed. Nevertheless, the current obsgrva-
dure® to address this question and to test the hypothesis thans do suggest that the different cytokine response behavio_ﬁ of
primitive hematopoietic cells from fetal and neonatal tissues migptimitive adult and fetal/neonatal hematopoietic cells is unlik
display a pattern of gene expression exhibited by their aduti be explained solely by differences in ligand and/or recepgjr
counterparts after a period of growth factor stimulation. Initiallyexpression. An alternative possibility would be that the 5|gnallgg
we confirmed and extended previous surveys of gene expressiostaitus of these cells, or key downstream targets suchfas cg
primitive human hematopoietic cells by demonstrating an absenz@uin, and cmyg are present in these cells at different levels. W|E1
of IL-3, IL-6, and SF transcripts, and the presence of low, bihe rapidly emerging capacity to extend the type of study pér-
detectable levels of IL-3R. transcripts, in addition to readily formed here to all genes expressed in human hematopoietic stem
detectable levels of transcripts for TGH-G-CSFR, gp130, cells, more extensive comparison of the differences between fétal
IL-6Ra, flt-3, ckit, SCL/tal-1, PU.1, and AMLR in highly and adult human cells should allow this concept to be m(ﬂre
purified CD38 and CD38 subpopulations of CD34 cells rigorously examined.
obtained from human fetal liver, cord blood, and adult BM. Our The nature of the current analysis unfortunately makesmlt
current findings also provide the first documentation of detectalddficult to infer a specific role for any of the changes in ge@
levels of mMRNA for the transcription factors:mayh cfos cjun, expression observed. However, in light of published evidence tgat
Id, ets-2, and the growth factors: FL and IB;land low to endogenous TGB-production may serve as an autocrine inhibite}jr
detectable levels of myc in each of these primitive human of primitive hematopoietic cell proliferatiott;>¢ it might be g
hematopoietic cell populations. Internal comparisons of the relatispeculated that a down-regulation of T@Rranscripts could play €
levels of particular transcripts in the CD3&nd CD38 fractions a necessary, although perhaps not sufficient, role in promotlng"a‘he
of CD34" cells from human fetal liver, cord blood, and adult BMexit of adult CD34CD38" cells out of a G state. This would be g
revealed remarkably consistent differences between the 2 popuansistent with our observation that TGFMRNA levels were
tions in each case. In fact, most of the 23 genes studied showeghest in unmanipulated CD3€D38  BM cells. It is also
little or no evidence of a change in the expression between thesmresting to note that the forced expression édsin primitive
subpopulations. However, transcripts for TBFG-CSFR, gp130, murine hematopoietic cells has been found to inhibit their cell cycle
c-fos cqun, and Id were generally lower in the CD3®opulation, progressiol¥’ These latter findings are consistent with the present
and for cmycand IL-3R3., were usually higher. Taken together,observation that éestranscripts are highest in a subset of primitive
these results demonstrate the presence of detectable transcripteematopoietic cells that are relatively resistant to growth factor
the most primitive hematopoietic cells of many genes generalfictivation (ie, adult BM CD34CD38 cells). Finally, it is interest
considered specific to hematopoietic cell differentiation. In adding to note that our studies did not reveal any changes in gene
tion, they underscore the likely importance of quantitative changespression that appeared to correlate with the retention/loss of the
in the expression of these genes in the mechanisms by which firenitive functional status of the cells analyzed, as inferred from
biologic status of primitive hematopoietic cells is altefed. previously documented changes in the LTC-IC activity of adult BM

Consistent with this prediction was the finding that the expre€D34*CD38" cells cultured under the same conditions as used
sion of many of the genes affected by CD®D38 cell differen  here? Accordingly, it might be argued that changes in the expres
tiation into CD34' CD38" cells in vivo is altered, and in a similar sion of the genes analyzed in this study do not represent steps in the
fashion, when adult BM CD34CD38 cells are mitogenically process by which hematopoietic stem cell differentiation decisions
stimulated by growth factors in vitro. Interestingly, this was foundre determined. This would not, of course, preclude a potentially
to be the case for all 5 growth factor cocktails tested, even thoughportant role of the products of these genes in such processes, or
these vary markedly in their mitogenic and differentiation promothe likelihood that they may contribute to such cellular decisions
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through other mechanisms, which could include changes in expregien growth factor-induced differentiation of CD3@D38™ cells
sion of other genes whose products they might interact %ith. may be fixed irreversibly should also help to establish the relevance
Indeed, there is now increasing evidence that the early different@f-the kinetics of changes in expression of TBFS-CSFR, cfos,
tion process may involve quantitative changes in a compleXun, and Id in very primitive hematopoietic populations.
portfolio of transcripts whose dynamics may have major conse-
quences on the pace and direction of differentiation that primitive
hematopoietic cells will undertakés*
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