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Stromal cell–derived factor 1 regulates primitive hematopoiesis by suppressing
apoptosis and by promoting G0/G1 transition in CD341 cells: evidence for an
autocrine/paracrine mechanism

Jean-Jacques Lataillade, Denis Clay, Philippe Bourin, Françis Hérodin, Catherine Dupuy, Claude Jasmin, and
Marie-Caroline Le Bousse-Kerdilès

The stromal cell–derived factor 1 (SDF-1)
chemokine has various effects on hema-
topoietic cell functions. Its role in migra-
tion and homing of hematopoietic pro-
genitors is currently well established.
Previously it was shown that SDF-1 stimu-
lates myeloid progenitor proliferation in
synergy with cytokines. Results of this
study indicate that SDF-1 alone promotes
survival of purified CD34 1 cells from hu-
man unmobilized peripheral blood (PB)
by counteracting apoptosis as demon-
strated by its capacity to reduce DNA
fragmentation, annexin-V 1 cell number,
and APO2.7 detection and to modulate
bcl-2 homolog protein expression. The
study demonstrates that SDF-1, pro-

duced by sorted CD34 1CD381 cells and
over-released in response to cell damage,
exerts an antiapoptotic effect on CD34 1

cells through an autocrine/paracrine regu-
latory loop. SDF-1 participates in the au-
tonomous survival of circulating CD34 1

cells and its effect required activation of
the phosphotidyl inositol 3 kinase (PI3-K)/
Akt axis. Cell sorting based on Hoechst/
pyroninY fluorescences shows that SDF-1
production is restricted to cycling CD34 1

cells. SDF-1 triggers G 0 quiescent cells in
G1 phase and, in synergy with thrombo-
poietin or Steel factor, makes CD34 1 cells
progress through S 1G2/M phases of cell
cycle. By assessing sorted CD34 1CD382

and CD341CD381 in semisolid culture,

the study demonstrates that SDF-1 pro-
motes survival of clonogenic progeni-
tors. In conclusion, the results are the
first to indicate a role for endogenous
SDF-1 in primitive hematopoiesis regula-
tion as a survival and cell cycle priming
factor for circulating CD34 1 cells. The
proposal is made that SDF-1 may contrib-
ute to hematopoiesis homeostasis by par-
ticipating in the autonomous survival and
cycling of progenitors under physiologic
conditions and by protecting them from
cell aggression in stress situations.
(Blood. 2002;99:1117-1129)

© 2002 by The American Society of Hematology

Introduction

Hematopoiesis consists of a complex process in which hematopoietic
progenitors (HPs) migrate, proliferate, and generate a large number of
lineage-committed blood cells. This process is closely dependent on
stromal cells and their secreted cytokines and chemokines. An adjusted
balance between self-renewal and differentiation is necessary to main-
tain an adequate number of HPs, which have long-term multilineage
repopulating potential, and of mature blood cells.1,2 Apoptosis is a
naturally occurring process involved in the homeostasis regulation of
hematopoiesis.3 Whereas its role in control of mature compartment
homeostasis is well documented, molecular mechanisms underlying HP
survival are still unclear.4,5 Endogenous cell death regulatory proteins
and exogenous growth factors have been reported to participate in
apoptosis regulation.3 Actually, cytokines such as interleukin-3 (IL-3),
thrombopoietin (Tpo), granulocyte-macrophage colony-simulating fac-
tor (GM-CSF), Flt-3, and Steel factor (SF) have been described as
survival factors,6-10 but less is known about a possible role for
chemokines in HP survival.2,11,12

Stromal cell–derived factor 1 (SDF-1) is a CXC chemokine known
to be an effective chemotactic factor for progenitors and mature blood

cells.13-15 It is constitutively produced by bone marrow (BM) stromal
cells and by other cells including CD341 cells.16 SDF-1 was initially
characterized as a pre-B cell-stimulating factor.SDF1gene knockout
experiments have demonstrated several defects including impaired
myelopoiesis.17,18 Recent studies have also reported a crucial role for
this chemokine in stem cell engraftment and myelopoiesis.19-21 We
previously demonstrated that SDF-1 enhanced proliferation and differen-
tiation of unmobilized peripheral blood (PB) CD341 cells in synergy
with cytokines. From these results, we have proposed that exogenous
SDF-1 could act as a survival factor for CD341 cells.22Recently, studies
reporting the protecting effect of SDF-1 on normal hematopoietic cells
or leukemic B lymphocytes strengthened this hypothesis.23-25

In the present study, we attempted to determine the mechanisms
whereby SDF-1 participated in CD341 cell survival. For this purpose,
we investigated whether SDF-1 protected HPs from spontaneous
apoptosis and whether it interfered with cell cycle progression. Our
results showed that SDF-1 reduced DNA fragmentation, annexin-V1

cell number, and APO2.7 expression, and modulated apoptotic regula-
tory proteins of bcl-2 family in CD341 cells undergoing spontaneous
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apoptosis.3,26,27We showed that SDF-1 produced by PB CD341CD381

cells played a role in their autonomous survival through phosphotidyl
inositol 3 kinase (PI3-K)/Akt signaling. We also demonstrated the
survival effect of SDF-1 on sorted CD341CD382 and CD341CD381

cells in a clonogenic progenitor assay. Finally, we showed that SDF-1
alone triggered resting G0 CD341 cells into cycle and stimulated their
progression through cell cycle in synergy with Tpo or SF. Our present
results suggest that SDF-1 could contribute to maintaining hematopoi-
esis homeostasis by acting as a survival and cell cycle priming factor for
circulating CD341 progenitors.

Materials and methods

Mononuclear cell preparation and purification of CD34 1 cells

Mononuclear cells expressing the CD34 antigen were immunomagnetically
selected directly (Inc2) or after an overnight incubation (Inc1) from PB of
unmobilized healthy adults with their informed consent, as previously
described.22 This procedure gave rise to a 92% to 98% pure CD341 cells. In
some experiments, highly purified CD341 cells (up to 99%) were obtained
by either a second column step or cell sorting.

CD341 cell culture conditions for analysis of apoptosis,
survival, and clonogenicity

To determine the appropriate culture conditions for studying spontaneous
apoptosis in CD341 cells, freshly purified CD341 cells (13 105/mL) were
incubated in a serum- and cytokine-free medium (Iscoves modified
Dulbecco medium [IMDM]). After 6 to 96 hours, cells were processed for
viability by trypan blue exclusion, apoptosis detection, and SDF-1 secretion
by Quantikine enzyme-linked immunosorbent assay (ELISA; R & D
Systems, Abingdon, United Kingdom).

The effect of exogenous or endogenous SDF-1 on apoptosis, cell survival,
and clonogenicity was evaluated by adding either recombinant human SDF-1a
(rhSDF-1a; 0.01-0.5 ng/mL; R & D Systems) or anti-rhSDF-1 neutralizing
antibody (10 ng/mL; R & D Systems) to highly purified or sorted CD341CD381

and CD341CD382 cells for 72 hours. Semisolid progenitor assay was performed
in methylcellulose medium as previously described.22

Involvement of the PI3-K/Akt and mitogen-activated protein (MAP)
kinase/MEK pathways in the antiapoptotic effect of SDF-1 on CD341 cells
was examined by using LY294002 and PD98059 specific inhibitors (10-100
mM), respectively (France Biochem, Meudon, France).28,29 Equivalent
dilutions of dimethyl sulfoxide (DMSO) were used as controls.

Assessment of DNA fragmentation by “sub-G 1 peak” detection

CD341 cells (13 105/mL) were cultured for 4 days under apoptosis-
inducing conditions with or without SDF-1 (0.01-0.5 ng/mL) and prepared
for cell cycle analysis. Cells (53 104) were fixed in 70% ice-cold ethanol at
220°C for 30 minutes and were incubated for 15 minutes in the dark at 4°C
in phosphate-buffered saline (PBS) containing propidium iodide (PI, 0.4
mg/mL; Molecular Probes Europe, Leiden, The Netherlands). The PI
fluorescence from fractional DNA content of apoptotic cells produced a
“sub-G1 peak” on the DNA content frequency distribution histogram that
defined the proportion of apoptotic cells.30

Detection of membrane and mitochondrial apoptosis markers

The percentage of cells undergoing apoptosis was determined using
annexin-V and mitochondrial APO2.7 antigen detection assays.31,32Briefly,
CD341 cells were incubated for 6 to 24 hours under apoptosis-inducing
conditions with or without SDF-1 (0.01-0.5 ng/mL). In some experiments,
an anti-rhSDF-1a antibody (5 ng/mL) was added to the medium. Cells
(1 3 105) were incubated at room temperature in the dark for 15 minutes in
200 mL buffer containing either fluorescein-conjugated human annexin-V
(5 mL, Pharmingen, BD Biosciences, Le Pont de Claix, France) plus PI (5
mg/mL, Molecular Probes) or R-phycoerythrin (PE)–conjugated APO2.7

Figure 1. Cell sorting strategy and purity of sorted fractions. Stained cells were
sorted according to CD34 and CD38 expression (A) or DNA/RNA staining (B) by
using a Coulter Elite flow cytometer. For cell sorting, immunomagnetic-purified
CD341 cells were gated on a first R1 region by selecting lymphomononuclear
cells and excluding dead cells (FSC/SSC dot plot). A second region R2
corresponding to CD341 cells was drawn on a second dot plot (CD34/SSC) gated
on R1. (A) The CD341CD382 fraction was arbitrarily defined according to the
CD38 expression level as the 10% of CD341 cells with the lowest CD38 labeling.
Two gates corresponding to CD341CD382 and to CD341CD381 fractions were
defined (Ai and Aii, respectively). Five percent of cells at the limits between these
populations were excluded from the sort. (B) CD341 cells were also sorted
according to simultaneous DNA/RNA staining with Hoechst 33342 and pyronin Y.
This cell cycle fractionation allowed isolation of viable [G0] CD341 cells from
[G11S1G2/M] cells. Cells residing in G0 exhibit a low RNA content and appear at
the bottom of the Hoechst/pyronin Y dot plot identified by a low pyronin Y and a
low Hoechst staining (Bi). Cells in G1 show a brighter pyronin Y signal associated
with a low Hoechst staining and cells in S1G2/M display both high Hoechst and
pyronin Y staining. Two gates were defined corresponding to [G0] CD341cells and
to [G11S1G2/M] CD341 cells (Bi and Bii, respectively). The purity of the
CD341CD382, CD341CD381, [G0] CD341, and [G11S1G2/M] CD341 sorted
fractions was more than 99% as established by the flow cytometry analysis
following sorting. A representative analysis of each sorted fraction cell purity was
shown on histograms of CD38 and pyronin Y fluorescences (Ai, Aii and Bi, Bii).
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antibody (Beckman Coulter, Le Pont de Claix, France). Annexin-V1PI2

and annexin-V1PI1 cells correspond to apoptotic and necrotic cells,
respectively.

Cell cycle fractionation with PI and Ki67

The effect of SDF-1 on cell cycle progression was evaluated by culturing PB
CD341 cells in serum- and cytokine-free Stema-A medium (Stem-Alpha, St
Clément les Places, France) in the presence or absence of SDF-1 (0.01-1 ng/mL),
Tpo, SF, and Flt-3 ligand (R & D Systems). At different time points up to 72
hours, cells were analyzed for simultaneous expression of Ki67 proliferation-
associated nuclear antigen and DNA content. The Ki67 antigen is expressed in
cells entering G1 with increasing expression during cell cycle but was undetect-
able in G0 resting cells.33 Cells (13 105) were fixed in 70% ice-cold ethanol,
permeabilized (OrthoPermeafix, OrthoDiagnostic System, Roissy en France,
France), immunostained using fluorescein isothiocyanate (FITC)–labeled anti-
Ki67 (Beckman Coulter) or its isotype IgG control and washed before staining
with PI. Specificity of the Ki67 antibody binding was evaluated by using a
FluoroTrol-DNAplusCell Cycle control kit (Bioergonomics, Clinisciences, Mon-
trouge, France).

Intracellular detection of SDF-1, cyclins, and apoptosis-related
Bcl-2 family proteins

Intracellular expression of SDF-1, cyclins (D1-3 and E), and Bcl-2 family
proteins (Bad, Bax, Bcl-2, and Bcl-xL) was detected by flow cytometry.
CD341 cells were cultured in serum- and cytokine-free medium (Stema-A
or IMDM) in the presence or absence of SDF-1 (0.05 and 0.5 ng/mL). At
various time points up to 72 hours, 13 105 cells were harvested and
incubated with FITC- or PE-conjugated anti-CD38 monoclonal antibody
(mAb) (clone T16, Beckman Coulter) and with allophycocyanin (APC)–
conjugated anti-CD34 mAb (clone 581, Beckman Coulter) for 30 minutes
at 4°C in the dark. Cells were washed with PBS/2% human serum albumin
(HSA)/0.5% Ig, incubated in OrthoPermeafix, and labeled with the
following conjugated mouse antihuman antibodies: bcl-2-FITC (clone 124,
Dako SA, Trappes, France), Bcl-xL-PE (clone 7B2.5, Chemicon, Euro-
medex, Souffelweyersheim, France), Bad-FITC (clone 48, Transduction
Laboratories, BD Biosciences, Le Pont de Claix, France), cyclins D1-, D2-,
D3-FITC (clone G124-326, G132-43, G107-565, from Pharmingen, BD
Biosciences, respectively) or unconjugated mouse antihuman antibodies:
Bax (clone 4F11, Beckman Coulter), cyclin E (clone HE12, Pharmingen,
BD Biosciences), or goat antihuman SDF-1 antibody (R & D Systems). To
avoid SDF-1 release during permeabilization, cells were preincubated for 4
hours with 10mg/mL brefeldin-A (Sigma, Saint-Quentin Fallavier, France).
Cells labeled with anti-Bax, anticyclin E, anti–SDF-1 were subsequently
labeled with either a PE-conjugated goat antimouse (Caltag Laboratories,
Tebu, Saint-Quentin en Yvelines, France) or an FITC-conjugated rabbit
antimouse (Dako SA) or a PE- or FITC-conjugated swine antigoat (Caltag
Laboratories), respectively. Cells were washed and analyzed by flow
cytometry. Membrane-bound SDF-1 was estimated by omitting permeabili-
zation before SDF-1 staining. Background fluorescence was assessed by
using isotype-matched irrelevant mouse or goat immunoglobulins.

Flow cytometry analysis and cell sorting

Analysis was performed using a Coulter Elite flow cytometer (Beckman
Coulter). Cell debris was excluded from the analysis by gating on apoptotic
and live cells on forward light scatter (FSC) versus side light scatter (SSC)
dot plots. Stored events (5000-10 000) were analyzed with WinMDI
(J. Trotter J, The Scripps Research Institute [TSRI], La Jolla, CA) or
WinCycle software (Phoenix Flow Systems, San Diego, CA). Mean
fluorescence intensity (MFI) was expressed in arbitrary units (AU).

In some experiments, CD341 subpopulations were sorted according to
their CD38 expression.22 Resting (G0) or cycling (G11S1G2/M) CD341

cells were sorted based on Hoechst/pyroninY fluorescences as described by
Gothot et al.34,35Figure 1shows the gating strategy of cell sorting and the
purity of sorted fractions.

Western blotting analysis

Cell lysis, protein separation, and transfer were performed as previously
described.36 Separated proteins were incubated with an anticyclin D1 mAb
(Zymed, Clinisciences, Montrouge, France), probed with a peroxidase-
labeled goat antimouse antibody and revealed by chemiluminescence.36

Statistical analysis

Data were expressed as means6 SD. P , .05 was considered statistically
significant (Studentt test for paired samples).

Figure 2. SDF-1 counteracts apoptosis-associated nuclear DNA degradation in
PB Inc 1CD341 cells. PB CD341 cells purified immediately after density gradient
separation (Inc2) or after incubation on a plastic support (Inc1) were incubated
(1 3 105 cells/mL) under apoptosis-inducing culture conditions (serum- and cytokine-
free medium [IMDM]). Freshly isolated cells (A) or cells harvested after a 4-day
incubation (B) were processed for apoptosis assessment by “sub-G1 peak” detection
as indicated in “Materials and methods.” The biologic effect of SDF-1 on apoptosis
was evaluated by adding rhSDF-1a at various concentrations (0.01, 0.05, 0.1, 0.5
ng/mL) to the culture medium. The percentages of sub-G1 apoptotic cells shown for
each histogram are for one experiment representative of the 3 performed. The
logarithm fluorescence of PI is expressed in channel numbers. Maximal effect of
SDF-1 was obtained for 0.5 ng/mL in Inc2 cells and for 0.05 ng/mL in Inc1 cells.
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Results

Exogenous SDF-1 acts as a survival factor in counteracting
PB CD341 cell apoptosis

We have previously reported that SDF-1 displayed a stimulatory
effect on PB CD341 proliferation in synergy with cytokines and
have suggested that SDF-1 might act as a survival factor.22 This
promoting effect was mainly demonstrated on CD341 cells

purified after an overnight incubation on a plastic support
(Inc1CD341). In the present study, we investigated whether
SDF-1 could counteract CD341 cell apoptosis. We first deter-
mined the appropriate experimental conditions inducing opti-
mum spontaneous apoptosis in PB CD341 cells.8 We quantified
the percentage of subdiploid cells37 and analyzed the expression
of annexin-V and APO2.7 in response to SDF-1.38 We studied
whether SDF-1 altered the expression of Bcl-2 family proteins
involved in apoptosis regulation.1,3,27

SDF-1 decreases the sub-G1 peak, annexin-V, and APO2.7
expression.Freshly isolated Inc2 and Inc1CD341 cells showed a
low proportion of apoptotic cells as indicated by the “sub-G1 peak”
detection (1.2%6 0.8% and 5.6%6 2.3%, respectively; Figure
2A) and the annexin-V1PI2 cell percentage (1.2%6 0.2% and
3.8%6 1.4%, respectively; Figure 3A). The percentage of apopto-
tic cells, as demonstrated by the sub-G1 and annexin-V1PI2 cell
detection, was increased after a short incubation in IMDM (1-4 days).
Interestingly, these percentages were higher in Inc1 (53.5%6 4.8% and
10.7%6 2.1%) than in Inc2 cells (30.5%6 3.1% and 1.8%6 0.2%;
Figures 2B and 3B). Addition of SDF-1 (0.01-0.5 ng/mL) significantly
prevented spontaneous DNA degradation in Inc1CD341 cells because
their proportion in sub-G1 was decreased from 53.5%6 4.8% to
22%6 3.1% (n5 3; P5 .002; Figure 2B). The antiapoptotic effect of
SDF-1 was also illustrated by a reduction of the apoptotic annexin-
V1PI2 CD341 cell percentage (Figure 3B) and was predominant on
Inc1 as compared to Inc2 cells (from 10.7%6 2.1% to 3.2%6 0.6%
and 1.8%6 0.2% to 0.2%6 0.7%, respectively, n5 3; P5 .02 and
P5 .03). The preventing effect of SDF-1 on CD341 cell apoptosis was
dose dependent (data not shown) and was maximal for 0.05 ng/mL and
0.5 ng/mL in Inc1 and Inc2 cells, respectively (Figures 2 and 3).

The antiapoptotic effect of SDF-1 was further confirmed by
evaluating the expression of APO2.7 protein, a mitochondrial
marker of early apoptotic events.32 As shown in Figure 4, APO2.7

Figure 3. SDF-1 decreases the expression of apoptosis-associated cell mem-
brane proteins in PB CD34 1 cells. PB CD341 cells purified immediately after
density gradient separation (Inc2) or after incubation on a plastic support (Inc1)
were incubated (1 3 105 cells/mL) under apoptosis-inducing culture conditions
(serum- and cytokine-free medium [IMDM]). Freshly isolated cells (A) or cells
harvested after a 24-hour incubation program (B) were processed for apoptosis
assessment by using the annexin-V apoptosis detection kit as indicated in
“Materials and methods.” The biologic effect of SDF-1 on apoptosis was evaluated
by adding rhSDF-1a at various concentrations (0.01, 0.05, 0.1, 0.5 ng/mL) to the
culture medium. The percentages of annexin-V1 PI2 apoptotic cells and an-
nexin-V1 PI1 necrotic cells shown for each histogram are for one experiment
representative of the 3 performed. Maximal effect of SDF-1 was obtained for 0.5
ng/mL in Inc2 cells and for 0.05 ng/mL in Inc1 cells.

Figure 4. SDF-1 decreases the expression of APO2.7 apoptosis-associated
mitochondrial protein in PB Inc 1CD341 cells. PB CD341 cells freshly purified after
incubation on a plastic support (Inc1) were incubated (1 3 105 cells/mL) under
apoptosis-inducing culture conditions (serum- and cytokine-free medium [IMDM]).
Cells harvested after a 6-hour incubation program were processed for apoptosis
assessment by using the mitochondrial APO2.7 antigen detection assay as indicated
in “Materials and methods.” The biologic effect of SDF-1 on apoptosis was evaluated
by adding 0.5 ng/mL rhSDF-1a to the culture medium. Biologic specificity of SDF-1
was demonstrated by using an anti–SDF-1 antibody (5 ng/mL) or its isotype control (5
ng/mL). A histogram from a typical donor is presented. The MFI (AU) of cells positive
for APO2.7 is shown for each condition.
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expression level was strongly reduced from 450.56 62.4 AU to
110.36 24.6 AU (n5 3; P 5 .001) after 6 hours in the presence of
SDF-1; this effect was specific because it was totally abolished by
addition of a neutralizing anti–SDF-1 antibody (Figure 4).

Expression of Bcl-2 family proteins is modulated by SDF-1.
We evaluated whether the antiapoptotic effect of SDF-1 went
through modulation of Bad, Bax, Bcl-2, and Bcl-xL expression. We
showed that freshly isolated PB Inc1CD341 cells expressed Bcl-2 and
Bcl-xL proteins (42.76 5.6 AU and 21.66 4.8 AU, respectively;

Figure 5A). We observed a bimodal expression profile in which a small
proportion of CD341 cells expressed low level of Bcl-2 (15%6 6.3%,
12.76 2.6 AU) and Bcl-xL (29.3%6 5.2%, 7.16 3.4 AU), whereas
the majority of CD341 cells displayed high levels of these proteins
(84.8%6 4.2%, 48.16 3.8 AU and 72.6%6 6.1%, 28.96 4.6 AU).
After 72 hours under apoptosis-inducing conditions, the global expres-
sion of Bcl-2 and Bcl-xL cell death suppressors was increased up to
90.66 5.3 AU (P5 .03) and 83.56 3.8 AU (P5 .001), respectively,
with disappearance of the bimodal profile (Figure 5A). Addition of
SDF-1 (0.05 ng/mL) maintained the global expression levels of Bcl-2
and Bcl-xL at their initial values (39.26 5.1 AU and 28.56 5.6 AU,
respectively, n5 3; Figure 5A). Expression of Bad and Bax cell death
promoters, undetectable in freshly isolated Inc1CD341 cells, increased
up to 41.26 6.1 AU and 150.66 5.8 AU, respectively, after 72 hours
under apoptosis-inducing condition (P, .001; n5 3; Figure 5B).
Addition of SDF-1 (0.05 ng/mL) reduced their expression levels to
25.56 2.8 AU, P5 .03 and 36.56 5.2 AU, P5 .006, respectively
(n5 3; Figure 5B).

Endogenous SDF-1 participates in the autonomous survival
of PB CD34 1 cells

Inc2CD341CD381 cells express intracellular SDF-1 and CXCR-4.
When freshly isolated, 84.2%6 8.2% of Inc2CD341CD381 cells
expressed intracellular SDF-1 (28.56 3.6 AU; Figure 6A) and

Figure 5. SDF-1 modulates apoptosis-regulatory gene products in PB Inc 1CD341

cells. PB CD341 cells freshly purified after incubation on a plastic support (Inc1) were
incubated (1 3 105 cells/mL) under apoptosis-inducing culture conditions (serum-
and cytokine-free medium [IMDM]). Freshly isolated cells or cells harvested after a
72-hour incubation program were processed for intracellular detection of (A)
antiapoptotic regulatory proteins (Bcl-2 and Bcl-xL) and (B) proapoptotic regulatory
proteins (Bad and Bax) as indicated in “Materials and methods.” Modulation of Bcl-2
homolog protein expressions was evaluated in the absence or presence of SDF-1
(0.05 ng/mL). Data from at least 3 different donors with similar results were analyzed.
Histograms from a typical donor are presented. The percentage or MFI (AU) or both
of positive cells for Bcl-2, Bcl-xL, Bad, and Bax are shown within the histograms. The
left-hand histogram represents the negative control (IgG).

Figure 6. PB Inc 2 CD341CD381 cells express intracellular SDF-1. Representative
flow cytometry profiles for Inc2 and Inc1 cells (1 3 105 cells/mL) isolated from freshly
purified PB CD341 cells (A) and apoptosis-induced cells (B) after staining for CD34
and CD38 antigens and intracellular SDF-1 as indicated in “Materials and methods.”
The logarithm fluorescence of intracellular SDF-1 is expressed in channel numbers.
The shaded histogram shows results from staining with irrelevant isotype-matched
control antibody, the open histogram, results from staining with SDF-1 mAb.
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18.3%6 6.8% of them expressed CXCR-4 (Table 1). We showed
that 25.8%6 5.2% of Inc2CD341CD381 coexpressed intracellu-
lar SDF-1 and CXCR-4 and that 90% of CXCR-4–expressing cells
also expressed a high level of intracellular SDF-1 (data not shown).
In contrast, only a low proportion of PB Inc1CD341CD381 cells
expressed SDF-1 (12.5%6 1.2%, 6.86 4.3 AU; Figure 6A). After
a 48-hour apoptosis-inducing incubation, CXCR-4 was overex-
pressed in both Inc2CD341CD382 and Inc2CD341CD381 cells
(Table 1), whereas expression of intracellular SDF-1 by the
Inc2CD341CD381 fraction was decreased from 28.56 3.6 AU to
9.56 3.6 AU (P 5 0.02, n5 3; Figure 6), suggesting that SDF-1
was released during incubation. This hypothesis was strongly
supported by detection of SDF-1 in the supernatant of sorted
Inc2CD341CD381 cells undergoing apoptosis (Table 2). The low
amount of SDF-1 secreted by Inc1CD341CD381 cells was in
agreement with its low intracellular level (Figure 6). No SDF-1 was
detected in CD341CD382 cells (Figure 6 and Table 2).

Endogenous SDF-1 maintains PB CD341 cell survival. We
further investigated whether intracellular SDF-1 played a role in
the control of CD341 cell autonomous survival by adding an
anti–SDF-1 neutralizing antibody to the culture. Table 3 shows that
the percentage of surviving cells was higher in Inc2 than in
Inc1CD341 cells after 96 hours under apoptosis conditions
(80.4%6 5.8% and 68.4%6 9.2%, respectively;P 5 .02). Treat-
ment with an anti–SDF-1 antibody significantly reduced the
number of Inc2CD341 surviving cells from 80.46 5.83 103 to
50.26 5.13 103 (P 5 .003, n5 3), whereas it had no effect on
Inc1CD341 cell survival. The survival effect of endogenous SDF-1
was further confirmed on sorted Inc2CD341 cells and was
demonstrated to be restricted to the CD341CD381 fraction (Table
3). Addition of isotype control did not alter CD341 cell survival
(data not shown).

The role of endogenous SDF-1 in CD341 cell survival was also
established by studying the effect of an anti–SDF-1 antibody on
annexin-V expression under apoptosis-inducing conditions. Such treat-
ment significantly increased the percentage of annexin-V1 Inc2 cells
from 25.5%6 5.1% to 48.4%6 6.8% (P5 .002; n5 3), whereas no
difference was observed in Inc1 cells(Figure 7).

SDF-1 antiapoptotic effect is mediated by the PI3-K pathway

The PI3-K/Akt and MAP kinase proteins are reported to be the 2
main pathways involved in hematopoietic cell survival.28,39-41We
examined whether SDF-1 could prevent CD341 cells from under-
going apoptosis through these signaling pathways by using
LY294002- and PD98059-specific inhibitors (Figure 8). When Inc1

Table 1. CXCR-4 expression is up-regulated in sorted CD34 1 cells
undergoing apoptosis

Source of cells

Apoptosis-
inducing

incubation
time, h

CXCR-4 expression
(mean 6 SD)

% of
positive

cells MFI (AU)

Inc2CD341CD382 0 6.1 6 2.3 20 6 8.5

48 24.2 6 6.1* 27 6 9.8

Inc2CD341CD381 0 18.3 6 6.8 38 6 12.5

48 44.2 6 9.9* 77.2 6 18.8

Inc2CD341[G0] 0 8.8 6 3.4 12.5 6 8.6

48 31.5 6 8.2* 28.6 6 9.6

Inc2CD341[G1 1 S 1 G2/M] 0 19.8 6 2.6 32.6 6 9.1

48 54.8 6 11* 65.3 6 12.5

PB CD341 cells were purified immediately after density gradient separation
(Inc2) and were sorted according to CD38 antigen expression or to their cell cycle
status based on Hoechst and pyronin Y staining. Cells (1 3 105/mL) were incubated
under apoptosis-inducing culture conditions (serum- and cytokine-free medium
[IMDM]) for 48 hours prior to the harvesting for CD34 and CXCR-4 labeling and flow
cytometer analysis. Cell debris was excluded from the analysis by gating on apoptotic
and live cells on forward light scatter versus side light scatter dot plots. Percentage of
CD341CD382, CD341CD381, CD341[G0] and CD341[G1 1 S 1 G2/M] cells
coexpressing CXCR-4 was calculated after gating on CD341 cells.

Results are based on 3 independent experiments.
*P , .05 versus 0 hours incubation.

Table 2. Production of SDF-1 by CD34 1 cells is increased under
apoptosis-inducing conditions

Source of cells
Apoptosis-inducing
incubation time, h SDF-1 levels, pg/mL

Inc1

CD341CD382 2 bsd

72 bsd

CD341CD381 2 bsd

72 28.2 6 12.6*

Inc2

CD341CD382 2 bsd

72 bsd

CD341CD381 2 25.5 6 12.6

72 164.6 6 19.4*

CD341[G0] 2 bsd

72 bsd

CD341[G1 1 S 1 G2/M] 2 40 6 10.2

72 206.6 6 49.8*

PB CD341 cells were purified immediately after density gradient separation
(Inc2) or after incubation on a plastic support (Inc1) and were sorted according to
CD38 antigen expression or to their cell cycle status based on Hoechst and pyronin Y
staining. Cells (1.5 3 105 cells/mL) were incubated under apoptosis-inducing culture
conditions (serum- and cytokine-free medium [IMDM]) for 72 hours before harvesting
the conditioned media. Secretion of SDF-1 by the different fractions of sorted cells
undergoing apoptosis was evaluated by Quantikine human immunoassay according
to the manufacturer’s protocol. Analysis of the medium collected after 2 hours of
incubation was used as control. Levels of SDF-1 are presented as the means 6 SD of
3 independent experiments.

The sensitivity of ELISA for SDF-1 was . 18 pg/mL.
Bsd indicates below sensitivity detection.
*P , .002 versus 2 hours incubation.

Table 3. Neutralization of endogenous SDF-1 affects
PB Inc 2CD341 progenitor survival

Source of cells Incubation time, h

Total cell number (3 103)
Anti-SDF-1 treatment

2 1

Inc1

Total CD341 0 100 100

48 96 6 2.5 98.5 6 1.2

96 68.4 6 9.2† 65.8 6 12.7

Inc2

Total CD341 0 100 100

48 95.7 6 2.8 88.4 6 3.7

96 80.4 6 5.8 50.2 6 5.1*

Sorted CD341CD381 0 100 100

72 78.1 6 7.2 47.6 6 4.8*

Sorted CD341CD382 0 100 100

72 48.6 6 6.6 45.4 6 5.8

PB CD341 cells were purified immediately after density gradient separation
(Inc2) or after incubation on a plastic support (Inc1). In some experiments, Inc2 cells
were sorted according to their CD38 antigen expression. Cells (1 3 105/mL) were
cultured under apoptosis-inducing culture conditions (serum- and cytokine-free
medium [IMDM]). The role of intracellular SDF-1 in the control of CD341 cell
autonomous survival was evaluated by adding an anti–SDF-1 neutralizing antibody
(10 ng/mL) to the culture. At various time points, cells were harvested, counted, and
processed for viability by trypan blue exclusion. Total cell numbers are presented as
the means 6 SD of 3 independent experiments.

*P , .003 versus anti–SDF-1 untreated control.
†P 5 .02 versus Inc2 cells.
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or Inc2CD341 cells were cultured for 24 hours under apoptosis-
inducing conditions, the percentage of annexin-V1 cells was
31%6 3.6% and 10.5%6 3.2%, respectively.① In presence of
SDF-1 (0.5 ng/mL), this percentage decreased from 31%6 3.6%
to 8.1%6 3.4% for Inc1 (P 5 .002; n5 5) and from 10.5%6 3.2%
to 5.4%6 1.8% for Inc2 cells (P 5 .05; n5 5), confirming the
antiapoptotic effect of exogenous SDF-1 (①/②). Addition of
LY294002 (25mM) alone significantly increased the percentage of
annexin-V1 cells to 58.7%6 6.8% and 46.5%6 4.8%, respec-
tively, for Inc1 and Inc2 cells, as compared to untreated control
cells (P , .02, n5 3; ③/①), demonstrating the role of the PI3-K in
the autonomous survival of CD341 cells. Addition of LY294002 to
SDF-1 inhibited the survival effect of SDF-1 because it increased
the percentage of annexin-V1 cells from 8.1%6 3.4% and
6.4%6 3.8% to 59.1%6 6.4% and 47.5%6 2.3% for Inc1 and
Inc2 cells, respectively (②/④), demonstrating that exogenous
SDF-1 acts on cell survival through the PI3-K/Akt pathway. When
anti–SDF-1 alone was added to the culture, the percentage of
annexin-V1 Inc2 cells significantly increased from 10.5%6 3.2%
to 37.8%6 5.8% (P , .002; n5 3; ①/⑤), whereas it did not in
Inc1 cells (①/⑤). These results confirmed the antiapoptotic effect
of endogenous SDF-1 produced by Inc2CD341 cells. Addition of
LY294002 to anti–SDF-1 did not modify the percentage of
annexin-V1 cells as compared to LY294002 treated cells (⑥/③),
suggesting that the survival effect of endogenous SDF-1 did not go
through a pathway different from PI3-K. In contrast, PD98059

Figure 7. Endogenous SDF-1 improves PB Inc 2 CD341 autonomous cell
survival. (A) PB CD341 cells purified immediately after density gradient separation (Inc2)
or (B) after incubation on a plastic support (Inc1) were incubated (1 3 105 cells/mL) for 48
hours under apoptosis-inducing culture conditions (serum- and cytokine-free medium
[IMDM]). The role of endogenous SDF-1 was evaluated by adding an anti–SDF-1
neutralizing antibody (10 ng/mL) to the culture. Freshly isolated cells and cells harvested
after a 48-hour incubation were processed for apoptosis assessment by using the
annexin-V apoptosis detection kit as indicated in “Materials and methods.” The percent-
ages of annexin-V1 PI2 apoptotic cells and annexin-V1 PI1 necrotic cells shown for each
histogram are for one experiment representative of the 3 performed.

Figure 8. SDF-1 protects PB CD34 1 cells from apoptosis through the PI3-K
pathway. PB CD341 cells purified immediately after density gradient separation
(Inc2, u) or after incubation on a plastic support (Inc1, M) were incubated (1 3 105

cells/mL) for 24 hours under apoptosis-inducing culture conditions (serum- and
cytokine-free medium [IMDM]) in presence or absence of SDF-1 (0.05 and 0.5
ng/mL) and processed for apoptosis assessment by using the annexin-V apoptosis
detection kit as indicated in “Materials and methods.” The role of endogenous SDF-1
was evaluated by adding an anti–SDF-1 neutralizing antibody (10 ng/mL) to the
culture. Involvement of PI3-K/AKT and MAP kinase pathways was evaluated by using
LY294002- and PD98059-specific inhibitors at concentrations varying from 10 to 100
mM. Data from 3 to 5 independent experiments are presented as mean percentage of
annexin-V1 cells 6 SD. The antiapoptotic effect of exogenous SDF-1 is shown in
conditions ➀/➁. The role of PI3-K in the autonomous survival of CD341 cells is shown
in conditions ➂/➀. Requirement of PI3-K axis for the antiapoptotic effect of
exogenous SDF-1 is shown in conditions ➁/➃. The antiapoptotic effect of endoge-
nous SDF-1 produced by Inc2 cells is shown in conditions ➀/➄. Requirement of PI3-K
axis for the antiapoptotic effect of endogenous SDF-1 is shown in conditions ➅/➂. No
requirement of MAP kinase pathway in the autonomous survival of CD341 cells and
in the antiapoptotic effect of SDF-1 is shown in conditions ➆/➀, and ➇/➈, ➁/➄,
respectively.
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(20-100mM) alone had no effect on the percentage of annexin-V1

cells as compared to untreated control cells (⑦/①). Addition of
PD98059 to SDF-1 or anti–SDF-1 did not modify the percentage of
apoptotic cells (⑧/⑨, ②/⑤). This suggested that, in our system, the
MAP kinase pathway is not involved in the autonomous survival of
CD341 cells and that this pathway is not required for the
antiapoptotic activity of SDF-1. Equivalent amounts of DMSO did
not affect CD341 cell survival (data not shown).

SDF-1 promotes survival of sorted clonogenic
CD341 progenitors

We further evaluated the effect of exogenous or endogenous SDF-1
on clonogenic hematopoietic progenitor survival. This was per-
formed by preincubating Inc1 or Inc2 sorted CD341 cells with
either SDF-1 or anti–SDF-1 antibody for 72 hours under apoptosis
conditions before plating in methylcellulose. SDF-1 pretreatment
(0.1 ng/mL) significantly gave 165.2%6 21.3% more erythroid
burst-forming units (BFU-Es), 253%6 18.4% more granulocyte
colony-forming units (CFU-Gs), 410%6 26.5% more macro-
phage colony-forming units (CFU-Ms), 225%6 48.2% more
granulocyte-macrophage colony-forming units (CFU-GMs), and
100%6 39.4% more CFU-Mix colony formation by Inc1-sorted
CD341CD382 and 375.2%6 36.3% more BFU-Es,
125.8%6 31.1% more CFU-Ms, 150%6 26.3% more CFU-
GMs, and 350%6 86.3% more CFU-Mix colony formation by
Inc1-sorted CD341CD381 cells than was recorded for untreated
control cells (P , .05, n5 3; Figure 9A,B).

Addition of anti–SDF-1 (10 ng/mL) significantly gave
64%6 12.3% fewer BFU-Es, 24.5%6 9.6% fewer CFU-Gs,

52.6%6 5.6% fewer CFU-Ms, 86.4%6 4.6% fewer CFU-GMs,
and 88.9%6 6.5% fewer CFU-Mix colony formations by Inc2-
sorted CD341CD381 cells than was recorded for untreated control
cells (P , .05; n5 3), but had no effect on CD341CD382 cells
(Figure 9C,D). SDF-1 antibody specificity was attested by the
inability of its isotype control to alter colony formation (data not
shown). Interestingly, the plating efficiency was higher in control
untreated Inc2 than in Inc1 cells for both CD341 CD382 and
CD341 CD381 populations (Figure 9), suggesting that endogenous
growth factors, of which SDF-1, could participate in the autono-
mous survival of Inc2 cells.

SDF-1 triggers G 0 CD341 cells into cycle

Our demonstration of a role for SDF-1 as an antiapoptotic factor
incited us to investigate its effect on cell cycle progression. We
have previously reported that SDF-1 increased the percentage of
PB Inc1CD341 cells in S1G2/M phases22; this effect was not
observed in Inc2CD341 cells. To analyze mechanisms underlying
such a difference, we studied the role of SDF-1 in the early phases
of the cell cycle. Therefore, we attempted to discriminate G0 from
G1 phases by using the Ki67 expression assay. When freshly
isolated, 28.3%6 5.8% of Inc2CD341 cells did not express Ki67
(Figure 10A) and therefore were considered to be in the G0 phase.
In contrast, the majority of Inc1CD341 cells were in the G1 phase
because 93.9%6 2.1% of them expressed Ki67 (Figure 11A). As
expected, the percentage of cells in S1G2/M phases was low in
both populations, with a higher proportion in Inc1 cells as
compared to Inc2 cells (5.2%6 0.4% and 1.9%6 0.9%, respec-
tively, n 5 3; Figures 10 and 11). Treatment with SDF-1 decreased

Figure 9. SDF-1 promotes survival of sorted clonogenic CD34 1 progenitors. PB CD341 cells were purified after overnight incubation on a plastic support (Inc1) (A,B) or
directly after density gradient separation (Inc2) (C,D) and sorted according to CD38 expression: CD341CD382 cells (A,C) and CD341CD381 cells (B,D). The role of exogenous
SDF-1 was evaluated on Inc1 cells. The role of intracellular SDF-1 was evaluated by adding an anti–SDF-1 neutralizing antibody on Inc2 cells. Inc1 or Inc2 cells (1.5 3 105/mL)
were incubated for 72 hours under apoptosis-inducing culture conditions in the presence or not of SDF-1 (0.05 ng/mL) or anti–SDF-1 (10 ng/mL). Cells were harvested,
counted, and processed for viability by trypan blue exclusion before plating in duplicate at a density of 2000 cells/mL on semisolid medium. Colonies were scored on day 14.
Results are expressed as mean percentages of SDF-1 or anti–SDF-1 untreated control cells (CT) 6 SD. Numbers of control colonies, derived from untreated CD341 incubated
under apoptosis conditions for 72 hours, were 11.25 6 4.4 and 37.25 6 10.2 (BFU-E); 6.50 6 3.25 and 29 6 8.5 (CFU-G); 1.5 6 0.5 and 7.75 6 2.2 (CFU-M); 2 6 0.5 and
1.5 6 0.5 (CFU-GM); 2 6 1.5 and 0.75 6 0.25 (CFU-Mix) from Inc1CD341CD382 and Inc1CD341CD381 cells, respectively, and 31.5 6 7 and 119.75 6 50.2 (BFU-E);
33 6 7.2 and 51 6 7.3 (CFU-G); 11.5 6 2 and 23.75 6 3.6 (CFU-M); 2 6 1.4 and 5.5 6 1.5 (CFU-GM); 2.5 6 0.8 and 2.25 6 0.4 (CFU-Mix) from Inc2CD341CD382 and
Inc2CD341CD381 cells, respectively. The control plating efficiency (calculated for the total number of colonies) was 1% 6 0.85% and 4.6% 6 2.1% for Inc1 and
Inc2CD341CD382 cells, respectively, and 3.8% 6 0.7% and 11.5% 6 4.4% for Inc1 and Inc2CD341CD381 cells, respectively (n 5 3 independent experiments). The asterisk
indicates significant difference from control values, P , .05.
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the percentage of Inc2 cells in G0 from 22.3%6 2.8% to
5%6 0.7% (P , .0001, n5 4; SDF-1: 0.5 ng/mL) and triggered
them into cycle because their percentage in G11S1G2/M phases
increased from 78%6 3.8% to 93.8%6 1.6% (P , .0005, n5 4;

Figure 10B). The SDF-1 effect was dose dependent and maximal
for 0.5 ng/mL (Figure 10B). SDF-1 increased the percentage of
Inc1CD341 cells in S1G2/M phases from 14%6 0.2% to
28.8%6 0.7% (P , .0001, n5 4; SDF-1: 0.05 ng/mL; Figure
11B). Therefore, SDF-1 triggered the progression of CD341 cells
from G0 into cycle when cells were initially quiescent, whereas it
stimulated the transition of cells already engaged in G1 to
S1G2/M phases.

We further analyzed the synergistic effect of SDF-1 with early
acting cytokines, such as Tpo, SF, and Flt-3 ligand, on CD341 cell
cycle progression. Tpo or SF alone increased the percentage of
cells in S1G2/M without affecting the G0 compartment. Interest-
ingly, although SDF-1 triggered G0 quiescent cells in G1, it made
them progress through the S1G2/M phases in combination with

Figure 10. SDF-1 triggers G 0 PB Inc 2 CD341 cells into cycle. PB CD341 cells
purified immediately after density gradient separation (Inc2) were incubated (1 3 105

cells/mL) in a serum- and cytokine-free Stema-A medium in the presence or absence
of SDF-1 (0.01 ng/mL to 0.5 ng/mL). Freshly isolated cells (A) and cells harvested
after a 48-hour incubation (B) were processed for cell cycle fractionation by using
simultaneous staining for DNA content (PI) and for Ki67 expression as indicated in
“Materials and methods.” This assay allowed discrimination of G0 from G1 and
S1G2/M cells as shown in each histogram. Arbitrary quadrants were drawn on the
basis of isotype-matched negative control profiles (first dot plot of each panel). The
results shown are for one experiment representative of the 3 to 4 performed.

Figure 11. SDF-1 induces PB Inc 1 CD341 cell cycle progression from G 1 to
S1G2/M. PB CD341 cells purified after incubation on a plastic support (Inc1) were
incubated (1 3 105 cells/mL) in a serum- and cytokine-free Stema-A medium in
presence or absence of SDF-1 (0.01 ng/mL to 0.5 ng/mL). Freshly isolated cells (A)
and cells harvested after a 48-hour incubation (B) were processed for cell cycle
fractionation by using simultaneous staining for DNA content (PI) and for Ki67
expression as indicated in “Materials and methods.” Arbitrary quadrants were drawn
on the basis of isotype-matched negative control profiles (first dot plot of each panel).
Maximal effect of SDF-1 was obtained for 0.05 ng/mL. Cell cycle fractionation
percentages shown in each histogram were obtained from one experiment represen-
tative of the 3 to 4 performed.

SDF-1 IS A SURVIVAL AND CELL CYCLE PRIMING FACTOR 1125BLOOD, 15 FEBRUARY 2002 z VOLUME 99, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/4/1117/1680512/h8040201117.pdf by guest on 03 June 2024



Tpo or SF (Table 4). In contrast, Flt-3 ligand alone neither affected
CD341 cell cycle status nor synergized with SDF-1.

SDF-1 up-regulates cyclin E and cyclin D1 expression in
CD341 cells. Cyclins D1 to D3 are known to be restricted to G0/G1

phases, whereas cyclin E is mainly expressed during late G1 and
during G1/S transition.42 We investigated the effect of SDF-1 on
cyclin expression in Inc2CD341 cells, a proportion of which was in
G0. Steady-state Inc2CD341 cells only expressed low levels of
cyclin D1 (Figure 12A). Addition of SDF-1 significantly induced
cyclin E and up-regulated cyclin D1 expression in Inc2CD341 cells
as compared to untreated cells (Figure 12B); however, it neither
altered cyclin D2 nor cyclin D3 expression. SDF-1 activity was
dose-dependent (data not shown) and was maximal for 0.5 ng/mL.
Cyclin D1 overexpression was slight and therefore was confirmed
by Western blot analysis (Figure 13). SDF-1 specificity was
demonstrated by a reduction in cyclin D1 signal in response to
anti–SDF-1 treatment.

Endogenous SDF-1 and CXCR-4 expression are related to
CD341 cell cycle status. We further explored whether endogenous
SDF-1 expression was associated with a precise phase of the cell cycle
and whether it might control CD341 cell cycling. SDF-1 and its receptor
were expressed in cycling G11S/G2M cells; in contrast, quiescent G0

Inc2 cells did not express (Figure 14) nor produce SDF-1 (Table 2) but
weakly expressed CXCR-4 (Table 1). Under apoptosis-inducing condi-
tions, both SDF-1 secretion (Table 2) and CXCR-4 expression were
increased in sorted cycling cells, whereas only CXCR-4 expression was
up-regulated in quiescent cells (Table 1).

Addition of anti–SDF-1 to Inc2CD341 cells inhibited their progres-
sion into cycle and maintained the percentage of G0 cells at its
steady-state value as compared to untreated cells (P5 .001, n5 5;
Table 5), suggesting that SDF-1 released by cycling cells triggered G0

cells into cycle through an autocrine/paracrine mechanism.

Discussion

Hematopoiesis is supported by a network of growth factors mainly
produced by stromal cells within the hematopoietic microenviron-

ment and by hematopoietic cells.43 Whereas a number of studies
have dissected the ability of these factors to support proliferation
and differentiation, less is known about their capacity to promote
cell survival. Among a myriad of growth factors, only a few, such
as Tpo, SF, and Flt-3, display survival activity by suppressing
apoptosis and stimulating cell cycling.6-9,44,45Chemokines are also

Figure 12. SDF-1 overexpresses cyclin D 1 and cyclin E in PB Inc 2CD341 cells.
PB CD341 cells purified immediately after density gradient separation (Inc2) were
incubated (1 3 105 cells/mL) in a serum- and cytokine-free Stema-A medium in the
presence or absence of SDF-1 (0.5 ng/mL). Freshly isolated cells (A) and cells harvested
after a 48-hour incubation (B) were processed for intracellular detection of cyclin proteins as
indicated in “Materials and methods.” The logarithm fluorescence of intracellular cyclin
proteins is expressed in channel numbers. In panel A, histograms show results from
staining with cyclin mAb (open histogram) and results from staining with irrelevant
isotype-matched control antibody (solid histogram). Panel B shows histograms from cells
stained with cyclin mAb after incubation in presence (open histogram) or absence (solid
histogram) of SDF-1. Histograms from a typical donor are presented. The MFI (AU) of
positive cells shown for each histogram are for one experiment representative of the 3
performed.Asterisk indicates P , .002 versus untreated cells.

Figure 13. Western blot analysis of cyclin D 1 in PB Inc 2 CD341 cells. PB CD341

cells immediately purified after density gradient separation (Inc2) were incubated
(1 3 105 cells/mL) in a serum- and cytokine-free Stema-A medium in the presence or
absence of SDF-1 (0.5 ng/mL). After a 48-hour incubation, cells were harvested and
processed for Western blot analysis of cyclin D1 as indicated in “Materials and
methods.” Biologic specificity of SDF-1 was demonstrated by using an anti–SDF-1
antibody (5 ng/mL). Results from a typical donor are presented.

Table 4. SDF-1 triggers G 0 Inc2CD341 cells into G 1 and makes them progress
through S 1 G2/M phases in synergy with Tpo and SF

Cytokines

% of PB Inc2CD341 cells in cell cycle phases* (mean 6 SD)

G0 G1 S 1 G2/M

0 h culture time 28.3 6 5.8 69.4 6 6.2 1.9 6 0.9

48 h culture time

SDF-12

No cytokine 21.5 6 5.1 72.2 6 3.1 6.8 6 1.4

SF 25.3 6 5.1 52.4 6 2.5 20.1 6 3.4‡

Tpo 20.8 6 4.2 67.4 6 2.8 13.1 6 3.2†

Flt-3 ligand 28.8 6 4.8 63.8 6 4.8 8.2 6 3.5

SDF-11

No cytokine 6.4 6 1.8‡ 81.8 6 4.1 11.2 6 2.1

SF 10.5 6 3.2† 66.3 6 2.9 22.3 6 2.4§

Tpo 8.4 6 2.1‡ 63.8 6 3.1 24.1 6 3.9§

Flt-3 ligand 9.1 6 2.8 79.7 6 3.5 12.4 6 2.8

PB CD341 cells purified immediately after density gradient separation (Inc2)
were incubated (1 3 105 cells/mL) in a serum-free StemaA medium in presence or
absence of Tpo (10 ng/mL), SF (50 ng/mL), Flt-3 ligand (50 ng/mL), SDF-1 (0.5
ng/mL) used alone, or in combination. At various time points, cells were harvested,
counted, and dually stained with PI and anti-Ki67-FITC mAb before flow
cytometry analysis.

*Based on 3 independent experiments.
†P , .003 and ‡P , .0001 versus no factor.
§P , .003 versus SDF-1 alone.
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reported to be involved in hematopoiesis. They promote cell
migration and participate in the negative regulation of progenitor
proliferation.11,46 In our group, we were particularly concerned to
study the role of SDF-1 in hematopoiesis because it induced
CD341 progenitor mobilization.14 Our previous studies demonstrat-
ing that SDF-1 stimulated the proliferation of primitive circulating
CD341 cells suggested a role for this chemokine as a survival
factor.22 To determine the mechanisms whereby SDF-1 acts on cell
survival, we investigated whether SDF-1 protected CD341 cells
from spontaneous apoptosis and whether it interfered with cell
cycle progression.

Apoptosis is a complex process characterized by a series of
controlled sequential events. Therefore, spontaneous apoptotic
CD341 cells resulting from a short-term incubation in serum- and
cytokine-free medium were analyzed by using different appropriate
methods.38 We showed that SDF-1 counteracted spontaneous
apoptosis of CD341 cells, as demonstrated by the reduction of
APO2.7 expression and of annexin-V1 and sub-G1 percentages,
according to the kinetics of the apoptotic process.32 We also
investigated the effect of SDF-1 on Bcl-2 family proteins reported
to be involved in the regulation of hematopoietic cell survival.1,7,27

Our results showed that freshly isolated PB CD341 cells expressed
Bcl-2 and Bcl-xL proteins, whereas Bad and Bax were not detected
in these cells. These results fit with those reported in CD341

isolated from BM or cord blood.3,47 When CD341 cells underwent
spontaneous apoptosis, expression of Bcl-2 and Bcl-xL was up-
regulated. Whereas these results could not fit with some data
showing that antiapoptotic cytokines such as IL-10, Flt-3, and SF
increased Bcl-2 expression,7,10,12 they are in agreement with data

from other groups suggesting that such Bcl-2 up-regulation could
be one of the mechanisms allowing cells to escape from apopto-
sis.3,26 Therefore, prevention of Bcl-2 and Bcl-xL modulation in
response to SDF-1 could indicate that CD341 cells did not undergo
apoptosis under these conditions. Lastly, our results showing a
reduction in Bad and Bax cell death promoter expression in
response to SDF-1 argued for the antiapoptotic effect of this
chemokine on CD341 cells.

Inc1 cells were more responsive to exogenous SDF-1 than
Inc2 cells, because the antiapoptotic effect was observed at
10-fold lower concentration in Inc1 than in Inc2 cells. Overex-
pression of CXCR-4 in Inc1 as compared to Inc2CD341 cells22

could account for such a difference. The higher secretion of
SDF-1 by Inc2CD341CD381 cells might also participate in
their lower responsiveness by a mechanism of desensitization of
the CXCR-4 receptor.48

Under apoptosis-inducing conditions, the up-regulation of
CXCR-4 expression on both Inc2CD341CD381 and
Inc2CD341CD382 cells associated with the increased SDF-1
secretion by Inc2CD341CD381 cells could result in a protective
reaction of hematopoietic progenitors in response to a cellular
stress situation. This hypothesis was consistent with results from
Ponomaryov and coworkers pointing up a role for SDF-1 in alarm
situations by protecting stem cells from DNA-damaging agents.19

Our results showing that exogenous SDF-1 exerted a survival effect
on CD341 cell survival and on colony formation derived from both
sorted CD341CD382 and CD341CD381 cells strongly supported
the idea that SDF-1 acts on primitive and committed progenitor
survival. In contrast, neutralization of intracellular SDF-1 in-
creased annexin-V1 CD341 cell number and decreased the viabil-
ity and clonogenicity of sorted CD341CD381 cells. Autocrine/
paracrine regulation requires both release of the ligand and
expression of its cognate receptor. Our results demonstrating the
coexpression of surface CXCR-4 and intracellular SDF-1, the
secretion of the protein, and the neutralizing effect of anti–SDF-1
on sorted CD341CD381 cells strongly suggested that endogenous
SDF-1 exerted a protective effect on CD341 cell survival through
an autocrine/paracrine loop. Majka et al45 have recently reported
that endogenous growth factors such as Tpo, Flt-3 ligand, and SF
could participate in CD341 survival. Therefore, a possible synergy
between SDF-1 and such growth factors could not be excluded.

Recent findings have indicated the involvement of PI3-K/Akt
and MAP kinase pathways in cell survival and SDF-1 signaling.39-

41,49 By using specific inhibitors, we demonstrated that exogenous
SDF-1 displayed its antiapoptotic effect in CD341 cells through
activation of the PI3-K/Akt axis. This result is in agreement with
the ability of SDF-1 to phosphorylate and activate PI3-K/Akt in

Figure 14. PB Inc 2CD341 cells that express SDF-1 are in cycle. Freshly isolated
PB CD341 cells were purified immediately after density gradient separation (Inc2).
Cell cycle status of SDF-1–expressing cells was determined by using a dual staining
for Ki67 expression and SDF-1 intracellular expression as indicated in “Materials and
methods.” (A) The Ki67 expression allowed discrimination of G0 (Ki672) from
G11S1G2/M (Ki671) cells. Arbitrary quadrants were drawn on the basis of isotype-
matched negative control. (B) The logarithm fluorescence of intracellular SDF-1 is
expressed in channel numbers. Histograms show results from staining with SDF-1
mAb (solid histogram) and results from staining with irrelevant isotype-matched
control antibody (open histogram). The histograms shown are for one experiment
representative of the 3 performed.

Table 5. Neutralization of endogenous SDF-1 maintains PB Inc 2CD341 cells in
G0 phase

Incubation time, h
Anti-SDF-1
treatment

% of Inc2CD341 cells in cell cycle phases*

G0 G1 S 1 G2/M

0 28.3 6 5.8 69.4 6 6.2 1.9 6 0.9

48 2 15.8 6 2.4† 78.5 6 2.9 3.9 6 0.7

1 29.4 6 2.1‡ 68.7 6 2 1.8 6 0.04‡

PB CD341 cells purified immediately after density gradient separation (Inc2)
were incubated (1 3 105 cells/mL) in a serum-free Stema-A medium for 48 hours. The
role of autocrine/paracrine SDF-1 in the cell cycle was evaluated by adding an
anti–SDF-1 neutralizing antibody (10 ng/mL) to the culture. Cells were harvested
after 0 and 48 hours, counted, and dually stained with PI and anti-Ki67-FITC mAb
before flow cytometry analysis.

*Based on 5 independent experiments.
†P 5 .001 versus 0 hours.
‡P 5 .001 versus untreated cells.
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CD341 cells and in hematopoietic cell lines as demonstrated by
Majka and coworkers, though in these studies the authors did not
report any effect of SDF-1 on cell survival.40,50,51Several hypoth-
eses, including CD341 cell source (BM versus PB) and SDF-1
doses (500 ng/mL versus 0.5 ng/mL), may account for such
differences. Interestingly, we showed that specific inhibition of
PI3-K/Akt by LY294002 affected the autonomous survival of
CD341 cells and that the antiapoptotic effect of endogenous SDF-1
did not go through a pathway different from the PI3-K/Akt axis.
These results strongly suggested that endogenous SDF-1 partici-
pates in CD341 autonomous cell survival through PI3-K/Akt
signaling.52

In our experimental system, the MAP kinase/MEK pathway
was required neither for autonomous CD341 cell survival nor
for the antiapoptotic effect of SDF-1. This may appear to
contradict the findings of Lee and colleagues that SDF-1 was
able to phosphorylate MAP kinases39; however, in their study,
direct implication of such a pathway in CD341 cell survival was
not demonstrated. Moreover, conflicting data have been reported
concerning the involvement of the MAP kinase/MEK pathway
in adhesion protein activation and chemotaxis in response to
SDF-1.50,51,53Taken together these studies illustrate the complex-
ity of SDF-1–mediated signaling, depending on studied func-
tions and experimental conditions.

Apoptosis and cell cycling are thought to be intimately linked
processes involved in hematopoiesis homeostasis. When analyzed
with a standard DNA histogram, up to 98% of PB CD341 cells are
in G0/G1 phases, whereas less than 85% of BM and cord blood
CD341 cells are quiescent.22,33,34 This conventional cell cycle
analysis allows definition of cells in G0/G1 and S1G2/M phases but
does not discriminate G0 from G1 phase.35 By using dual DNA/
Ki67 staining we have demonstrated that exogenous SDF-1 was
able to trigger resting G0 PB CD341 cells into G1 and to make them
progress through the cycle without executing a complete cell cycle.
Such a triggering effect was confirmed by the overexpression of
G0/G1-restricted D1 and E cyclins in response to SDF-1. To our
knowledge, our study is the first reporting a role for a chemokine in
the G0 to G1 transition in CD341 hematopoietic progenitors. Very
few studies have analyzed the role of growth factors in the control
of early phase transitions. Among these factors, SF was reported to
increase the percentage of CD341 cells in S1G2/M without
recruiting cells from G0.33 We show that Tpo and SF preferentially
stimulate the transition from G1 to S1G2/M and, when combined
with SDF-1, allow G0 cells to progress to the late phases of the cell

cycle. These findings suggest that SDF-1 acts as a priming factor by
recruiting quiescent cells from G0 into cycle and by rendering them
responsive to further growth factor stimulation.

As an attempt to explore the possible involvement of endoge-
nous SDF-1 in CD341 cell cycle regulation, we investigated
whether its expression was related to cell cycle status. We showed
that SDF-1 was expressed and secreted by sorted cycling cells but
not by G0 resting cells and that its secretion was increased under
apoptosis conditions. Because most of cycling cells expressed
antigenic markers of CD341CD381 committed cells (data not
shown), it could be suggested that the cycling and CD341CD381

cell populations (that produce SDF-1) overlap. We and others
showed that CXCR-4 was expressed in both cycling and resting
CD341 cells,54 with a higher expression on sorted G11S1G2/M
cells. Under apoptosis-inducing conditions, CXCR-4 was up-
regulated on both sorted cycling and resting cells. Addition of
anti–SDF-1 maintained the percentage of G0 CD341 cells at its
steady-state value and inhibited their progression into cycle,
suggesting that endogenous SDF-1 was able to trigger CD341 cells
into cycle. Together these results suggested that CD341 cells are
able to control their own cycling and survival status via endoge-
nous factors such as SDF-1.

In conclusion, our present study demonstrates a role for the
SDF-1 chemokine in survival and cycling control of CD341

progenitors and provides evidence for an autocrine/paracrine
mechanism. We propose that SDF-1 could play a part in hematopoi-
esis homeostasis by participating in the autonomous survival of
circulating progenitors. SDF-1 may also occur in alarm situations
by protecting them in response to cell damage. Preliminary results
showing that treatment of lethally irradiated mice with SDF-1
significantly increased survival from 0% in control untreated mice
to 30% in their SDF-1–treated counterparts, 30 days after irradia-
tion, argued for an in vivo SDF-1 survival effect. By acting on stem
cell trafficking, progenitor cell survival and cycling, SDF-1 chemo-
kine could be of major interest in cellular therapy settings after
myeloablative aggression.
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36. Horvàth G, Serru V, Clay D, Billard M, Boucheix
C, Rubinstein E. CD19 is linked to the integrin-
associated tetraspans CD9, CD81, and CD82.
J Biol Chem. 1998;273:30537-30543.

37. Kroemer G, Bosca M, Zamzami N, Marchetti P,
Hortelano S, Martinez-A C. Detection of apopto-
sis and apoptosis-associated alterations. In: J.
Lafkints, ed. Immunology Methods Manual. Aca-
demic Press; 1997:1112-1125.

38. Pepper C, Thomas A, Tucker H, Hoy T, Bentley P.
Flow cytometric assessment of three different
methods for the measurement of in vitro apopto-
sis. Leuk Res. 1998;22:439-444.

39. Lee Y, You M, Cooper S, Hangoc G, Broxmeyer
HE. Enhancement of hematopoietic progenitor
cell survival in response to SDF-1 alone and in
synergy with other cytokines may be mediated by
the MAPK/P90RSK cascade through modulation
of anti-apoptotic protein expression and pro-apo-
ptotic Bad function [abstract]. Blood. 2000;96:
676a.

40. Majka M, Ratajczak J, Gewirtz AM, Ratajczak
MZ. PI-3K-AKT axis inhibits apoptosis in normal
human CD341 cells and megakaryoblasts and is
efficiently activated by thrombopoietin (TPO) but
not by IL-6, IL-11 or SDF-1 [abstract]. Blood.
2000;96:569a.

41. Minamiguchi H, Kimura T, Fujiki H, et al. Simulta-
neous activation of signals through c-MPL, c-Kit,
and CXCR4 dramatically enhances proliferation
and differentiation of CFU-Meg: possible role of

PI3-K, PKC, and MAPK pathways [abstract].
Blood. 2000;96:123b.

42. Darzynkiewicz Z, Gong J, Juan G, Ardelt B, Tra-
ganos F. Cytometry of cyclin proteins. Cytometry.
1996;25:1-13.

43. Gupta P, Blazar BR, Gupta K, Verfaillie CM. Hu-
man CD341 bone marrow cells regulate stromal
production of IL-6 and G-CSF and increase the
colony stimulating activity of stroma. Blood. 1998;
91:3724-3733.

44. Murray LJ, Young JC, Luens KM, Scollay R, Hill
BL. Thrombopoietin, Flt-3, and kit ligands to-
gether suppress apoptosis of human mobilized
CD341 cells and recruit primitive CD341Thy-11

cells into rapid division. Exp Hematol. 1999;27:
1019-1028.

45. Majka M, Janowska-Wieczorek A, Ratajczak J, et
al. Numerous growth factors, cytokines and che-
mokines are secreted by CD341 cells, myelo-
blasts, erythroblasts, and megakaryoblasts and
regulate hematopoiesis in an autocrine/paracrine
manner. Blood. 2001;97:3075-3085.

46. Broxmeyer HE, Kim CH. Regulation of hemato-
poiesis in a sea of chemokine family members
with a plethora of redundant activities. Exp He-
matol. 1999;27:1113-1123.

47. Josefsen D, Myklebust JH, Lomo J, Sioud M,
Blomhoff HK, Smeland EB. Differential expres-
sion of Bcl-2 homologs in human CD341 hemato-
poietic progenitor cells induced to differentiate
into erythroid or granulocytic cells. Stem Cells.
2000;18:261-272.

48. Bockaert J. G-proteins and G-protein coupled
receptors: structure, functions and interactions.
Curr Opin Neurobiol. 1991;1:32-42.

49. Ganju RK, Brubaker SA, Meyer J, et al. The al-
pha-chemokine, stromal cell-derived factor-1a
(SDF-1a), binds to the transmembrane G-protein
coupled CXCR-4 receptor and activates multiple
signal transduction pathways [abstract]. Blood.
1998;92:62a.

50. Majka M, Janowska-wieczorek A, Ratajczak J, et
al. Stromal-derived factor 1 and thrombopoietin
regulate distinct aspects of human megakaryo-
poiesis. Blood. 2000;96:4142-4151.

51. Wang J-F, Park I-W, Groopman JE. Stromal cell-
derived factor-1a stimulates tyrosine phosphory-
lation of multiple focal adhesion proteins and in-
duces migration of hematopoietic progenitor
cells: roles of phosphoinositide-3 kinase and pro-
tein kinase C. Blood. 2000;95:2505-2513.

52. Ratajczak MZ, Majka M, Wieczorek AJ. Human
CD341 cells, myeloblasts secrete numerous
growth factors, cytokines and chemokines: evi-
dence for intercellular crosstalk in hematopoiesis
[abstract]. Blood. 2000;96:126b.

53. Majka M, Ratajczak J, Lee B, et al. The role of
HIV-related chemokine receptors and chemo-
kines in human erythropoiesis in vitro. Stem
Cells. 2000;18:128-138.

54. Glimm H, Oh I-H, Eaves CJ. Human hematopoi-
etic stem cells stimulated to proliferate in vitro
lose engraftment potential during their S/G2/M
transit and do not reenter G0. Blood. 2000;96:
4185-4193.

SDF-1 IS A SURVIVAL AND CELL CYCLE PRIMING FACTOR 1129BLOOD, 15 FEBRUARY 2002 z VOLUME 99, NUMBER 4

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/99/4/1117/1680512/h8040201117.pdf by guest on 03 June 2024


