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HEMATOPOIESIS

Stromal cell-derived factordincreases polyploidization of megakaryocytes
generated by human hematopoietic progenitor cells

Raffaella Guerriero, Gianfranco Mattia, Ugo Testa, Cristiana Chelucci, Giampiero Macioce, Ida Casella, Paola Samoggia,

Cesare Peschle, and Hamisa Jane Hassan

The alpha chemokine receptor CXCR4
has been shown to be expressed on hu-
man hematopoietic progenitor cells and
during the megakaryocytic differentiation
pathway. Stromal cell-derived factor 1
(SDF-1) is the ligand for CXCR4. In this
study, the role of SDF-1a  in megakaryocy-
topoiesis was investigated. CD34 * pro-
genitors purified from peripheral blood
were grown in serum-free liquid suspen-
sion culture supplemented with throm-
bopoietin to obtain a virtually pure
megakaryocytic progeny. In this condi-
tion, the addition of SDF-1a gives rise to
megakaryocytes (MKs) showing an in-
creased DNA content and a rise of lo-

Introduction

bated nuclei, as compared with untreated

cells: at day 5, approximately 20% of the
cells already showed the presence of
more than one nuclear lobe versus fewer
than 5% in the control cells; at day 12,
approximately 85% of the cells were of
large size and markedly polyploid,
whereas approximately 60% of the con-
trol cells were polyploid, showed fewer

lobes, and were a smaller size. This effect
was dose-dependent and did not affect
the megakaryocytic proliferation. Experi-

ments with the mitogen-activated protein

kinase (MAPK) inhibitor PD98059 sug-
gested a role for MAPK pathway on SDF-
la—induced endomitosis. Furthermore,

SDF-1a induced a significant increase
in the number of proplatelet-bearing
MKs and promoted the migration of
megakaryocytic cells. Treatment with
SDF-1a caused reduction in CXCR4 abun-
dance on the plasma membrane, seem-
ingly owing to receptor internalization.
Furthermore, the presence of SDF-1a  did
not affect the expression of megakaryo-
cytic markers, indicating that differentia-
tion and polyploidization are indepen-
dently regulated events. (Blood. 2001;97:
2587-2595)
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Chemokines are peptides of 70 to 100 amino acids secreted diynormalities in B-cell ymphopoiesis and bone marrow myelopoi-
different cell types in response to injury and infection. Chemokinessis; similar defects were observed in knockout of the CXCR4
activate and induce migration of leukocytes in a cell-specifigene®17 Particularly, the defect in myelopoiesis also involved
fashion to sites of inflammatiohStromal cell-derived factor 1 the megakaryocytic lineage, resulting in a markedly reduced
(SDF-1) is a CXC chemokine defined on the basis of a typicaumber of these cells in the bone marrow of CXCR4
sequence of cysteine residéeSharacterized as a pre-B stimula-animals'® The CXCR4 expression on MKs at different stages of
tory factor at the beginningSDF-1ais constitutively expressed by differentiation and maturation was demonstrated by flow cytom-
many tissue4? Initially cloned from bone marrow stronfdt has etry and reverse transcriptase—polymerase chain reaction (RT-
been identified as a highly efficient chemotactic factor for T cellRCR)18-20 Wang et al® found that the percentage of CXCR4
monocytes, and CD34human progenitofs and, more recently, as expression in CD34 and CD61 cells was different from one
a potent chemotactic factor for mature megakaryocytes (MKsjonor to another. The coexpression of CXCR4 along with CD34
Furthermore, it has been shown that it inhibits the colony formatiamr CD61 ranged from 13% to 93% and from 13% to 89%,
of the myeloid progenitor cell line 32D, which suggests also @spectively. Riviee et al® demonstrated a close correlation
myelosuppressor role for this molecdle. between CD4la and CXCR4 expression on cell surface: the
The signaling of SDF-1 is mediated by CXCR4, a G-proteintevel of CXCR4 increased in parallel with the CD41a antigen
coupled receptd? 1 The intracellular signals induced in myeloidduring megakaryocytic differentiation. We recently analyzed
precursor cells were monitored by increases in the level pfotein and messenger RNA (mMRNA) expression of CXCR4 on
intracellular Ca*.° Ligand binding induced rapid internalization CD34" and monocytic, megakaryocytic, erythroid, granulocytic-
and down-modulation of the receptor on the cell surféd@ata on derived progenies: in particular, in megakaryocytic-lineage
CEM cell line and leukocytes indicated that, after removal dEXCR4 expression is sustained up to late stages of maturation,
exogenous SDF-1a, CXCR4 was again localized on cell surfacevagh an increase in the percentage of positive cells from 50% in
a consequence of recycling from the internalized gé#tinternal- undifferentiated hematopoietic progenitor cells (HPCs) to 90%
ization by SDF-1 does not involve protein kinase C activatfon. in mature MKs?° The expression of CXCR4 on platelets
Knockout of the SDF-1 gedgin mice is lethal with severe suggests that SDF-1 might also modulate platelet functidfs.
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The role of SDF-1 on human megakaryocytic cells at early anegakaryocytic colony-forming unit, erythroid burst-forming unit, and
late stages of differentiation has been investigated with controvéfanulocytic/macrophage colony-forming unit colonies were scored on
sial results$18.19Wang et al® showed that megakaryocytic popula days 14 to 15 and 16 to 17 in FC&nd FCS cultures, respectively.
tions with large forward- and side-scatter properties, which corre-
spond to MKs of larger size and higher ploidy levels, exhibitelfiK cultures

stronger staining for CXCR4 than MKs with relatively smallef jquid suspension culture.Purified HPCs were grown in FCSliquid
ploidy levels. Riviee et al® showed a preferential attraction ofculture at 4x 10 cells per milliliter?’ in the presence of a saturating dose
immature MKs by SDF-1, whereas Hamada €t siiggested a of TPO (100 ng/mL) alone or with SDF-1¢1 pg/mL). Cells were
potent chemotactic effect on mature MKs. In spite of thesecubated in a fully humidified atmosphere of 5% £6% O, 90% N.
discrepancies, all these studies reported the CXCR4 expressionTbﬁ cells were counted and the concentration was adjusteckta® cells

MK and suggested a role for SDF-bw megakaryocytic function. Per milliliter twice a week. _

Recently Hodohara et &ldemonstrated that SDF-lexerts a In.some experiments, HPCs were'grO\_/vn.m_ the pres_ence of P.D98059

direct growth-promoting effect on MK progenitors (MK Colony_(Calblochem, La Jolla, CA), a specific inhibitor of mitogen-activated

. . " . protein kinase (MAPK) kinase (MEK)/extracellular signal-regulated pro-
forming units [CFU-MK]) purified from murine bone marrow CeIIS'tein kinase (ERK) pathwad? PD98059 was dissolved in dimethylsulfoxide

when combined W'th_ thrombopoietin (TPO). ) (DMSO), cell culture grade (Sigma, St Louis, MO), and added to cells 20
CXCR4 receptor is known as one of the major CD4 coreceptof§inutes before stimulation by TPO or TPO SDF-1aat final concentra-

that allow the T-tropic human immunodeficiency virus (HIV)tion of either 25 or 5uM/L.28 In the mock culture, an equivalent amount of

strains entry by cell-membrane fusi&f°We previously demon DMSO was added.

strated T-tropic HIV infection of HPC-derived megakaryocytic Detection of proplatelet-forming MKsFrom day 9 onward, the

precursor&and the involvement of CXCR4, showing that SD-1 cultures were examined daily for the emergence of proplatelets. An MK

treated cells were essentially resistant to HIV infecfdn. bearing one or more cytoplasmic processes (whose length was longer than

In the present report, we have analyzed the effect of SRBFL the cell body diameter) was considered a proplatelet-displayingke

CD34" cells obtained from peripheral blood (PB) and induced t@ercemage of MKS d'SpIa.ymg one or more cytoplasmic processes was
etermined by visual examination of video prints of the culture wells.

megaka}ryocytlc differentiation 'r_] serum-free liquid suspension Platelet analysis.Platelets were isolated from culture supernatants by
culture in the presence of saturating amounts (100 ng/mL) of TPQuyyiygation at room temperature for 10 minutes at 120g, washed with
Tyrode-Hepes buffer (Sigma; 136.9 mM NaCl, 2.7 mM KCI, 11.9 mM
NaHCG;, 2 mM CaC}, 1 mM MgCl, 5.5 mM glucose, 10 mM Hepes, pH
7.4), pelleted at room temperature for 20 minutes ag9@ad then counted
in a Burker camera with a contrast phase microscopy. In parallel, platelets
were stained with an anti-CD61 mAb (Becton Dickinson) and analyzed by
flow cytometry with a setting optimized for platelet analysis. The function-
Recombinant human interkeukin 3 (rhIL-3) 210° U/mg), granulomone ality of platelets released from cultured MKs was evaluated by the study of
cytic colony-stimulating factor (rhGM-CSF) (1% 1(° U/mg), and IL-6  P-selectin (CD62) expression following 1 U/mL thrombin stimulation,
(rhIL-6) (2 X 10° U/mg) were supplied by the Genetics Institute (Gamaccording to Choi et & CD62 expression was assayed by flow cytometry
bridge, MA); erythropoietin (hEPO) (& 10* U/L) by Amgen (Thousand by means of a phycoerythrin (PE)-labeled anti—P-selectin mAb (Bec-
Oaks, CA); flt3-ligand (rhFL) (1. 10° U/mg) and kit-ligand (rhKL) ton Dickinson).
(1 X 10° U/mg) by Immunex (Seattle, WA); granulocytic colony-
stimulating factor (rhG-CSF) (X 108 U/mg) and monocytic colony- MK characterization
stimulating factor (rhM-CSF) (& 10" U/mg) from R&D Systems (Minne
apolis, MN); and rhTPO (X 10° U/mg) from Peprotech (Rocky Hill, NJ). Morphological analysis.Cells collected at different days of culture were
A synthetic preparation of SDF-txwas kindly provided by Dr lan cytocentrifuged onto glass slides, stained with May-Grinwald Giemsa
Clark-Lewis, Biomedical Research Centre, University of British ColumbidSigma), and then identified by morphology analysis.
Vancouver, BC, Canada; a recombinant preparation of human SDas Flow cytometric analysis.The following mAbs directly conjugated
purchased from R&D Systems; and Iscove modified Dulbecco mediuwith fluorescein isothiocyanate (FITC) or PE were used to characterize the
(Gibco, Grand Island, NY) was prepared weekly before each purificeeembrane phenotype of cell samples: anti-CD34, anti-CD61, anti-CD62,
tion experiment. anti-CD42b (Becton Dickinson), and anti-CD41a (Serotec, Oxford, UK).
PE-labeled anti-CXCR4 mAb (clone 12G5, PharMingen, San Diego, CA)
was used for the study of the chemokine receptor expression. Cells were
washed twice in phosphate-buffered saline (PBS) and then incubated for 45
Adult PB was obtained from 20- to 40-year-old healthy male donors afterinutes at 4C° in the presence of appropriate amounts of specific mAbs.
informed consent. HPCs were purified as described in Gabbianelf‘et ahfter 3 washes with cold PBS containing 1 g/L BSA, cells were
and Labbaye et &F In particular, a negative selection of low-density cellsesuspended in 0.2 mL PBS/2.5% formaldehyde (Sigma) and analyzed by
was performed with a cocktail of anti-T, anti-B, and anti—natural killer celFACScan (Becton Dickinson) by means of the Lysis Il program for
lymphocytes and antimonocyte, antigranulocyte monoclonal antibodifésorescence intensity analy3fs.
(mAbs) supplemented with anti-CD45, anti-CD11a, and anti-CD71 mAbs DNA staining. MKs' ploidy was analyzed by flow cytometry after
(Becton Dickinson, Mountain View, CA). DNA staining with propidium iodide (Pl) (Sigma) according to the
HPC clonogenetic assay was performed as previously descéfibegrocedure described in Dolzhanskiy et3&lCells were washed and
Briefly, HPCs were seeded (1 107 cells per milliliter dish, in triplicate) resuspended in medium containing 0.5% Tween-20 for 30 minutes to
and cultured in 0.9% methylcellulose in the presence or absence of fetal g@fmeabilize the cell membranes. Then, an equal volume of medium
serum (FCS). In FCS culture, FCS was substituted by bovine seruntontaining 0.5% Tween-20 and 2% paraformaldehyde was added. After 5
albumin (BSA), pure human transferrin, human low-density lipoproteinspinutes at 4°C, the cells were pelleted, and freshly prepared Pl was added.
insulin, sodium pyruvate, L-glutamine (2M), rare inorganic elements The suspension was stored overnight in the dark at 4°C. The following day,
supplemented with iron sulfate (4 10-8 mM), and nucleosides. Both 50 ug/mL of RNAse Awas added for 30 minutes at room temperature in the
FCS' and FCS cultures were supplemented with FL (100 ng/mL), KLdark, and the cells were analyzed by flow cytometry.
(100 ng), IL-3 (100 U), TPO (100 ng), GM-CSF (10 ng), EPO (3 U), Chemotaxis.We used 5-p.m pore filter (Transwell 24-well cell clusters;
M-CSF (250 U), and G-CSF (500 U). Granulocytic/erythroid/monocyticCostar, Cambridge, MA) for migration stu@y® We loaded 1x 10° MKs

Materials and methods

Hematopoietic growth factors and culture media

HPC purification
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(200pL in FCS™ medium) into each Transwell filter pretreated with RPMI TPO TPO + SDF-1c.
1640 (Gibco) containing 0.3% human serum albumin (Sigma). Filters were e :
then transferred to another well containing SDFdtea concentration of @

200 ng/mL in serum-free medium. After 3 hours’ incubation at 37°C in 5% "%ﬁ‘ i
CO,, cell migration was calculated by counting the recovered cells fromthe DAY 5 @Q £ )‘; v &
L~

lower chamber. The viability of the cells was assessed by trypan blue dy:
exclusion. Cytospin preparations of the migrated cells were stained witt
May-Grinwald Giemsa.

Immunolabeling for confocal microscopyCells derived from liquid
culture were washed in PBS and immobilized on pollysine—coated L
glass coverslips, fixed in PBS/3.7% paraformaldehyde, quenched in 0.1 } :
glycine, and permeabilized by incubation with 0.05% saponin—PBS/O.ZOADAY s Qg
BSA for 15 minutes3 The cells were then incubated for 45 minutes at room . Q
temperature with anti-CXCR4 mAb and labeled with a secondary FITC- - @
conjugated goat antimouse immunoglobulin G antibody (Dako, Glostrup. Y
Denmark). After 3 washes in PBS, some samples were double-stained wit
a PE-conjugated anti-CD41a mAb. Cells were again washed and mounte
in 50% glycerol and examined by means of a TCS 4D confocal microscopt
(Leica, Nussloch, Germany) interfaced with argon/krypton lasers. Single
fluorescence was analyzed with a 488-nm laser line for FITC dye AY 9
excitation; simultaneous double-fluorescence acquisition was performed b
means of 488- to 568-nm laser lines to excite FITC-PE dyes.

RT-PCR analysis.RT-PCR was performed on megakaryocytic cells as
previously describeéf Briefly, 1 to 3 X 10* cells were lysed in 20Q.L of 4
M guanidine isothiocyanate, and total RNA was extracted by the CsC
gradient technique in the presence of i@ rRNA of Escherichia colias
carrier. Samples were reverse transcribed according to the manufacturDAY 128
instructions (Boehringer, Mannheim, Germany). RT-PCR products were
normalized for Sp26; amplification within the linear range was achieved by
20 PCR cycles: denaturation at 95°C for 30 seconds, annealing at 56°C fc
30 seconds, and extension at 72°C for 45 seconds. To evaluate the
expression of CXCR4 gene, aliquots of RT-RNA were amplified within thEigure 1. Morphology of megakaryocytic cells grown in presence of TPO alone
linear range by 30 cycles: denaturation at 95°C for 30 seconds annealinoraff)mbmeq with SDF-La. _ Cell morphology of HPCs, derived from PB, cultured in

ge by y X ! gerum—free liquid suspension medium in the presence of TPO (100 ng/mL) or TPO +
56°C for 30 seconds, and extension at 72°C for 45 seconds. PCR prOdlé‘Bﬁ-la (1 pg/mL) (representative results). Cells at different days of culture are
were then electrophoresed on agarose gel, transferred onto nylon mepasented (May-Griinwald staining; original magnification X 400).
branes, and hybridized with the specific probes. The following primers and
probes were used:

Sp26: forward 5'-GCCTCCAAGATGACAAAG-3’; reverse 5'-CCA- . L .

GAGAATAGCCTGTCT-3'; and probe 5'-GAGCGTCTTCGATGCCTAT- lobulated polyploid nuclei with a highly granular cytoplasm..
GTGCTTCCCAA-3'. Platelets were produced at the end of the culture as evaluated with

CXCR4: forward 5:CCTCTATGCTTTCCTTGG-3' reverse 5/ contrast phase microscopy. However, a significant proportion
CCTGAAGACTCAGAC TCA-3" and probe 5SAGCAGAGGGTCCAGC- (approximately 40%) of MKs at this day still displayed only one
CTCAAGATCCTCT-3'. nuclear lobe, suggesting that factors other than TPO are required

Statistical analysis.The significance of differences in mean value wasgor optimal polyploidization of MK precursors.
determined by means of the Studétest.

Effect of SDF-1a

At day O after purification, HPCs were treated with different
Results amounts of synthetic SDF-1a: 0.1; 0.25; 0.5;uf/mL in the
presence of saturating amounts of TPO (100 ng/mL).

The morphological analysis and DNA content of the cells
HPCs purified from PB as described in “Materials and methodsultured in the presence of both TPO and SDRF+kvealed a
were characterized by 93% 1% CD34' cells (meant SEM from  significant increase in the number of nuclear lobes (Figure 1) and
8 separate experiments), as evaluated by flow cytometry apldidy (Figure 2) compared with the control cells grown in the
91% =+ 1% HPC frequency (meant SEM from 8 separate presence of TPO alone (Figure 1, right panel). Cell polyploidiza-
experiments), as evaluated by clonogenetic assay. tion started earlier in culture supplemented with SDRF-(

Purified HPCs grown in liquid suspension culture in theug/mL) than in the controls: at day 5, 20% of the resulting cells
presence of TPO (100 ng/mL) undergo a gradual wave of differewere already tetraploid (4N) or even more highly lobated, whereas
tiation and maturation along the MK lineage (Figure 1, left paneljp the control cultures almost all the cells were mononuclear; in
giving rise to a virtually pure MK population (98% to 99% of theSDF-la—treated MKs, an increased polyploidization was main-
cells were CD61).23 The differentiation stages were characterizethined until the end of the culture, where, at day 12, more than 85%
during the whole culture by morphologic and phenotypic analysief the cells were larger than untreated control cells and showed a
at day 0, cells were essentially composed of small undifferentiatsijnificant increase in the number of nuclear lobes per cell (Figure
blasts; at day 5, most cells were larger than at day 0 and had d)eThis increase was dose dependent: ap@.lwe did not observe
nuclear lobe, representing MK precursors. At day 8, a significaaty differences in respect to the untreated cells; at 0.25 andd).5
proportion of cells were 2N and 4N and showed a more denaeclear increase in the number of polynucleated cells was evident,
chromatin. At day 12, a high proportion of MKs (60%) showeadvith a prevalence of 4N (Figure 3). Additional experiments were

HPC characterization and MK differentiation and maturation
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Figure 2. DNA content of MKs. Polyploidy was evaluated by flow cytometry

analysis, at day 9 of culture, on MKs grown either in the absence (A) or the presence

(B) of SDF-1a (1 pg/mL). MKs were stained with Pl as described in “Materials and

methods.” A representative experiment from 3 separate experiments is shown.
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Table 1. Effects of stromal cell-derived factor 1  « on proplatelet formation

Experiment no. Growth factor Proplatelet-bearing MKs, %

1 TPO 29

TPO + SDF-1a 48

2 TPO 24

TPO + SDF-1la 55

3 TPO 19

TPO + SDF-1a 41
Mean = SEM TPO 24+28
TPO + SDF-1a 48 + 4

Data refer to HPC-derived MKs grown in serum-free liquid culture at day 12. TPO
(100 ng/mL) was used with and without SDF-1« (1 pg/mL).

SDF-1a indicates stromal cell-derived factor 1a; TPO, thrombopoietin; MKs,
megakaryocytes; HPC, hematopoietic progenitor cell.

*P < .05 (Student ¢ test) compared with cultures containing TPO alone.

thrombin-induced increase of membrane CD62 expression (data
not shown).

The effect of SDF-1con megakaryocytic cultures was relevant
when SDF-1awas added in the HPC culture medium at day 0 and
abolished if it was added at day 5 of culture, when the cells were
already differentiated to MK precursors (data not shown).

When we used lower levels of TPO (1 to 10 ng/mL), we
observed a decrease in the total number of cells although the
relative percentage of MKs was not affected and remained around
99%: in these conditions, the addition of synthetic SDF{lx
rg/mL) still induced an increase in the ploidy of the cells (Table 2).
However, cell growth was not significantly affected by the presence
of the chemokine, at any concentration used, and no MK growth
was observed when SDF-1was used alone. In Figure 4, the
growth curves of the cells during the whole culture (0 to 12 days) in
the presence or absence gid/mL SDF-1aare reported.

When we characterized the cells for their membrane phenotype
during the differentiation and maturation process, we observed the
same level of expression for the specific megakaryocytic markers,

performed with a preparation of hSDF-1a. Optimal stimulation o, cD61 and CD42b for cells grown in either the absence or the
MK ploidization was observed at a concentration of 100 ng/mpresence of SDF-1a. In both culture systems, direct immunofluo-
(data not shown). In cytospin preparations, the presence @kcence for the expression of CD34, CD61, and CD42b antigens
proplatelets was more consistent when SFwhs used (Table 1), confirmed gradual decrease of CD34 and an inverse increase of
and the number of platelets counted at day 12 in the supernatgth CD61 and CD42b, which are expressed on more than 98% and
from SDF-la—supplemented cultures was increased compaxgsb, of cells respectively at day 12 of the culture (data not shown).

with the control (5% 1P vs 18X 1(P platelets per 10 MKSs).

These platelets were functional according to standard criteria, féfect of SDF-1a on the migration of differentiating MKs

100 7

[l Control
O SDF-1cc0.10 ug

O SDF-1ce0.25 ug

80 O SDF-10.50 pg
O SDF-1a 1 pg
8
£ &l
g »
-]
k]
g
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# »
? * -
20 i 2
s
2 9
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# ; :
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1 2 4 8
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Figure 3. MK polyploidization increase after treatment with SDF-1 «a. Effect of
SDF-1a dose-response treatment on the polyploidization of the HPC-derived MK
cells. Data relative to day 9 of culture are presented as mean = SEM of 3
independent experiments. Asterisks denote a significant difference (P < .05) in
comparison with control.

We examined the capacity of differentiating MKs to migrate in
response to a positive concentration of SDFthrough a 5-pm
Transwell cell filter.

As shown in Figure 5A, these cells migrated in response to
SDF-1lain a dose-dependent manner. The concentration of 200
ng/mL of SDF-1ain the lower chamber resulted in significant
migration of day-10-culture—derived MKs: on average, 18% of
MKs added to the upper chamber had the capacity to migrate.
Megakaryoblastic cells at day 4 of culture also showed a migration
but at a level of 10% (data not shown).

Neutralization of SDF-1agradient by adding the chemokine to
both upper and lower chambers completely abrogated the migra-
tion; replacement of SDF-1with TPO also failed to induce cell
migration (Figure 5B).

Analysis of CXCR4
The effects of SDF-1care mediated by the membrane receptor
CXCRA4. We evaluated the CXCR4 expression in quiescent HPCs

and in MK-differentiating cells in the presence or absence of
SDF-1la. Immunofluorescence studies with anti-CXCR4 mAb
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Table 2. Effect of graded amounts of thrombopoietin in the presence or absence of stromal cell-derived factor 1 a (1 pg/mL) on megakaryocyte percentage,
proliferation, and polyploidization
MKs, % No. MKs X 104/mL Polylobated MKs, %

TPO —SDF-1a +SDF-1la —SDF-la +SDF-1a —SDF-la +SDF-1la
1 ng/mL 99 99 31.2 =10 303+9 23+7 50 * 7*
10 ng/mL 99 99 437 *8 3858 28 =5 54 = 6*
100 ng/mL 99 99 56.4 = 11 55.7 = 10 51+2 73 = 3*

Data refer to hematopoietic progenitor cells grown in serum-free liquid culture at day 9. Based on mean = SEM from 5 separate experiments.
For abbreviations, see Table 1.
*P < .05 when compared with —SDF-1a by Student ¢ test.

showed that about 50% of HPCs were CXCR4nd this percent mAbs: most of the SDF-1a—treated cells showed the presence of
age increased to 90% at the end of the culture (day 12). In thtracytoplasmic CXCR4 (Figure 8D), whereas the membrane
presence of SDF-1a, CXCR4 was rapidly and markedly dowmegakaryocytic-specific marker CD41 was localized on cell sur-
modulated (day 2) and remained scarcely expressed at membrtaoe (Figure 8E); the 2 markers do not colocalize (Figure 8F).
level up to day 5; at day 7 of culture, CXCR4 expression wasSontrol double-stained cells displayed both the CXCR4 (Figure
partially recovered and then became only moderately lower th&8@) and the CD41a (Figure 8H) exclusively on the cell membrane,
that observed in control cultures (Figure 6). On the contrarwith colocalization pointed out by numerous yellow areas
RT-PCR analysis performed on RNA obtained from the same ce(Bigure 8l).

showed similar CXCR4 mRNA levels in both control and SDi-1
supplemented cultures (Figure 7).

Confocal laser microscopic analysis was performed to inves
gate cellular distribution of CXCR4 in MKs grown in the absencgo evaluate a possible functional role of MAPK activation in
or presence of SDF-1(Figure 8). Cells maintained in the presencenediating the effects of SDFelon MK endomitosis, purified
of TPO alone or of TPO combined with SDfe Were compared for HpCs stimulated with TPO alone or in combination with SDF-1
spatial distribution of CXCR4 receptor, ie, internalized aftefyere cultured in either the absence or the presence of the specific
treatment with its specific ligand. CXCR4 receptor endocytosis
was monitored on the control MKs and at different times after A %
SDF-1a addition (ie, 30 minutes, 1 hour, 3 days, and 8 days).
Untreated cells showed a homogeneous expression of CXCR4 on
their surfaces (Figure 8A). Internalization of CXCR4 was evi-
denced as early as 30 minutes after SFatidition, as suggested
by a decrease of membrane reactivity, coupled with the appearance
of internal endosomic spots (Figure 8B). This phenomenon became
more evident after 1 hour of SDF-Ireatment (Figure 8C). At day
3, cells were double-stained with anti-CXCR4 and anti-CD41

MAPK pathway contributes to the stimulatory effect of SDF-1 o
gn megakaryocytic endomitosis

20

%Iransmigrated MKs

106 1

0 100 200 300 500 1000

SDF-1a (ng/mL)

B 25

105 1 20

Cell Number / Culture

%Iransmigrated MKs

104 -

Days Upper Well - - - SDF-1a

Figure 4. The MK proliferation is not affected by the presence of SDF-la. Lower Well SDF-1o
Proliferation of HPCs along the megakaryocytic lineage in the presence of TPO (100
ng/mL) alone (@) or in combination with SDF-1a (1 wg/mL, O). Data are expressed as Figure 5. SDF-1a migration experiments of HPC-derived MKs at day 10 of

the mean = SEM of 9 separate experiments. No significant differences were cultures. (A) Migration of MKs at different doses of SDF-1a. (B) Migration of MKs
observed when statistical analysis was performed by means of the Student ttest for ~ under different stimuli: no addition; TPO (100 ng/mL) in the lower well; SDF-1« (200

paired data. ng/mL) in the lower well; and SDF-1a in both the upper and lower wells.

Tpo SDF-1a
(100 ng/mL) (200 ng/mL}
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Figure 6. SDF-1a affects CXCR4 expression. Cells were treated at day 0 after HPC
purification with TPO (100 ng/mL) (thin line) or with TPO + SDF-1a (1 pg/mL) (broad
line) and analyzed at intervals during the culture (days 2 through 12) by flow
cytometry with the use of PE-conjugated CXCR4 mAb as described in “Materials and
methods.” The staining with negative control antibody is shown, as solid profile, at
day 0, and appears similar in the following days. Representative results from 1 out of
5 independent experiments are shown.

MEK inhibitor PD98059. These experiments showed that tr}(;
inhibitor significantly reduced the MK endomitosis elicited both b
TPO alone and by TPO in combination with SDF-(Figure 9), as

evaluated through morphological analysis of the number of nucleéar
lobes. This result was also confirmed by flow cytometric analysis oP
DNA content (data not shown). In these experiments, PD980
was used at a concentration of either 25 op®W/L, both of which

were reported to inhibit phosphorylation of ERKs in culture
MKs.28 The low amount of DMSO used in the culture had n

g)oietic progenitors to platelets. Cytofluorimetric analysis indi-

BLOOD, 1 MAY 2001 - VOLUME 97, NUMBER 9

process was clearly enhanced when PB-purified CD&dls were
induced to differentiate into MK lineage in serum-free liquid
suspension culture in the presence of TPO and SkFds
compared with TPO alone. The stimulatory effect of cell matura-
tion induced by SDF-lavas apparently specific for MKs: this is
shown by the absence of any effect of the cytokine on HPCs
induced to differentiate along the granulocytic pathway, where the
CXCR4 receptor was expressed at high level during the whole
differentiative and maturative process (Chelucci é? ahd our
unpublished results, December 2000).

SDF-1aaccelerated the process of megakaryocytic polyploidiza-
tion: at day 5, a significant percentage of these cells already showed
the presence of more than one nuclear lobe, and at day 12, most of
the cells were of large size and markedly polyploid, with a
consistent percentage (20%) of cells more than 16N. At the end of
the culture, the SDF-1a—supplemented MKs were huge, with large
cytoplasm displaying a granular appearance and lobulated polyploid
nuclei; we also observed a significant increase of proplatelet-
bearing MKs. Finally, the stimulatory effect of SDleeivas more
pronounced in MK culture supplemented with very low doses of
TPO.

Previous studies indicated that TPO supports full MK differen-
tiation in vitro, including proplatelets and platelet formatfGi¥?
but is unable to induce an optimal polyploidizati®#*Hypotheti
cally, additional MK-active cytokines are essential for maximal
differentiation and polyploidization of human MR$.Using a
synthetic preparation of SDF-1a, we observed optimal effects on
MK ploidization at a relatively high concentration (@g/mL).
However, using recombinant SDFlwe observed a comparable
stimulation of MK ploidization at a concentration (100 ng/mL)
ear to the levels released by stromal cells under physiological

%onditions®

This is the first report showing that the chemokine SDF-1
hances the polyploidization of MKs driven by TPO.

59 CXCR4 is known as the only receptor for SDF-land
presumably could mediate different MK functions at different
maturation stages of the megakaryocytic lineage from hemato-

cated that treatment of CD34cells with SDF-kx reduced

adverse effects on MK ploidy as compared with untreated CU|tur8XCR4 cell surface expressi#nwe observed that this reduc

Discussion

In this study, we investigated the effect of the chemokine SRF-
on megakaryocytopoiesis. The expression of CXCR4 receptor
HPCs, MKs, and circulating plateléts®indicates a potential role
for its ligand on these cells. We observed that the polyploidizati

Day 57 912 57 912 Cc- cCt

xcu HODSeSN® O

SP-2¢ ENEDEDES e EDeS
~—_——

TPO TPO + SDF-1x

Figure 7. CXCR4 mRNA expression during MK differentiation. Representative
results of CXCR4 mRNA expression analyzed by RT-PCR in HPCs after purification
(97% CD34") and during MK differentiation in the presence or absence of SDF-1a.
Total RNA from CEM cell line and from UT-7 cell line was used as a positive (C*) and
negative (C~) control, respectively. RT-PCR samples were normalized for Sp26.

g

Q

tion was maintained during the early stage of MK differentia-
tion, but the initial expression level was almost completely
restored starting from day 7 of culture. In line with these
findings, confocal microscopy analysis showed that 1 hour after
OrI]DF-laaddition, a significant CXCR4 reactivity was found as
intracellular spots, seemingly representing endocytic vesicles;
however, at day 8 of culture, CXCR4 reactivity reappeared on
tHe MK cell membrane. Although it is well established that MK
cells express CXCR4 and bind SDF-1 during all differentiation
and maturation step®$,the specific role of the cytokine in the
different stages of megakaryocytopoiesis is unclear. Recent
studies on the effect of SDF-1 on migration and proliferation of
MK progenitor cell§'8indicate a role on the migration of MK
progenitors and on cell adhesion of mature marrow MKs to
endothelium, whereas only a moderate effect is reported on MK
proliferation. More recently, Hodohara et?&ldemonstrated
direct proliferative effect of SDFd on purified CD4¥1ighy
c-kitbright CFU-MK derived from TPO-treated mice. In our liquid
culture system, SDF-1did not significantly affect MK prolifera-
tion. The discrepancy between our results and those reported by
Hodohara et & on MK proliferation could be related to the
different hemopoietic progenitors used in these 2 studies (total
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Figure 8. Internalization of CXCR4 after exposure to SDF-1  a.
Internalization of CXCR4 was analyzed by confocal laser scan-
ning microscopy in HPCs. (A) Untreated cells. (B) Cells after
exposure to 1 pg/mL of SDF-1a for 30 minutes. (C) Cells after
exposure to 1 pg/mL of SDF-1« for 1 hour. (D-1) Double immuno-
fluorescence for CXCR4 (green) and CDA41 (red) on day 3 cells,
cultured in the presence of SDF-1 (D-F), compared with control
cells (G-1). The yellow area in panel | indicates the colocalization
of both the receptors on the membrane (bar = 10 pm).

A

CD34* human HPCs in our study and murine CD#1Y kinase/signal transducers and activators of transcription (JAK/STAT)
c-kitbright cells in the study of Hodohara et al). Furthermore, ipathway, particularly of STAT3 and STAT3 and activated ERK1
the study by Hodohara et & the hemopoietic progenitors wereand ERK2 and its upstream kinase MAPK kind%&hese observa
isolated from mice treated in vivo with TPO, and one cannaions were also confirmed by recent studies performed directly on
exclude the possibility that this treatment could sensitize MKuman MK precursor® In addition, it was shown that PD98059, a
progenitors/precursors to the stimulatory effect of SDFeh  specific MEK inhibitor, reduced the TPO-induced MK polyploidy,
MK proliferation. thus suggesting an important role for MAPK in MK endomito-
The mechanism responsible for the enhanced megakaryocyj§2s40|n |ine with these studies, we observed that the addition of
maturation elicited by SDF-1im cooperation with TPO is unclear. ppggos9 to MK cultures stimulated by TPO alone or by TPO in
Recent studies showed that SDF-1l«, in addition to its effeghmpination with SDE-1dnhibited the MK polyploidy, suggesting
on stimulation of Ca* influx, induced stimulation of the Janus, (gle for MAPK in the stimulatory effect of SDFedon ploidy.
This conclusion is also supported by a previous study showing that
100 SDF-1a clearly potentiated the ERK-1/ERK-2 phosporylation

induced by TPG8
. Our results demonstrated an effect on the polyploidization of
E & the MK cells only when SDF-1avas added to purified CD34
b E cells; no effect was observed on the morphology of the cells
T 60 when SDF-1owas added in the TPO-culture medium at day 5 on
5 e MK precursors. However, at this time, the CXCR4 coreceptor is
%“ 40 expressed and SDFalwas able to block the HIV entry in the
. same MK populatio? thus confirming the existence of a
:; specific binding between CXCR4 and SDF-1 also at the MK-
20 precursor stages.
Hamada et dldemonstrated that SDF-1 induced rapid transmi
0 gration of intact polyploid MKs through bone marrow endothelial

cells, followed by fragmentation of MKs into platelets within 12 to
TPO TPO + SDF 24 hours after migration. On the basis of the effect of SlaFeh
Figure 9. MK polyploidization decrease after treatment with PD98059. The effect MK pIoidy, we suggest that the cytokine not onIy affects transmi-
of MAPK inhibitor PD98059 was evaluated on differentiating MKs grown in the L8 K . . .
presence of TPO (100 ng/mL) alone or in combination with SDF-1a (1 wg/mL). gratlon, but also induces an increase in the plOIdy of MK cells.
Percentage of polylobated MKs derived from cultures grown in the presence of either ~ Kowalska et & reported that only the more immature cells
25 wM/L () or 50 wM/L (M) PD98059 was evaluated by morphological analysis. An responded to the chemotactic stimulus of SDF-1. In line with this
equal volume of diluent (DMSO) added to mock culture () had no adverse effects on . . . L . .
polyploidization as compared with the untreated culture. Data from day 9 culture are observation, our transmigration results indicate that dlﬁerentlatmg
presented as mean values = SEM of 3 independent experiments. MKs respond to a positive gradient of SDE:110% of MKs were
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already able to transmigrate at day 4 of culture, when about 60%tcdnscription factor NF-E2 have a late arrest in megakaryocytic
the cells were positive for CXCR4; this percentage grew to 18% mtaturation, resulting in profound thrombocytopetfi®ur results
day 10, when 90% of the cells expressed CXCR4 on the membraor. NF-E2 mRNA analyzed on megakaryocytic culture supple-
Morphological analysis on day-10-transmigrated MKs indicatetiented with SDF-1@nd TPO or with TPO alone did not show any
that only monolobated or bilobated cells were able to pass througignificant difference in the expression of this transcription factor
the membrane into the lower chamber. (unpublished data, 1999).

The presence of the CXCR4 receptor on platelet surface has notSince the expression of the phenotypical markers analyzed (ie,
been correlated with a specific function. However, a recent stu@pD61, CD62, CD41, CD42b) was similar in both TPO-
suggests that SDF-lacts as a weak agonist of platelet activatiosupplemented and TP@ SDF-la—supplemented cultures, we
when added alone and as an enhancer of platelet activationsurggest that acquisition of membrane differentiation markers and
response to low doses of adenosine 5'-diphosphate. polyploidization are independently regulated events, as was al-

Our data suggest that the increased number of the nuclear lobesdy proposed when the megakaryocytic differentiation process
per cell induced by SDF-1is coupled with an increase in plateletwas investigated with the use of the UT-7 cell lit3e.
formation. Indeed, the number of proplatelet-bearing MKs is In conclusion, our results indicate that the chemokine SRF-1
higher in SDF-la—supplemented cultures than in controls. Tlembined with TPO, is involved not only in migration but also in
number of generated platelets was also more elevated in thayploidization of MKs and in proplatelet and platelet production,
presence of SDF-la. Mechanisms of platelet production amioviding a novel insight into the physiological regulation of

release by mammalian MKs are poorly understood. Mice lackimgegakaryocytopoiesis.
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