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Abstract

We report that highly purified human platelet factor 4 (PF4)
inhibits human megakaryocytopoiesis in vitro. At > 25 ug/ml,
PF4 inhibited megakaryocyte colony formation ~ 80% in un-
stimulated cultures, and ~ 58% in cultures containing recom-
binant human IL 3 and granulocyte-macrophage colony-stimu-
lating factor. Because PF4 (25 ug/ml) had no effect on either
myeloid or erythroid colony formation lineage specificity of
this effect was suggested. A synthetic COOH-terminal PF4
peptide of 24, but not 13 residues, also inhibited megakaryo-
cyte colony formation, whereas a synthetic 18-residue §-
thromboglobulin (8-TG) peptide and native 8-TG had no such
effect when assayed at similar concentrations. The mechanism
of PF4-mediated inhibition was investigated. First, we enu-
merated total cell number, and examined cell maturation in
control colonies (n = 200) and colonies (n = 100) that arose in
PF4-containing cultures. Total cells per colony did not differ
dramatically in the two groups (6.1+3.0 vs. 4.2+1.6, respec-
tively), but the numbers of mature large cells per colony was
significantly decreased in the presence of PF4 when compared
with controls (1.6+1.5 vs. 3.9+2.3; P < 0.001). Second, by
using the human leukemia cell line HEL as a model for primi-
tive megakaryocytic cells, we studied the effect of PF4 on cell
doubling time, on the expression of both growth-regulated
(H3, p53, c-myc, and c-myb), and non-growth-regulated (5,-
microglobulin) genes. At high concentrations of native PF4 (50
ug/ml), no effect on cell doubling time, or H3 or p53 expres-
sion was discerned. In contrast, c-myc and c-myb were both
upregulated. These results suggested the PF4 inhibited colony
formation by impeding cell maturation, as opposed to cell pro-
liferation, perhaps by inducing expression of c-myc and c-myb.
The ability of PF4 to inhibit a normal cell maturation function
was then tested. Megakaryocytes were incubated in synthetic
PF4, or 8-TG peptides for 18 h and effect on Factor V steady-
state mMRNA levels was determined in 600 individual cells by in
situ hybridization. 8-TG peptide had no effect on FV mRNA
levels, whereas a ~ 60% decrease in expression of Factor V
mRNA was found in megakaryocytes exposed to > 100 ng/ml
synthetic COOH-terminal PF4 peptide. Accordingly, PF4
modulates megakaryocyte maturation in vitro, and may func-
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tion as a negative autocrine regulator of human megakaryocy-
topoiesis.

Introduction

Human megakaryocytopoiesis is a complex, highly regulated
process whose study has been greatly facilitated by the advent
of in vitro culture systems (1). With this tool, the existence of
several positive, though not necessarily lineage specific,
growth-enhancing molecules has been demonstrated. Such
proliferation and/or maturation promoting activities include
megakaryocyte colony-stimulating factor (Meg-CSF)! (2),
granulocyte-macrophage colony-stimulating factor (GM-CSF)
(3), IL 3 (4), thrombopoietin (TPO) (5, 6), megakaryocyte
stimulatory factor (MSF) (7, 8), and erythropoietin (9).

Potential inhibitors of megakaryocytopoiesis have been
less well studied. Immunocytes, and their products, have been
documented to cause clinically significant suppression of
megakaryocyte production (10, 11), but the role of such cells
in the day-to-day regulation of megakaryocyte development
and platelet release remains speculative (12). Several groups
have provided evidence that megakaryocyte colony growth is
inferior in serum when compared with growth in platelet-poor
plasma (13-15) suggesting that platelet constituents can in-
hibit megakaryocytopoiesis in vitro. Studies from our group
have shown that megakaryocyte products have a similar capa-
bility (16, 17). These observations raise the possibility that
human megakaryocytopoiesis may also be under the control of
feedback or negative autocrine regulators.

The nature of the putative megakaryocyte/platelet constit-
uent(s) involved in this form of autoregulation remains poorly
defined. It has recently been reported that transforming
growth factor-8 (TGF-B8) inhibits megakaryocytopoiesis in
vitro (18-20). However, because TGF- is widely distributed,
is not known to be synthesized by megakaryocytes, and in-
hibits the growth of many other hematopoietic cell lineages,
the physiologic relevance of this observation remains unclear
(18). An incompletely characterized 12-17-kD secreted plate-
let glycoprotein has also been identified as an autocrine regula-
tor (21).

Platelet factor 4 (PF4) is a megakaryocyte/platelet-specific
« granule protein. In the granule it exists as a tetramer, com-
posed of identical 7,800-kD monomers (22, 23). When plate-
lets are activated, the protein is extruded from the « granule
complexed with a high-molecular weight proteoglycan (24).
Subsequently, the complex is rapidly cleared from the circula-

1. Abbreviations used in this paper: 8-TG, S-thromboglobulin; FV,
Factor V gene probe; GM-CSF, granulocyte-macrophage colony-stim-
ulating factor; Meg-CSF, megakaryocyte colony-stimulating factor;
MNC, mononuclear cells; PF4, platelet factor 4; TGF, transforming
growth factor; TPO, thrombopoietin.
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tion, perhaps by binding of the protein to endothelial surfaces
and hepatocytes (25).

A number of biological activities have been attributed to
PF4. It neutralizes heparin (26), has the ability to stimulate
leukocyte elastase activity (27) and inhibit collagenase activity
(28), and is chemotactic for neutrophils, monocytes, and fibro-
blasts (21, 29). It has been postulated that the heparin binding
activity (30) and the chemotactic activity (31) reside in the
carboxy-terminal domain of the molecule. It has also recently
been demonstrated that PF4 binds via a specific receptor to
platelets (32), and that the protein has potent immunoregula-
tory activity (33, 34). The latter consists of an apparent ability
to either impair T suppressor cell activity, or to render T helper
cells unresponsive to the effects of T suppressor cells. Because
PF4 can modulate T cell function, and because T cells have
been implicated in the regulation of marrow megakaryocyto-
poiesis (10-12), we theorized that T cell-PF4 interactions
could play a role in regulating marrow megakaryocyte produc-
tion. To test this hypothesis, we studied the effect of highly
purified PF4, and two synthetic COOH-terminal domain PF4
peptides on human megakaryocytopoiesis in vitro. We report
herein molecular and cellular studies that identify this alpha
granule protein as a candidate autocrine regulator of human
megakaryocytopoiesis in vitro.

Methods

Cells and tissue culture methods

Hematopoietic progenitor cell assays. Megakaryocyte colonies were
cloned in plasma clots (11, 12, 35) from either unseparated light-den-
sity marrow mononuclear cells (MNC), or MNC depleted of adherent
monocyte-macrophages (MO), and T lymphocytes (12). Final cell cul-
ture volumes, and target cell concentrations (2 X 10°/ml) were equiva-
lent in all cases. Cultures were supplemented with normal human AB
serum (30% vol/vol) derived from the platelet-poor plasma of a single
donor. Two culture assays were used. One was designed to emulate
basal marrow growth conditions and therefore contained only the
normal AB serum. No other hematopoietic growth factors were added
to these cultures. The other culture system was of the stimulated type.
These cultures were supplemented with recombinant human (rH) IL 3
(~ 20 U/ml) and rH GM-CSF (~ 5 ng/ml) (the kind gift of Dr. Steven
Clark, Genetics Institute, Cambridge, MA) in addition to the normal
AB serum.

Megakaryocyte colonies were enumerated by indirect immunoflu-
orescence (11, 12) using a highly specific rabbit anti-human platelet
glycoprotein antiserum. A cluster of three or more intensely fluores-
cent cells was defined as one colony. Unless otherwise stated, all data
are reported as the mean+SEM of colonies enumerated.

Megakaryocytes in colonies were defined as small immature cells, if
(a) their greatest diameter did not exceed 10 um as measured with an
optical fylar (Prizision aus Jenna, GDR), (b) if they possessed a nu-
clear/cytoplasmic ratio similar to that of lymphocytes and/or other
undifferentiated mononuclear cells in the clot, and () if no nuclear
lobation was present when viewed under phase conditions. Large ma-
ture megakaryocytes in colonies were defined as cells which (a) had
diameter > 10 um, (b) had a lower nuclear/cytoplasmic ratio than that
used to characterize small cells, or () had identifiable nuclear lobation
under fluorescent or phase microscopy.

CFU-E- (colony forming unit-erythroid) derived colony growth
was stimulated by either aplastic anemia serum, or recombinant
human erythropoietin (Amgen Corp., Thousand Oaks, CA). Colony-
forming unit granulocyte-macrophage- (CFU-GM) derived colonies
were stimulated by IL 3 and GM-CSF. Colonies were identified as
previously described (11).
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Isolation of mature marrow megakaryocytes. Mature (morphologi-
cally recognizable) megakaryocytes were isolated from the marrow of
normal bone marrow donors by the process of counterflow centrifugal
elutriation as previously described (37, 38). Such cells were then used
for culture, or suspended in supplemented alpha medium containing
5% normal human AB serum (derived from the platelet-poor plasma of
a single donor) and subjected to short term culture either in the pres-
ence or absence of varying amounts of synthetic long COOH-terminal
PF4 peptide, or B8-TG peptide (see below). After culture, cells were
fixed in 4% paraformaldehyde, and stored in 70% ethanol at 4°C for
use in in situ hybridizations (see below).

HEL cell line. The continuous human erythroleukemia cell line
HEL (39) was kindly supplied by Dr. Thalia Papayanapoulou, Univer-
sity of Washington, Seattle, WA. The line was maintained in RPMI
1640 containing 10% heat inactivated FCS (Hyclone Laboratories,
Denver, CO).

Molecular analysis methods

Isolation of RNA. Total cellular RNA was purified from cells as pre-
viously described (40). In brief, cells were homogenized in a blender
(Waring Products Division, Dynamics Corp. of America, New Hart-
ford, CT) in nucleic acid extraction buffer (75 mM NaCl, 20 mM
EDTA, 10 mM Tris-HC], pH 8.0, and 0.2% SDS), and mixed 1:1 with
buffer-saturated phenol. The aqueous phase was recovered by centrifu-
gation, reextracted with an equal volume of phenol and chloroform
isoamyl alcohol (25:24:1), and finally with chloroform/isoamyl alco-
hol (24:1). Nucleic acids were precipitated with 2.5 vol of ethanol, and
DNA was removed by treatment with DNase I and precipitation with 3
M sodium acetate (pH 5.5). The integrity and amount of RNA samples
were monitored by ethidium bromide staining of agarose-formalde-
hyde gels.

Northern analysis and in situ hybridization procedures. For North-
ern analysis, total cellular RNA was denatured with 6.6% formalde-
hyde and 50% formamide. RNA was then size fractionated on 1.2%
agarose gel containing 6.6% formaldehyde. Blotting of RNA to nitro-
cellulose was carried out as described by Thomas (41). DNA probes
were labeled at high specific activity by random priming essentially as
described by Feinberg and Vogelstein (42). Prehybridization, hybrid-
ization, and posthybridization washes were done essentially as de-
scribed by Wahl et al. (43). Autoradiography was performed by expos-
ing filters on x-ray film (Eastman-Kodak) at —70°C using intensifying
screens.

In situ hybridization was performed using a synthesis of the tech-
niques described by Brigati et al. (44), Lum (45), and Singer et al. (46).
Human megakaryocytes, fixed and stored as described above, were
deposited onto glass slides by cytocentrifugation (500 rpm for 8 min,
Cytocentrifuge II; Shandon Southern, Sewickley, PA). Prehybridiza-
tion washes, including treatment with acetic anhydride (0.1% in
triethanolamine), were carried out as described (45). Hybridization
was carried out using DNA probes oligolabeled with biotin-11-dUTP
(Bethesda Research Laboratories [BRL], Gaithersburg, MD) using the
method of Feinberg and Vogelstein (42). 25 ul of hybridization cocktail
(Amersco, Solon, OH) containing 100 ng/ml of probe in 45% form-
amide was layered over the specimen which was then covered with a
glass slide, sealed in parafilm, and then hybridized for ~ 18 h at 37°C.
Posthybridization washes were carried out as described by Lum (45),
the final wash being carried out in 0.16% SSC at room temperature.
DNA-RNA hybrids were detected by the addition of a streptavidin-
biotin-alkaline phosphatase conjugate that catalyzed the hydrolysis of
the chromogens nitroblue tetrazolium and 5-bromo-4-chloro-3-in-
doylphosphate (DNA detection kit; BRL, Gaithersburg, MD). Positive
reactions consisted of a purple-to-deep brown-colored precipitate in
the cell’s cytoplasm. The degree of hybridization correlates directly
with the amount of precipitate accumulated in the cell.

Hybridization with pBR322 was carried out as a negative control.
An additional control consisted of pretreating specimens with RNase
A (500 pg/ml) before hybridization with the probe of interest. Hybrid-



ization with a cDNA coding for human 8 actin was used as a positive
control.

Reactions were semiquantitated by computer assisted microspec-
trophotometry (Zonax; Carl Zeiss, Mineola, NY) as a function of light
transmission through the object cell. The photometer was standardized
so that light transmission through a clear area of the slide containing no
cells (background) was defined as 100% transmission, whereas no light
falling on the photometer was defined as 0% transmission. Identical
gain and high voltage setting were used throughout. Because increasing
amount of hybridization correlates directly with the density of dye
accumulation in a given cell, and increasing dye accumulation im-
pedes light transmission through any given cell being examined, it
follows that those cells that allow the greatest degree of light transmis-
sion are expressing the least amount of message.

Plasmids. Plasmids containing the cDNA inserts used as probes in
these experiments have been previously described. pUC9 carrying the
human coagulation Factor V (FV) gene probe was the kind gift of Dr.
William Kane, University of Washington, Seattle, WA (47). pBR322
was obtained from the American Type Culture Collection (Rockville,
MD). pFO 422 carrying a human histone H3 probe was the kind gift of
Dr. G. Stein (48). Plasmids containing human c-myc (49), and a
human B, microglobulin (50) gene probes were kindly supplied by Dr.
K. Soprano, Department of Microbiology, Temple University School
of Medicine. Dr. Renato Baserga and Dr. Edward Mercer (Department
of Pathology, Temple University Medical School) kindly supplied
plasmids containing human p53 cDNA (51) and B-actin (52) inserts,
respectively. Dr. F. Mavilio (Wistar Institute, Philadelphia, PA) kindly
supplied a human c-myb probe (53).

Preparation of PF4 and 8-TG: synthesis of synthetic COOH-termi-
nal PF4 and 8-TG peptides. Human PF4 was purified essentially as
published (54) using heparin-agarose affinity chromatography. Frac-
tions eluted from the columns were pooled and then stored lyophi-
lized. Such preparations gave a single band on SDS-polyacrylamide
gels, and were judged to > 95% pure.

Native, highly purified 8-TG was the kind gift of Dr. Duncan
Pepper, Scottish National Blood Transfusion Service, Aberdeen, Scot-
land.

Synthetic PF4 and 8-TG peptides were commercially synthesized
and purified (Peninsula Laboratories, Belmont, CA). Purity and se-
quence were confirmed by the Macromolecular Analysis and Synthesis
Laboratory, Temple University School of Medicine, by Edman degra-
dation using Applied Biosciences instrumentation. The PF4 peptides
used consisted of either the terminal 13 (amino acid residues 58-70),
or terminal 24 amino acids (residues 47-70) in the 70-amino acid
human PF4 sequence. They were designated short and long PF4 pep-
tide, respectively. The B8-TG peptide consisted of the terminal 18
amino acid residues (residues 68-85).

PF4, 8-TG, and synthetic peptides were added to the cultures dis-
solved in alpha medium (0.5~1.0 ug/ul), replacing an equal volume of

unsupplemented alpha medium so that final culture volumes in all

cases were equal.
Statistical analysis. Statistical significance of differences between

groups was tested using a two-tailed 7 test.

Results

Effect of purified PF4 and B-TG on in vitro megakaryocyto-
poiesis. To determine if PF4 could modify megakaryocyte col-
ony formation in vitro, we first added various amounts of
purified human PF4 to unseparated marrow MNC. To emu-
late basal growth conditions in marrow, the cultures contained
no exogenous source of growth factors, and were supple-
mented only with normal human AB serum derived from
platelet-poor plasma. Five experiments of this type were per-
formed, with a total of 18 dishes per condition. In the control
plates, which contained no PF4, a mean of 11+1 (£SD) colo-
nies per 2 X 10° MNC plated were enumerated. In the presence
of 2.5 ug/ml of PF4, 7+3 colonies were counted, but this decre-
ment was not significant (P = 0.163). In contrast, when PF4
was added to the cultures at a final concentration of 25 ug/ml,
5+3 colonies were enumerated, a 55% decrease that was highly
significant (P = 0.007).

We then asked if the results obtained were mediated indi-
rectly as a result of PF4-T lymphocyte interactions. To address
this question, we compared the numbers of megakaryocyte
colonies arising in cultures of adherent monocyte and T lym-
phocyte-depleted marrow mononuclear cells (A"T"MNC),
with colonies arising in A"T"MNC to which had been added
either autologous Leu 3* helper (T4), or Leu 2* and (T8)
suppressor T cells alone, or in combination with native PF4 at
concentrations of 2.5 or 25 ug/ml (Table I). Coculturing target
cells with either nonactivated helper, or suppressor cells, with
or without low concentrations (2.5 ug/ml) of PF4, had no
significant effect on megakaryocyte colony formation when
compared to growth of target cells alone. However, the addi-
tion of high concentration of PF4 (25 ug/ml) resulted in a
highly significant decrement in colony formation, regardless
of the lymphocyte subtype that was added to the cultures (Ta-
ble I).

The results recorded in Table I suggested that the colony
suppressive effect of PF4 was independent of its effects on T
lymphocytes, and might have been exerted directly on the
megakaryocyte colony forming cells. This hypothesis was
tested by culturing A"T"MNC with purified human PF4
under simulated basal marrow growth conditions (Fig. 1 A).

Table I. Effect of Coculturing Human Megakaryocyte Progenitor Cells and T Lymphocyte Subsets

in the Presence of Different Amounts of Highly Purified PF4

C/T4 C/T4 C/T8 C/T8
C/T4 @:1) @1 C/T8 @:1) @:1)
Study no. Control (C) cells* Q1) + 2.5 ug/ml PF4 + 25 ug/ml PF4 @1 + 2.5 ug/ml PF4 + 25 pg/ml PF4
1 7+2% 1120 8+1 —5 61 18+2 —
2 11+3 100 — — — 72 10"
3 116+3 14122 122429 8=x1! 16313 87+15! 1321
4 33+6 39+4 — kES U — 33+4 KES L

Light-density marrow MNC were depleted of adherent monocyte-macrophages and T lymphocytes. They were then cloned in plasma clots
(2 X 10°/ml) with autologous T lymphocyte subsets, in the presence of varing amounts of purified PF4 as described in Methods. Megakaryocyte

colonies were enumerated in situ by indirect immunofluorescence.

* Monocyte-macrophage and lymphocyte-depleted marrow MNC (2

X 10°/ml). # Ratio of control cells to T lymphocytes. Mean+SEM of colonies enumerated in quadruplicate culture plates. ¢ Not tested.

P <0.05.
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Figure 1. Effect of highly purified PF4 (w), and 8-TG (o) on clono-
genicity of normal human megakaryocyte progenitor cells in the ab-
sence of accessory marrow immunocytes. Bone marrow MNC were
isolated by density gradient sedimentation, and then depleted of ad-
herent monocyte-macrophages, and T lymphocytes as detailed in
Methods. PF4 or 8-TG (25 pg/ml) was added to suspensions of the
partially purified progenitor cells (2 X 10°/ml) that were then cul-
tured in plasma clots in the (4) absence or (B) presence of recombi-
nant human IL 3 (~ 20 U/ml) and GM-CSF (~ 5 ng/ml). Each line
represents the result of a single experiment performed in duplicate or
quadruplicate culture plates. Exact colony counts (mean+SD) in the
control and PF4-treated experiments () were from top to bottom re-
spectively: 116.0+22 vs. 53.5+7.8 (P = 0.064); 33.3+12.7 vs. 5.5+2.1
(P =0.044); 10.5+5.7 vs. 2.2+1.0 (P = 0.030); 5.0+1.8 vs. 0.25+0.5
(P = 0.002). In B, one PF4 experiment was carried out with native
protein (139+11 [control] vs. 623 [treated]), P = 0.010; the other
two experiments were carried out with long PF4 peptide (25 ug/ml).
Colony counts in these studies were 138.8+22.4 vs. 68.8+7.6 (P
=0.001); 92.8+21.9 vs. 46.5+1.0 (P = 0.048).

PF4 consistently inhibited megakaryocyte colony formation
when added to cultures at concentrations of 25 ug/ml. The
mean inhibition was ~ 78%, and was statistically significant
(P < 0.05) in three of the four experiments performed. The
effect of highly purified 8-TG (25 ug/ml) was also examined in
the same system. 3-TG was ideal for this purpose because it is
also « granule specific and shares ~ 50% sequence homology
with the PF4 protein. As shown in Fig. 1 4, 8-TG not only
failed to inhibit megakaryocyte colony formation, but in two
of three studies resulted in increases in colony formation that
approached statistical significance (P = 0.06) (Fig. 1 4).

Effect of synthetic COOH-terminal PF4, and 8-TG peptides
on megakaryocyte colony formation. To exclude the possibility
that a minor, but highly active contaminant of the purified
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human PF4 preparations was responsible for megakaryocyte
colony inhibition, we tested the ability of several synthetic
peptides to reproduce the inhibitory effect observed with the
native protein. Two synthetic PF4 peptides were used. One
peptide consisted of last 13 amino acid residues from the car-
boxy terminus and was designated short peptide. The other
consisted of the last 24 residues and was designated long pep-
tide. In addition, a synthetic 3-TG peptide consisting of the
final 18 amino acid residues from the carboxy terminus was
also tested as a control.

The results of four experiments with the synthetic COOH-
terminal PF4 peptides are shown in Table II. As indicated, the
short and long peptides were tested in a dose-response manner
at 2.5, 25, and 50 ug/ml concentrations. The short peptide
demonstrated inhibitory activity in only one of the three stud-
ies performed, and this was at the highest concentration tested.
In contrast, inhibitory activity was more consistently noted
with the long peptide. In two of three experiments long peptide
inhibited colony formation at 25 ug/ml concentration, and in
four experiments at the 50-ug/ml concentration. At similar
concentrations, the 8-TG peptide had no effect on megakaryo-
cyte colonies formed in comparison to control (data not
shown). These results suggested that results with the purified
protein were not due to artifact and that the carboxy-terminal
domain of the PF4 protein contained at least part of the inhibi-
tory activity noted in the above experiments.

Potency and lineage specificity of PF4-mediated inhibition.
To determine the relative potency of PF4-mediated inhibition
of megakaryocyte colony formation we next determined
whether native PF4 (25 ug/ml) and long PF4 peptide (25
ug/ml) could still inhibit in vitro megakaryocytopoiesis in the
presence of exogenous colony stimulators (Fig. 1 B). rtH IL 3
(~ 20 U/ml), and rH GM-CSF (~ 5 ng/ml) were therefore
added to the cultures in addition to the PF4 preparations.
Three experiments were performed; one with native protein,
and two with long peptide. In each, significant inhibition of
colony formation was observed. The degree of inhibition in
each was similar, being 55% with the native protein, and 71
and 49% with the long peptide (average = 58%). The effect of
highly purified 3-TG on megakaryocyte colony formation was
also assessed under these growth conditions. In contrast to the
results with the PF4 preparations, and similar to the results in
the basal cultures, no effect on colony formation was observed.

Finally, to determine lineage specificity of the PF4 effect,
we tested the ability of purified human PF4 protein to inhibit
CFU-E, and CFU-GM-derived colony formation. As shown in
Fig. 2, no inhibition of erythroid colony forming units (CFU-
E) was noted at concentrations of PF4 that consistently inhib-
ited megakaryocyte colony formation. Similarly, we observed
no effect on CFU-GM-derived colony formation in any of the
experiments performed, either in the absence or presence of
exogenously added growth factors. In a typical result per-
formed under the latter conditions, 246+55 (mean+SD) colo-
nies were enumerated in the control plates, whereas 262+28
colonies were enumerated in plates containing 25 ug/ml na-
tive PF4.

Studies on the mechanism of PF4-induced inhibition of
megakaryocytopoiesis. If one considers potential mechanisms
for the observed decrement in megakaryocyte colony forma-
tion in the presence of PF4, the most proximate would include
inhibition of progenitor cell proliferation, progenitor or pre-
cursor cell maturation, or both. We attempted to assess these



Table I1. Effect of Synthetic COOH-Terminal PF4 Peptides on Megakaryocyte Colony Formation

Short peptide (residues 58-70)

Long peptide (residues 47-70)

Study no. Control (C) cells 2.5 ug/ml 25 ug/ml 50 ug/ml 2.5 ug/ml 25 pg/ml 50 pg/ml
1 33+1* 31%5 33+2 28+4 3745 23+2 9+6
(P =0.05)} (P=0.05)
2 11312 157+12 10710 94+8 88+14 144+17 50+26
(P=0.05)
3 7+1 540 —$ 10 8+2 — 1£1
(P=10.01) (P=0.01)
4 24+5 — — — 18+4 10£2 10+1
(P=0.03) (P =0.02)

Light-density marrow MNC were depleted of adherent monocyte-macrophages and T lymphocytes, and then cloned in plasma clot cultures as
described in Methods. Short (13 amino acid residues) and long (24 amino acid residues) synthetic PF4 peptides were then added to the cultures
in dose-response fashion and resulting megakaryocyte colonies enumerated as described. * Mean+SEM of megakaryocyte colonies enumer-
ated in quadruplicate culture plates. * P statistic in comparison to growth in control plates. $ Not tested.

possibilities in several ways. First, to assess potential effects on
progenitor cell proliferation under basal growth conditions, we
enumerated the total numbers of cells making up each individ-
ual colony in 200 control colonies and in one hundred colo-
nies cloned in plates containing long PF4 peptide. Control
colonies were found to contain 6.1+3.0 (mean+SD) cells per
colony, whereas colonies grown in the PF4 containing plates
contained 4.2+1.6 cells per colony. This difference was small,
but of statistical significance (P < 0.001) (Table III). We then
quantitated the number of large mature cells and small imma-
ture cells in these same colonies as an index of effect on cell
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Figure 2. Effect of highly purified PF4 on clonogenicity of normal
human CFU-E in plasma clot culture in the absence of accessory
marrow immunocytes. Bone marrow MNC were isolated by density
gradient sedimentation, and then depleted of adherent monocyte-
macrophages and lymphocytes as detailed in Methods. After 7 d in
culture, plates were harvested and fixed. CFU-E were detected by
benzidine staining as described in Methods. Results of three separate
experiments, each performed in quadruplicate culture plates are
shown. Control erythroid colony growth (per 5 X 10° target cells/ml)
was 82+11 colonies in one study stimulated by the addition of aplas-
tic anemia serum; and 1,003+92 and 1,082+6 in two studies stimu-
lated with 5 U/ml of recombinant human erythropoietin (Amgen
Corp., Thousand Oaks, CA).

maturation (Table III). Control colonies were composed of
3.9+2.3 large cells, whereas those arising in PF4 containing
plates had 1.6+1.6 large cells. This 59% reduction in large cells
was highly significant (P < 0.001). In contrast, there were
2.1+2.1 small cells in control colonies compared with 2.6+1.8
in plates containing PF4. In aggregate, these results suggested
that PF4 exerted a greater effect on megakaryocyte matura-
tion, than on megakaryocyte progenitor cell proliferation.
Accordingly, we sought to determine directly if PF4 could
inhibit a megakaryocyte function associated with increasing
maturation. Coagulation cofactor V (FV) was chosen as a suit-
able marker because we have demonstrated that this protein is
expressed only in more mature cells of the megakaryocyte
lineage (37). Normal, mature human megakaryocytes were
isolated from bone marrow by centrifugal elutriation, and sus-
pended for up to 24 h in liquid cultures containing synthetic
long PF4 peptide. The cells were then fixed as described above
and probed for the expression of FV mRNA by the technique
of in situ hybridization using a biotinylated cDNA probe. Re-
sults of a typical experiment are shown in a composite photo-
micrograph (Fig. 3, A-F). Cells in 4 were hybridized with a
pBR322 probe and are unlabeled. In B, cells were probed with
an insert for human @ actin and are strongly labeled. This

Table I11. Effect of Long Synthetic COOH-Terminal PF4 Peptide
on Megakaryocyte Colony Formation

Control colonies Colonies cloned in PF4

(n = 200)* (n = 100)
Total cells/colony 6.1x£3.0% 4.2+1.6%
Large cells/colony 3.9+2.3 1.6x1.6}
Small cells/colony 2.1+2.1 2.6+1.8

Marrow mononuclear cells were prepared and cultured as described
in the legends for Tables I and II and in Methods. Long PF4 was
added at a final concentration of 50 ug/ml. Colonies were identified
by indirect immunofluorescence and analyzed in situ at total magni-
fications of 100 and 400.

* n = total number of colonies examined.

# Mean=SD of total cells enumerated.

$ P <0.001.
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Figure 3. Effect of PF4 on expression of coag-
ulation FV mRNA in human megakaryocytes.
Composite photomicrograph of normal
human megakaryocytes probed for expression
of § actin and coagulation FV mRNA by in
situ hybridization with DNA probes labeled by
random priming with biotin-11-dUTP. Mega-
karyocytes were separated from bone marrow
by counterflow centrifugal elutriation, and
then placed in suspension cultures for 16-18 h
in medium containing either a synthetic long
PF4 peptide (100 ug/ml) or no PF4. Hybrid-
ization was performed as detailed in Methods
and is indicated by the appearance of purple-
brown precipitate over the cytoplasm of the

cell. The greater the amount of hybridization that occurs, the darker and denser the precipitate that forms. Appearance of cells post hybridiza-
tion with probes for pBR322 and g-actin is shown in 4 and B, respectively. C demonstrates the appearance of cells pretreated with RNase A
(500 pg/ml) for ~ 1 h before hybridization with 8 actin probe. (D and E) Representative color development for megakaryocytes hybridized
with FV probe. (4rrows) Two small, unlabeled mononuclear cells on side of megakaryocyte in D. (F) Representative color occurring in mega-
karyocytes hybridized with FV probe after 16-18-h incubation in PF4. Identical results were obtained by using concentrations of PF4 as low as
100 ng/ml. At a PF4 concentration of 20 ng/ml, FV mRNA levels were unchanged compared with controls.

signal is essentially eliminated by pretreating cells with RNase
(500 pg/ml) before hybridization as shown in C. D and E show
typical signal achieved after hybridization with the FV cDNA
probe. F demonstrates the marked reduction in signal noted
after incubation in 100 ug/ml PF4 for 16-18 h. Comparable
decreases in FV mRNA were found when megakaryocytes
were exposed to concentrations of long PF4 peptide as low as
100 ng/ml. At 20 ng/ml the effect was no longer detectable. In
contrast to these results, the synthetic 8-TG peptide caused no
discernible decrease in FV mRNA levels at concentrations up
to 10 pg/ml, a dose well in excess of that at which long PF4
peptide exerted significant effects on FV mRNA levels.

To objectify our results, accumulation of indicator dye in
megakaryocytes posthybridization was semiquantitated by mi-
crospectrophotometry (see Methods). It should be emphasized
that since the photometer is not as sensitive to grey scale
changes within a color family as it is to black and white, dif-
ferences recorded are underestimates of true changes observed
(see Fig. 3).

Light transmission through mononuclear cells was found
to be quite constant after hybridization with the FV probe,
regardless of the conditions under which the cells were cul-
tured. MNC in the control suspension cultures (n = 228) were
found to allow 73.2+7.5% light transmission (100% maxi-
mum), whereas similar cells exposed to 100 pg/ml of synthetic
PF4 peptide permitted 72.8+7.8% light transmission (n
= 216). These differences were of no statistical significance (P
= 0.559). In contrast, light transmission through megakaryo-
cytes incubated in PF4 was 64.4+8.4% posthybridization (n
= 292) with the FV ¢cDNA probe, versus 58+9.5% in the con-
trol cells (n = 298). This difference, while small in absolute
terms, was highly significant (P < 0.001). If the change in light
transmission in these groups is compared with that permitted
by the unlabeled MNC it is calculated that control megakaryo-
cytes had 60% greater dye accumulation than cells incubated
in PF4 [73-64% = A9; 73-58% = A15;9/15 = 0.6]. These data
are indicative of a highly significant decline in FV mRNA after
exposure to PF4. It is unlikely that this decrement was due to a
toxic effect of the PF4 preparation because similarly prepared
COOH-terminal 8-TG peptide had no effect on FV mRNA
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levels, and the c-myc message, which is known to have a very
short half-life (55), was still highly expressed in cells cultured
under both control and experimental conditions (data not
shown). '

Potential molecular mechanism(s) for the biological effects
of PF4 described above were explored by examining the effect
of PF4 on expression of genes whose products have been
linked to cell growth and differentiation. The genes chosen for
analysis were p53, histone H3, c-myc, and c-myb. Histone H3
and p53 are known to be expressed in greater amounts in
proliferating as opposed to quiescent cells (40). Expression of
c-myc and c-myb have also been related to cell growth, and
maturation (56, 57). The human leukemia cell line HEL was
used as an indicator system for these studies as it is not cur-
rently possible to obtain sufficient numbers of enriched mega-
karyocyte progenitor cells to conduct this type of experiment.
HEL cells are known to express several phenotypic markers
characteristic of early megakaryocytes such as platelet glyco-
proteins and platelet-derived growth factor (PDGF) (58) and
were therefore used as a model for studying early megakaryo-
cyte proliferation and maturation related events.

As shown in Fig. 4, when HEL cells in log phase growth are
exposed to high concentrations of PF4, there was no apprecia-
ble change in expression of histone H3 at any of the times
tested when compared with time 0. Similarly, there is clearly
no downregulation of p53, and in fact the autoradiogram sug-
gests a slight induction in the level of p53 expression. These
results are concordant with the colony data described above
and again suggest that PF4 exerts minimal antiproliferative
effects on cells it contacts.

Expression levels of the protooncogenes c-myc and c-myb
in the presence or absence of PF4 are shown in Figs. 5 and 6.
Exposure of HEL cells in log phase growth to 50 ug/ml of
purified PF4 protein was associated with a clearly identifiable
increase in c-myc expression at both 2 and 12 h in comparison
to the time 0 control (Fig. 5). No change in expression of these
genes over 24 h was observed in HEL cells not exposed to PF4.
Exposure of HEL cells to the 100 ug/ml of long synthetic PF4
peptide was also found to effect protooncogene expression,
resulting in a two- to fourfold increase in c-myb expression at 2



A B C D  Figure4. Effect of PF4 on expres-
sion of p53 and histone H3 by
HEL cells. Northern blot analysis
of total cellular RNA extracted
from HEL cells unexposed to PF4
(control, lane A), or after incuba-
tion in suspension culture in the
presence of purified PF4 (50
ug/ml) for 2 (lane B), 12 (lane C),
or 24 h (lane D). Equal amounts
of RNA (~ 15 pg/lane) were size
fractionated in 1.2% agarose gel
containing 6.6% formaldehyde,
blotted to nitrocellulose as de-
scribed, and then hybridized to 32P-labeled DNA probes for p53 and
histone H3.

p53- &8

H3 - B & &

and 12 hours (Fig. 6). In contrast, 8,-microglobulin gene ex-
pression was unaffected at these same time points.

Discussion

We initially became interested in PF4 when Katz et al. re-
ported that platelet alpha granule releaseates could augment
the immune response of SJL mice to foreign antigens, and
reverse lymphoma or allogeneic T lymphocyte-induced im-
munosuppression (33, 34). The responsible factor was subse-
quently identified as PF4. Because several groups have re-
ported that helper T lymphocytes can augment megakaryocy-
topoiesis (59, 60) the addition of PF4 to our cultures might
have augmented colony formation. Alternatively, because our
own studies with T lymphocytes (and subsets) suggest that
non-activated cells have little impact on megakaryocytopoiesis
(12), we believed that no change in colony formation might
also be observed. Therefore, we were surprised that PF4 inhib-
ited megakaryocyte colony formation. Further experiments
suggested that the suppressive effect observed did not require
the cooperation of T lymphocytes (Table I), and was likely due
to a direct effect on cells of the megakaryocyte lineage (Fig. 1).
Because PF4 is synthesized by megakaryocytes, and binds to
platelets (and presumably megakaryocytes) in a reversible and
saturable manner (K; ~ 2.7 X 1078 M) (27), it fulfills all crite-
ria as a genuine autocrine regulator (61). In support of this
concept, PF4 does not bind to erythrocytes (31) and has no
effect on erythroid colony formation (Fig. 2). These results
contrast in an important way with the more general inhibition
of hematopoiesis reported to be caused by TGF-8 (18).

The possibility that residual impurities, or another con-
taminating platelet protein in the PF4 preparation might have
been responsible for the diminution in colony formation was

Figure 5. Effect of PF4 on c-myc
expression in HEL cells. Nitrocel-
lulose filter hybridized to produce
autoradiogram shown in Fig. 4
was extensively washed and then
rehybridized with 32P-labeled
DNA probe for human c-myc.
Lane A4, time 0; lane B, 2-h incu-
bation in PF4; lane C, 12-h incu-
bation in PF4; lane D, 24-h incu-
bation in PF4.

A B C D

c-myc-

c-myb-

B,-microglobulin-

Figure 6. Effect of synthetic PF4 long peptide on c-myb, and 8,-mi-
croglobulin expression in HEL cells. HEL cells were incubated in
100 ug/ml of long PF4 peptide, and total cellular RNA extracted
after 0-, 2-, and 12-h exposures to PF4. Equal amounts of RNA

(~ 15 ug lane) were size fractionated in 1.2% agarose gel containing
6.6% formaldehyde, blotted to nitrocellulose as described, and then
hybridized to 3*P-labeled DNA probes for c-myb and 8,-microglobu-
lin. Lane A, time 0; lane B, 2-h incubation in PF4; lane C, 12-h incu-
bation in PF4.

explored by testing two synthetic COOH-terminal PF4 pep-
tides in an identical bioassay. A short peptide consisting of the
last thirteen amino acids of the carboxy terminus appeared to
have less consistent colony inhibitory activity than a long pep-
tide consisting of the last 24 amino acids of this region (Table
II). The latter significantly (P < 0.05) inhibited colony forma-
tion in all four experiments performed. The degree of inhibi-
tion varied but was always > 50% with a mean (+SD) of
69+14%.

To understand why colony inhibition varied with the PF4
preparation used, we deduced the predicted structure of the
PF4 peptides used. A Chou and Fasman type analysis was used
(62), with the constraint that the total number of residues in
each configuration agree with the totals deduced from the ob-
served circular dichroism spectra (63). Comparison of the syn-
thetic peptides’ sequences suggests that the long peptide may
contain two g pleated sheets, whereas the short peptide con-
tains only one stretch of 8 pleated sheet. The long peptide also
contains a cysteine residue at position 52 that could allow for
the formation of dimers, whereas the absence of this residue in
the short peptide suggests that if may exist in monomeric form
only. Recent nuclear magnetic resonance data from our labo-
ratory also suggest that the long peptide and the native protein
share some helical structure in the COOH-terminal domain
(64). Finally, when native PF4, and the long and short peptides
are adsorbed onto a heparin-agarose column, they are eluted
with 1.2, 0.5, and 0.2 M NaCl concentrations, respectively,
thereby demonstrating differential heparin binding avidity.
These differences may at least partially explain why the shorter
peptide had less detectable colony inhibitory activity. Regard-
less, these data suggest that the inhibitory effect may be locali-
zable to the carboxy-terminal domain of PF4. Whether other
portions of the molecule have similar or greater activity re-
mains to be determined. They also suggest that biologic effects
discerned are not due to the strong positive charge of the PF4
molecule. If charge alone were responsible for the effects ob-
served, then one would have seen greater inhibition with the
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synthetic peptides, as they bear much greater charge than the
purified native protein.

We then performed several types of analysis designed to
determine potential mechanisms for the colony inhibitory ef-
fect. First, if one considers potential mechanisms of action of
this protein, inhibition might be effected by suppressing pro-
genitor cell proliferation, and/or by imposing a block in the
maturation of either late progenitor, or early megakaryocyte
precursor cells. Analysis of a total of three hundred colonies
grown in the presence or absence of PF4 revealed a modest
(~ 33%), though statistically significant decline in the total
number of cells/colony in the presence of PF4 (Table III). This
result suggested that PF4 had only minor effects on cells in the
proliferative compartment. This interpretation was supported
by the finding that, regardless of culture conditions, the num-
bers of small, immature cells per colony did not appear to
differ in a meaningful way (Table III). Because these small cells
either include, or are the immediate progeny of, cells in the
proliferative compartment, one would have expected differ-
ences in their number had PF4 exerted an effect at this level.
Further, when we compared the numbers of large, mature cells
per colony, PF4 containing plates had an easily discerned de-
crease (~ 60%, P < 0.001) in these cells when compared with
controls. Finally, if PF4 acted significantly on proliferating
cells we would have expected an even greater decrease in col-
ony numbers when IL 3 and GM-CSF were added to the cul-
tures, a finding which was not observed (Fig. 1 B). In aggregate,
these data led to the hypothesis that PF4 exerted much more
profound effects on megakaryocyte maturation than on pro-
genitor cell proliferation, though we cannot exclude effects on
an as yet identified subpopulation of megakaryocyte progeni-
tor cells. Because the numbers of small cells in colonies is
unaffected, whereas the number of mature large cells per col-
ony is significantly diminished, these data suggest that a cell
transitional between these types is the likely target of the PF4
inhibitory effect.

Several experimental strategies were then employed to cor-
roborate the conclusions drawn from the cell culture experi-
ments. First, we used the human erythroleukemia cell line
HEL as a model system for testing the antiproliferative effects
of PF4 on a primitive, highly proliferative cell with megakary-
ocytic properties. As noted in Results (Fig. 4), exposure to PF4
did not appear to effect the expression of the cell cycle-depen-
dent genes p53 or histone H3 as determined by Northern anal-
ysis. In addition, the doubling time of the HEL cells was not
effected by adding PF4 to the culture medium (data not
shown). In contrast, by using the technique of in situ hybrid-
ization we were able to demonstrate that mRNA levels of the
maturation related FV gene could be downregulated by expo-
sure to synthetic COOH-terminal long PF4 peptide at concen-
trations as low as 100 ng/ml. Both trypan blue exclusion,
maintenance of the short-lived c-myc message in treated cells,
and failure to achieve a similar result with a 8-TG synthetic
peptide all strongly suggested that this effect was not due to
PF4-induced cell toxicity.

In hematopoietic cells, control of cell proliferation and
maturation are often linked to the expression of the growth-
regulated genes c-myc and c-myb. A large number of investi-
gations have demonstrated that as these cells differentiate the
levels of expression of both genes decline (65-67). In addition,
Coppola and Cole (68), Dmitrovsky et al. (69), and Prochow-
nik and Kukowska (70), have demonstrated that transfection
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of mouse erythroleukemia cells with plasmid constructs con-
taining highly expressible c-myc inserts leads to overexpression
of the exogenous c-myc and an inability of these cells to un-
dergo erythroid differentiation in response to DMSO. Simi-
larly, Beug et al. (71) and Ness et al. (72) have suggested that
overexpression of v-myb may not only inhibit differentiation
but in the appropriate system, cause reversion to a less mature
phenotype (71). Therefore, our finding that PF4 induces ex-
pression of both c-myc and c-myb in HEL cells allows us to
cautiously suggest that this may be the mechanism whereby
PF4 inhibits maturation of human megakaryocytes.

Recently, Mitjavila et al. (19) also reported that PF4 can
exert some inhibition on in vitro megakaryocytopoiesis,
though higher PF4 concentrations than we used were required.
These data, in conjunction with our own, strongly suggest that
PF4 can modulate human megakaryocytopoiesis in vitro. Al-
though it must be stated clearly that the physiologic relevance
of our findings remain undetermined, several considerations
lead us to postulate that the findings reported may be of bio-
logical import. First, it is known that platelet (megakaryocyte)
concentrations of PF4 are extraordinarily high in relationship
to plasma (PF4 platelet plasma distribution index value
> 20,000 [25]), and that microgram concentrations of PF4 are
achievable in serum (73). High PF4 concentrations resulting
from platelet release and/or megakaryocyte degeneration
might be achievable then in the marrow sinusoids that do not
freely communicate with plasma. Second, platelets may not
internalize or shed surface PF4-receptor complexes (32). This
circumstance might provide a mechanism for concentrating
sufficient PF4 on the cell surface to exert the putative biologi-
cal effect. Alternatively, internally synthesized PF4 might
stimulate an intracellular portion of the PF4 receptor in a
manner similar to that described for PDGF and its receptor
(74). Finally, FV mRNA levels are decreased by nanogram
range doses of material. Accordingly, we hypothesize that PF4
may function as a negative autocrine regulator of human
megakaryocytopoiesis. In this regard, it is again of interest that
we observed less colony inhibition in cultures containing exog-
enously added growth factors than in those designed to emu-
late basal marrow growth conditions. This observation could
have physiological relevance in that it suggests a potential
mechanism for overriding PF4-induced inhibition. Such a
phenomenon would be of great importance in situations were
ongoing platelet destruction (and release of PF4) would nec-
essarily require compensatory increases in platelet production.
Alternatively, because it is known that prolonged exposure to a
ligand can lead to downmodulation of receptor (75) escape
from PF4 mediated inhibition might also occur in this manner
in the in vivo situation just referred to. All these considerations
lead us to further hypothesize that PF4 mediated inhibition
may be of greater physiologic significance under homeostatic
conditions. Studies aimed at providing more definitive proof
of these postulates are presently ongoing in our laboratory.
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