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Summary: Thrombomodulin (TM) antigen and its cofactor activity for thrombin-dependent
protein C activation were not detected in the untreated HL-60 human promyelocytic cell line,
but appeared in cells cultured with 1e,25-dihydroxyvitamin D3 (1a,25(0OH);D3: 10 - 1,000
nM) or phorbol 12-myristate 13-acetate (PMA: 0.1 - 10 nM) accompanied by an increase in TM
mRNA levels. The induction of TM increased in parallel with the appearances of both
nonspecific esterase activity, a typical marker of monocyte/macrophage lineages, and
phagocytic activity. The TM antigen level induced in 1a,25(0OH);D3-treated cells was 8 times
higher than that in PMA-treated cells. Trace amounts of TM antigen were induced in
neutrophilic cells differentiated from HL-60 by treatment with retinoic acid. These results
indicated that different levels of TM were induced in monocytic, macrophagic and neutrophilic
cells differentiated from HL-60 cells.  © 1993 acadenic press, Inc.

Thrombomodulin (TM), a high affinity thrombin receptor, was first demonstrated on the
surface of vascular endothelial cells (1,2). TM inhibits the procoagulant properties of thrombin
by its complex formation with thrombin, and the resulting TM-thrombin complex in turn
functions as an anticoagulant through activation of protein C (1,2). Expression of TM on the
surface of endothelial cells is increased by exposure of the cells to dibutyryl cAMP (3,4) or
retinoic acid (5,6), and is decreased by exposure to tumor necrosis factor-a (6-8) or
interleukin-18 (4). TM antigen is not only present in endothelial cells, but also found in
platelets, a megakaryoblastic cell line, and circulating monocytes and neutrophils (9-12).

It was reported that fetomodulin (FM), identified as mouse TM by gene cloning and
functional assay, appeared in parietal endoderm cells when mouse teratocarcinoma F9 stem
cells were differentiated into parietal endoderm cells by treatment with retinoic acid and cAMP
(13). Imada et al. (14) also found that FM was localized not only in the vasculature, but also in
tissues that were not directly exposed to body fluids in the mouse embryo, and they postulated

the protein to be a multifunctional protein in embryonic development.
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Abbreviations: TM, thrombomodulin; 1a,25(0OH);D3, la,25-dihydroxy-vitamin D3; PMA,
phorbol 12-myristate 13-acetate; NBT, nitro blue tetrazolium; RT-PCR, reverse transcription
polymerase chain reaction; HUVEC, human umbilical vein endothelial cells.
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The HL-60 cell line was established using the peripheral blood leukocyte of an adult human
female with acute promyelocytic leukemia (15). HL-60 cells can be differentiated into
monocytic, macrophagic, or neutrophilic cells by culture of the cells with 1e,25-
dihydroxyvitamin D3 (10,25(OH)2D3), phorbol 12-myristate 13-acetate (PMA) or all-trans
retinoic acid, respectively (16). Since any the relationship between TM induction and
differentiation of human cells remains largely unknown, TM induction during differentiation of
HL-60 cells was investigated in the present study.

MATERIALS AND METHODS

Materials; 10.25-dihydroxyvitamin D3 (1a,25(OH)2D3), phorbol 12-myristate 13-acetate
(PMA) and other reagents were purchased from Wako Pure Chemical Industries, Osaka,
Japan, unless otherwise indicated. RPMI 1640 medium, Dulbecco's modification of Eagle's
medium (D'MEM) and fetal calf serum (FCS) were obtained from Flow Laboratories, Irvine,
Scotland, U.K. All-trans retinoic acid (retinoic acid) and yeast particles (Saccharomyces
cerevisiae) were purchased from Sigma, St. Louis, MO. Esterase stain kit was purchased from
Muto Pure Chemicals Co. Ltd., Tokyo, Japan.

Cell culture; The human promyelocytic leukemia cell line HL-60 was kindly donated by Dr.
D. Mizuno (Biotechnology Research Center, Teikyo University, Kanagawa, Japan). Cells
were grown in RPMI 1640 medium supplemented with 10 % heat-inactivated FCS, 10 mM
HEPES, 72 U/ml penicillin and 50 pug/ml streptomycin at 37°C in a humidified atmosphere of 5
% COs. For the induction of differentiation in HL-60 cells, the cells were seeded at initial
concentration of 2 x 105 or 5 x 103 cells/ml and incubated with various concentrations of
10,25(0H);D3 or retinoic acid or PMA, respectively. After each incubation period, cell
viability was determined by trypan blue exclusion (17). In all cases, trypan blue exclusion
indicated that >90% of cells remained viable. Human umbilical vein endothelial cells (HUVEC)
were harvested according to the method of Jaffe et al. (18) and cultured in D'MEM
supplemented with 20% heat-inactivated FCS, 72 U/ml penicillin and 50 pg/ml streptomycin at
37°C in a humidified atmosphere of 5 % COj. Passages of the HUVEC were performed by the
method previously described (6), and cells were used for the present experiments within three
passages.

Assay of differentiation markers in cells; Phagocytic activity was measured by phagocytosed
yeast particles which were heat-killed and opsonized with fresh human serum as described by
Nojiri et al. (19). Nonspecific esterase activity was determined in cytocentrifuged preparations
using an esterase stain kit with o-naphthy! butyrate as substrate (20). Nitro blue tetrazolium
(NBT) reduction was assayed as reported previously (21). The percentage of nonspecific
esterase activity, phagocytosing cells, and NBT reduction positive cells were determined by
counting at least 200 cells. Adherent cells were recovered by scraping with rubber policeman
after removing nonadherent cells,

Assay for TM antigen levels and the cofactor activity; After incubation of HL-60 cells with
1a,25(0OH);D3, PMA, or retinoic acid, the cells were washed 3 times with Hanks’ balanced
salt solution (pH 7.4), and TM was extracted from the cells with 50 mM Tris-HCI (pH 7.4)
containing 0.15 M NaCl, 0.5 % Triton X-100, and 1 mM benzamidine hydrochioride for 1 hr
at 4°C. The TM antigen levels were measured by enzyme immunoassay using monoclonal
antibodies (TMmADb 2, 11 and 20) as previously described (22). TM cofactor activity for
thrombin-dependent protein C activation was measured by the method described previously
23).

Determination of TM mRNA levels by reverse transcription polymerase chain reaction (RT-
PCR); Total RNA was prepared by the guanidium thiocyanate method (24) from HL-60 cells
(107 cells) treated with or without 1¢,25(OH)>D3, PMA, or retinoic acid. Reverse transcription
and PCR were performed by the method previously described (6). The PCR product count
from TM cDNA was normalized to that from the B-actin cDNA. When PCR samples were
prepared without transcriptase in the reverse transcription reaction mixture, no radioactive
products were obtained with this PCR procedure.
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RESULTS

Differentiation of HL-60 cells into monocytic, macrophagic and neutrophilic cells and TM
induction

The differentiation of HL-60 cells cultured with 1a,25(OH)2D3 or PMA into monocytic or
macrophagic cells was confirmed by the appearance of nonspecific esterase, phagocytic, and
NBT reduction activity and cellular adhesiveness (Fig. 1 and 2). In the 10,25(OH)>D3-treated
HL-60 cells, all of these activities were markedly induced in a dose- and time-dependent
manner, whereas the adhesive property was only slightly induced (Fig. 1). The appearance of
nonspecific esterase activity (a marker of monocytes and macrophages) was observed in 70 %
of the cells cultured with 1 uM 1a,25(OH),D3 for 6 days, indicating that about 70% of HL-60
cells were differentiated into monocytic cells during the treatment (Fig. 1). In the PMA-treated
HL-60 cells, the nonspecific esterase and phagocytic activities were also induced in a dose- and
time-dependent manner, but no induction of NBT reduction was observed (Fig. 2). Adherent
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Fig.1. Differentiation of HL-60 cells into monocytic cells and TM induction by treatment of the
cells with 1¢,25(0OH);D3. HL-60 cells were cultured with 1uM 10,25(0OH);D3 for various
periods (A,C) or various concentrations of 1a,25(OH)2D3 for 6 days (B,D). After each
incubation period, phagocytic, nonspecific esterase, and NBT reduction activities and adhesive
property were determined as differentiation markers. TM antigen levels were measured by the
methods described in Materials and Methods. Results are shown as mean + S.D. of 4 different
experiments,
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Fig.2. Differentiation of HL-60 cells into macrophagic cells and TM induction by treatment of
the cells with PMA. HL-60 cells were cultured with 10 nM PMA for various periods (A,C) or
various concentrations of PMA for 2 days (B,D). After each incubation period, phagocytic,
nonspecific esterase, and NBT reduction activities and adhesive property were determined as
differentiation markers. TM antigen levels were measured by the methods described in
Materials and Methods. Results are shown as mean + S.D. of 4 different experiments.

cells and nonspecific esterase positive cells were observed at 60 % and 55 %, respectively, of
the total cells cultured with 10 nM PMA for 48 hrs, indicating that about 55 - 60 % of the HL-
60 cells differentiated into macrophagic cells (Fig. 2).

TM antigen was not detected in untreated HL-60 cells as measured by enzyme
immunoassay, but appeared in paralle]l with the appearance of nonspecific esterase and
phagocytic activity in HL-60 cells cultured with 1a,25(OH);D3 or PMA (Fig. 1 and 2). The
antigen levels were 98.1 + 252 ng and 12.1 £+ 1.8 ng/100 cells in the cells cultured with 1 uM
12,25(0H);D3 for 6 days and 10 nM PMA for 2 days, respectively (Fig. 1 and 2), as
compared with 285 + 45 ng/109 cells in cultured human umbilical vein endothelial cells
(HUVEQ). In contrast, when about 80 % of HL-60 cells were differentiated into neutrophilic
cells by treatment of the cells with 10 uM retinoic acid for 4 days, only a trace amount of TM
antigen (< 1.0 ng/106 cells) was detected in the cells (data not shown). The differentiation into
neutrophilic cells was confirmed by the appearances of cells with phagocytic (80 %) and NBT
reduction (85 %) activity and no appearances of nonspecific esterase or increased adhesive

property.
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The cofactor activity of TM for thrombin-dependent protein C activation was measured in
cell lysates after culture with 1 uM 10,25(0OH);D3 for 6 days, 10 nM PMA for 2 days, or 10
KM retinoic acid for 4 days (Table 1). Cofactor activity was not detected in untreated HL-60
cells nor in cells cultured with retinoic acid. The total cofactor activity in the cell lysates was
0.44 and 0.08 pmol of protein C activated/min/10° cells in 1a,25(OH);D3- and PMA-treated
cells, respectively, as compared with 0.96 pmol/min/10¢ cells in HUVEC.

TM mRNA levels in monocytic, macrophagic and neutrophilic cells

Total RNA was extracted from HL-60 cells cultured with 1 uM 1a,25(OH)2D;3 for 6 days,
10 nM PMA for 2 days, or 10 uM retinoic acid for 4 days and TM mRNA levels in these cells
were measured using the RT-PCR method (Fig. 3). Marked increases in TM mRNA were
observed in the 1a,25(0OH)2D3- or PMA-treated cells, whereas it was very low in untreated
HL-60 cells or the retinoic acid-treated cells. The mRNA level in 1a,25(OH);Ds-treated cells
was higher than that in PMA-treated cells.

DISCUSSION

It is widely accepted that HL-60 cells differentiate into monocytic, macrophagic, or
neutrophilic cells by culture of the cells with 1«,25(0OH)2D3, PMA, or retinoic acid,
respectively. The differentiation of the cells was confirmed by the characteristic appearance of
nonspecific esterase, phagocytic, and NBT reduction activities and adhesive property, and a
similar extent of differentiation into the monocytic, macrophagic or neutrophilic cells was
obtained by treatment of the cells with 1 uM 1,25(OH)2D3 for 6 days. 10 nM PMA for 2
days, or 10 uM retinoic acid for 4 days. The present studies demonstrated that TM with
cofactor activity for thrombin-dependent protein C activation appeared in 1a,25(0OH);D3- or
PMA-treated HL-60 cells, whereas neither TM antigen nor cofactor activity were observed in

Table 1. TM cofactor activity in endothelial cells and monocytic,
macrophagic, or neutrophilic cells differentiated from HL-60 cells

Cells TM cofactor activity
(pmol of protein C activated/min/106 cells)

HL-60 cells

untreated N.D.

1a,25(0H);D3 0.44 + 0.12

PMA 0.08 + 0.05

retinoic acid N.D.
HUVEC 0.96 £ 0.11

HL-60 cells were cultured with or without 1 uM 1¢,25(OH);D3 for
6 days, 10 nM PMA for 2 days, or 10 1M retinoic acid for 4 days.
TM was extracted from the HL-60 cells or human umbilical vein
endothelial cells (HUVEC) and the cofactor activities were
measured as described in Materials and Methods. N.D., not
detectable. Results are shown as mean + S.D. of 4 different
experiments
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Fig.3. TM mRNA levels in HL-60 cells treated with 1a,25(OH);D3, PMA, or retinoic acid.
Total RNA was prepared from untreated HL-60 cells (lane 1) or HL-60 cells treated with 1uM
10,25(OH)2D3 for 6 days (lane 2), 10 nM PMA for 2 days (lane 3), or 10 uM retinoic acid for
4 days (lane 4), and then reverse transcription and PCR were performed. Results shown are
representative of 3 different experiments.

untreated HL-60 cells. The appearance of TM in the cells treated with [o,25(OH)2D3 or PMA
increased in paralle! with the extent of differentiation into monocytic or macrophagic cells as
monitored by nonspecific esterase and phagocytic activities. It is highly probable that TM
biosynthesis was initiated in these cells, because increases in TM mRNA levels were also
observed in both cell systems. However, the levels of TM antigen and cofactor activity were
different between the differentiated monocytic and macrophagic cells. McCachren et al. (11)
recently reported that immunohistochemical staining of TM in circulating monocytes was
convincingly more intense than that for macrophages lining synovial tissue. Therefore, the
different levels of TM expression during differentiation of HL-60 cell may reflect a different
TM content between circulating monocytes and macrophages.

We reported that TM antigen and its cofactor activity in HUVEC were markedly
increased with an accompanying increase in TM mRNA by treatment of the cells with 10 uM
retinoic acid (5,6). When HL-60 cells were differentiated into neutrophilic cells by treatment
with same concentration of retinoic acid, trace amounts of TM antigen were observed, but
without detectable cofactor activity. Conway et al. (12) reported that human circulating
neutrophils contain TM antigen which does not possess TM cofactor activity. However,
treatment of HUVEC with | pM 1¢,25(0OH);D3 did not affect on the TM content of these cells
(data not shown), whereas treatment of HL-60 cells with the same concentration of compound
markedly increased TM biosynthesis accompanying increase in the mRNA (Fig. 1 and 3).
These findings imply that TM expression in blood cells including monocytes, macrophages,
and neutrophils is regulated by mechanisms different from HUVEC and the mechanism of
regulation may be different in each cell species.

The present paper is the first to demonstrate TM induction in human cell differentiation.
Different levels of TM induction in the differentiation of HL-60 cells could provide significant
information to investigate the regulation mechanisms for induction and function of TM.

ACKNOWLEDGMENTS

This work was supported in part by grants from the Ryoichi Naito Foundation for Medical
Research and the Sasagawa Scientific Research Grant from The Japan Science Society.

180



Vol. 193, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

W =

Nole N No WU JN N

REFERENCES

Esmon, C.T. (1989) J. Biol. Chem. 264, 4743-4746.

Dittman, W.A., and Majerus, P.W. (1990) Blood 75, 329-336.

Ishii, H., Kizaki, K., Uchiyama, H., Horie, S., and Kazama, M. (1990) Thromb. Res.
59, 841-850.

Hirokawa, K., and Aoki, N. (1991) J. Cell. Physiol. /47, 157-165.

Horie, S., Kizaki, K., Ishii, H., and Kazama, M. (1992) Biochem. J. 28/, 149-154.
Ishii, H., Horie, S., Kizaki, K., and Kazama, M. (1992) Blood 80, 2556-2562.
Conway, E.M., and Rosenberg, R.D. (1988) Mol. Cell. Biol. &, 5588-5592.

Lentz, S.R., and Tsiang, M., and Sadler, J.E. (1991) Blood 77, 542-550.

Suzuki, K., Nishioka, J., Hayashi, T., and Kosaka, Y. (1988) J. Biochem. (Tokyo)
104, 628-632.

Ogura, M., Ito, T., Maruyama, 1., Takamatsu, J., Yamamoto, S., Ogawa, K., Nagura,
H., and Saito, H. (1990) Thromb. Haemost. 64, 297-301.

McCachren, S.S., Diggs, J., Weinberg, J.B., and Dittman, W.A. (1991) Blood 78,
3128-3132.

Conway, E.M., Nowakowski, B., and Steiner-Mosonyi, M. (1992) Blood 80, 1254-
1263,

Imada, S., Yamaguchi, H., Nagumo, M., Katayanagi, S., Iwasaki, H., and Imada, M.
(1990) Dev. Biol. /40, 113-122.

Imada, M., Imada, S., Iwasaki, H., Kume, A., Yamaguchi, H., and Moore, E.E. (1987)
Dev. Biol. 122, 483-491.

Collins, S.J., Gallo, R.C., and Gallagher, R.E. (1977) Nature (London) 274, 347-349.
Collins, S.1. (1987) Blood 70, 1233-1244.

Patterson, Jr., M.K. (1979) Methods in Enzymology (S.P. Colowick and N.O. Kaplan,
Eds.), Vol. 58, pp. 141-152. Academic Press, New York.

Jaffe, E.A., Nachman, R.L., Becker, C.G., and Minick, C.R. (1973) J. Clin. Invest. 52,
2745-2756.

Nojiri, H., Takaku, F., Terui, Y., Miura, Y., and Saito, M. (1986) Proc. Natl. Acad.
Sci. U.S.A. &3, 782-786.

Li, C.Y.. Lam, K.W_, and Yam, L.T. (1973) J. Histochem. Cytochem. 2/, 1-12.
Breitman, T.R., Selonick. S.E., and Collins, S.J. (1980) Proc. Natl. Acad. Sci. U.S.A.
77, 2936-2940.

Ishii, H., Nakano, M., Tsubouchi, J., Ishikawa, T., Uchiyama, H., Hiraishi, S.,
Tahara, C., Miyajima, Y., and Kazama, M. (1990) Thromb. Haemost. 63, 157-162.
Tsiang, M., Lentz, S.R., Dittman, W.A., Wen, D., Scarpati, E.M., and Sadler, J.E.
(1990) Biochemistry 29, 10602-10612.

Chomczynski, P., and Sacchi, N. (1987) Anal. Biochem. /62, 156-159.

181



