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SUMMARY

A 93-kDa tyrosine protein kinase (p93) identified previously as
the gene product of the c-fes proto-oncogene, is highly ex-
pressed in HL-60 leukemia cells induced to differentiate to the
granulocyte or monocyte phenotype. We have now studied the
relationship of p93 to the differentiation process by using a
dimethyl sulfoxide (DMSO)-resistant subline of HL-60 cells (HL-
60/DMSO) or the parental cell line treated with peptide or protein
substrates of p93. Treatment of HL-60/DMSO cells with DMSO
induced neither differentiation nor the expression of p93; how-
ever, cotreatment with IFN-a and DMSO resulted in partial

differentiation and the concomitant induction of p93 activity.
Treatment of wild-type HL-60 cells by the coaddition of the p93
substrates poly(Glu, Tyr),.,, poly(Glu,Tyr)s.1, poly(Glu,Ala, Tyre.s.1,
angiotensin Il or vasoactive intestinal peptide with DMSO or IFN-
 partially blocked differentiation and concurrently diminished the
induction of p93 activity. The inhibitory concentrations of the p93
substrates were related to their K., values. These results indicate
that there is an obligatory association between the expression
of p93 and granulocyte/monocyte differentiation in this cell line.

Promyelocytic leukemia cell line HL-60 can undergo mor-
phologic changes in response to various differentiating agents
which result in a phenotype with the characteristics of mono-
cytes/macrophages or myelocytes/neutrophils (1). Although
the events initiating such a process are not known, we have
recently purified a 93-kDa tyrosine protein kinase which ap-
pears to be the c-fes gene product (2), and which is highly
expressed in differentiated HL-60 cells (3-5). Approximately
one-half of the known proto-oncogene products possess tyro-
sine protein kinase activity (6, 7). These activities have been
found to be associated with the membrane receptors for epider-
mal growth factor (8), platelet-derived growth factor (9), insulin
and insulin-like growth factor (10), and M-CSF (11-13). In the
latter instance, the tyrosine protein kinase is the gene product
of the c-fms proto-oncogene. Other proto-oncogene tyrosine
protein kinases such as p60°~ (14, 15) and the related hck (16)
are also elevated following differentiation of HL-60 cells, and
generalized increases in uncharacterized tyrosine protein ki-
nase activities have been reported to be associated with the
differentiation of HL-60 cells (17-19) as well as murine mye-
lomonocytic cell line WEHI-3B (18). Thus, tyrosine protein

kinase activity is a functional parameter between many growth
and differentiating factors and the process of differentiation.

The purpose of the present study was to further explore the
relationship of p93 to hematopoietic cell differentiation by
using a variant of the promyelocytic leukemia cell line HL-60
that was resistant to DMSO (20). In addition, we also examined
the use of peptide or protein substrates of p93 for their ability
to block the differentiation of HL-60 cells and the induction of
p93 activity.

Experimental Procedures

Materials. [7-*’P]JATP (619 Ci/mmol) was obtained from ICN
Radiochemicals (Irvine, CA). Tyrosine-agarose, a-napthyl butyrate,
NBT, poly(Glu,Tyr),.1, poly(Glu,Tyr).,, poly(Glu,Ala,Tyr)es, and an-
giotensin II were purchased from Sigma Chemical Co. (St. Louis, MO).
DMSO was obtained from Fisher Scientific (Silver Spring, MD), IFN-
7 (10° units/mg) was purchased from Cellular Products (Buffalo, NY).
Recombinant IFN-a was kindly supplied by Hoffmann-La Roche
(Nutley, NJ). Rabbit anti-sheep red blood cell antibodies were obtained
from Cooper Biomedical (Malvern, PA).

Tissue culture. HL-60 cells were obtained from the American Type

ABBREVIATIONS: M-CSF, macrophage colony-stimulating factor; DMSO, dimethyl sulfoxide; NBT, nitroblue tetrazolium; IFN-7, immune interferon;
IFN-a, recombinant leukocyte interferon species A; PMSF, phenylmethylsulfonyl fluoride; VIP, vasoactive intestinal peptide; EGTA, ethylene glycol
bis-(8-aminoethy! ether}-N,N,N’,N’-tetraacetic acid; SDS, sodium dodecy! sulfate; poly(Glu,Tyr)..., poly(glutamic acid, tyrosine)..,; poly(Giu,Tyr)s.,
poly(glutamic acid, tyrosine)...; poly(Glu,Ala,Tyr)e.a., poly(glutamic acid, alanine, tyrosine)s....; PAGE, polyacrylamide gel electrophoresis; GM-CSF,

granulocyte/macrophage colony stimulating factor.
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Culture Collection (Rockville, MD). Cells were grown in RPMI 1640
medium supplemented with 10% heat-inactivated fetal calf serum, 40
mM Hepes (pH 7.4), and gentamicin (50 ug/ml) at 37° under an
atmosphere containing 5% CO,. HL-60/DMSO cells were maintained
in medium containing 0.8% DMSO. Cell inocula were 1.5 X 107 cells/
30 ml of medium in 75-cm? flasks, or 5 X 107 cells/100 ml of medium
in 175-cm? flasks. Cell number was determined with a model ZM
Coulter counter. Cells were treated with either 1.25% (v/v) DMSO
and/or varying concentrations of IFN-a or 1000 units/ml of IFN-7 for
4 days to induce granulocytic or monocytic differentiation, respectively.
Differentiation was measured by the reduction of NBT to formazan
(21), the expression of Fc receptors (22), or the phagocytosis of sheep
erythrocytes (22).

Cell extracts. DMSO-treated cells were harvested by centrifugation
and washed twice with Hanks’ balanced salts solution containing 20
mM EDTA without Mg?* and Ca®*. The cell pellet was suspended in
0.5 ml of buffer containing 50 mM Tris-HCI (pH 7.5)/1 mM PMSF/2
mM EGTA/10 mM dithiothreitol/5 ug/ml aprotinin/0.1% Triton X-
100, sonicated for 5 sec at 4°, and centrifuged for 5 min at 15,000 X g
at 4°. The supernatant was removed and the pellet was reextracted
with the same buffer containing 1% Triton X-100. Protein concentra-
tions were determined using the Bio-Rad (Richmond, CA) protein
reagent with bovine serum albumin as the standard.

Tyrosine protein kinase assays. One per cent Triton X-100
extracts containing 25 ug of protein were dissolved in sample buffer
containing 63 mMTris-HCI (pH 6.8)/5 mM dithiothreitol/10% glycerol/
0.01% bromphenol blue. Nondenaturing polyacrylamide gel analysis of
p93 activity was carried out as described previously (23). Activity was
quantitated by cutting out the p93 band located by autoradiography of
the dried gel and determining its radioactivity by liquid scintillation
counting. Autophosphorylated p93 was characterized in 10% gels by
SDS-PAGE (2).

Preparation of antiphosphotyrosine antibodies. Antiphospho-
tyrosine serum was raised in rabbits as described previously (2).

Partial purification of p93 tyrosine protein kinase. DMSO-
and/or IFN-a-treated HL-60 and HL-60/DMSO cells were harvested
by centrifugation and extracted with 0.1% and 1% Triton X-100
extraction buffer. One per cent extracts were applied to a tyrosine-
agarose column and the eluate was concentrated in a Centricon 30
microconcentrator (Amicon, Danvers, MA). The sample was then
incubated for 30 min at 4° with 20 mM Hepes (pH 7.4)/5 mM MgCl,/5
mM MnCl;/50 uM ATP. The autophosphorylated enzyme was then
applied to an ultra-affinity high-pressure liquid chromatography col-
umn (Beckman Instruments, Fullerton, CA) coupled with antiphos-
photyrosine IgG as described previously (2). Fractions containing ac-
tivity were pooled and concentrated using a Centricon 30 microconcen-
trator, and the autophosphorylation of p93 was measured as described
above.

Results

Induction of differentiation and p93 activity in HL-
60 and HL-60/DMSO cells. The differentiation of HL-60
and HL-60/DMSO cells was assessed by their capacity to
reduce NBT, express Fc receptors, and phagocytize erythro-
cytes (Table 1). Following treatment of wild-type HL-60 cells
for 4 days with 1.25% DMSO, 77% of the cells were NBT
positive, 68% expressed Fc receptors, and 42% were able to
phagocytize sheep erythrocytes. In contrast, none of the
DMSO-resistant cells were differentiated on the basis of these
three criteria. Treatment of either HL-60 or HL-60/DMSO
cells with IFN-« alone produced little or no effect on differen-
tiation; however, the combination of DMSO and IFN-« induced
a partial response in the DMSO-resistant cell line but did not
further enhance the effect of DMSO in the parental cell line.
Treatment of HL-60/DMSO cells with DMSO and 1000 units/
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ml IFN-« induced a response that was 47, 43, and 36% of the
response of wild-type cells to the same treatment based on
NBT positivity, Fc receptor number, and erythrophagocytosis,
respectively.

To ascertain whether the expression of p93 activity was
related to differentiation, nondenaturing gel assays of tyrosine
protein kinase activity in cell extracts (Fig. 1) and the assess-

TABLE 1

Effect of DMSO and IFN-« on differentiation of HL-60 and HL-60/
DMSO cells*

Treatment % Viabiity % NBT* celils  Fcreceptors  Phagocytosis
HL-60 cells
Control 92+5 4+1 8+2 15x05
DMSO, 1.25% 88+8 779 68+6 42+2
IFN-a
500 units/ml 894 6+1 - -
1000 units/mi 86+6 10x2 - -
2000 units/ml 73+6 13x5 - -
DMSO + IFN-a, 87+2 837 705 45+3
1000 units/mi
HL-60/DMSO cells
Control 90 + 3 5§+02 10+2 15x05
DMSO, 1.25% 85+6 3+2 9+1 1.0x05
IFN-a
500 units/ml 89+7 10x2 - -
1000 units/ml 83+4 8+1 152 35%15
2000 units/mli 69 + 6 7+1 - -
DMSO + IFN-a, 83+8 26+4 - -
500 units/ml
DMSO + IFN-a, 81+2 39+6 303 16+3
1000 units/ml
DMSO + IFN-a, 56 +8 58%5 - -
2000 units/mi

® Each value is the mean + standard deviation of three to six experiments.
® ., not determined.
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Fig. 1. p93 Tyrosine protein kinase activity in HL-60 and DMSO-resistant
HL-60 cells after treatment with DMSO and/or IFN-a. Cells were treated
and tyrosine protein kinase activity was measured in nondenaturing gels
as described under Experimental Procedures. The radioactivity (net dpm)
present in the respective lanes, DMSO and DMSO + IFN-a, was 2800
and 2200 for HL-60 cells, and 150 and 1100 for HL-60/DMSO cells. The
other lanes were at background level (100 dpm).
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ment of autophosphorylation in partially purified preparations
of p93 were performed (Fig. 2). DMSO induced p93 activity in
the differentiated HL-60 cells, but barely detectable levels of
p93 could be measured in similarly treated HL-60/DMSO cells
(Fig. 1). When HL-60/DMSO cells were induced to differen-
tiate by cotreatment with IFN-a« and DMSO, p93 activity
appeared in proportion to their differentiative response (Fig.
1). The autophosphorylation of partially purified p93 also cor-
related with the percentage of differentiated cells in both cell
lines (Fig. 2).

Inhibition of differentiation by p93 substrates. Pre-
vious studies examining the substrate specificity of p93 isolated
from DMSO-differentiated HL-60 cells indicated that selective
peptides and synthetic heteropolymers such as VIP and
poly(Glu,Tyr),., were effective substrates but possessed mark-
edly different K,, values (2). To see whether the addition of
these substrates to the medium could modulate the response of
HL-60 cells to the monocytic or granulocytic differentiating
agents, IFN-7 or DMSO, respectively, cells were cotreated with
IFN-7 and three synthetic heteropolymers or with DMSO and
two peptides (Table 2). Treatment with 20 uM poly(Glu,Tyr),.,
25 uM poly(Glu,Tyr),.;, or 20 uM poly(Glu,Ala,Tyr)e.., reduced
the percentage of NBT-positive cells following treatment with
IFN-7 by 43, 48, and 21%, respectively. A 20-25 uM concentra-
tion of these heteropolymers was optimal and higher concen-
trations did not further block differentiation. None of the
polymers induced differentiation, were cytotoxic, inhibited cell
growth, or affected the pH of the medium. However, highly
charged polymers such as poly(Glu,Tyr),., could possibly pro-
duce nonspecific surface effects, and, thus, smaller peptide
substrates such as angiotensin II and VIP, which do not present
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Fig. 2. Aut tion in vitro of p93 tyrosine protein kinase in HL-
60 and HL-60/DMSO cells after treatment with DMSO and/or IFN-a.
Cells were treated and autophosphorylation of p93 was measured after
SDS-PAGE as described under Experimental Procedures.

TABLE 2

Inhibition of differentiation of HL-60 cells by substrates of p93
tyrosine protein kinase*

Treatment % Viability % NBT*

Control 91+5 5+1
IFN-7, 1000 units/ml 905 61+3
poly(Glu,Tyr)s

10 um 91 4

20 um 91+6 6+2

40 um 93 3
poly(Glu, Tyr):s

12.5 um 93 4

25 um 87+6 9+1
poly(Glu,Ala, Tyr)e.s:4

10 um 875 5+3

20 um 91 4
IFN-7 + poly(Glu, Tyr)s:1

10 um 91 64

20 um 91+5 35+3

40 uM 88 41
IFN-7 + poly(Glu,Tyr),.,

12.5 um 87 43

25 um 88 +1 32+10
IFN-7 + poly(Glu,Ala, Tyr)e:s:1

10 um 87 +2 48 + 8

20 um 88 411
Control 92+5 5+1
DMSO, 1.6% 94 + 1 79+9
VIP, 1 um 89+4 31
DMSO + VIP

1 um 92+3 30+6

0.1 um 86+ 3 73+9
Control 90+5 61
DMSO, 1.6% 86+ 3 83+7
Angiotensin Il

50 um 89 +2 8+3

500 pum 80+3 42
DMSO + Angiotensin

50 um 84 +2 58 + 10
500 pum 75+ 6 34+7

* Each value is the mean + standard error of three to five experiments or the
mean of two experiments.

these limitations, were examined. Treatment with either VIP
or angiotensin II alone did not produce cytotoxicity or induce
differentiation (Table 2); however, coaddition of these sub-
strates with DMSO blocked the appearance of NBT-positive
cells by 66-70% at the highest concentrations tested.

Assessment of p93 activity in nondenaturing gels indicated
that treatment of either IFN-7 or DMSO-treated cells with
poly(Glu,Tyr),., (Fig. 3A) or VIP (Fig. 3B), respectively, signif-
icantly reduced p93 activity and correlated with the inhibition
of differentiation by these proteins (Table 2).

Discussion

Previous studies from our laboratory have focused on the 93-
kDa c-fes tyrosine protein kinase which is highly expressed at
the onset of and during granulocytic and monocytic differentia-
tion of HL-60 cells (2-5). Although p93 is highly expressed in
the differentiated phenotype, it was not known whether it was
expressed in cells resistant to differentiation or whether sub-
strates of p93 could modulate differentiation. The present study
has demonstrated that a variant of HL-60 cells resistant to
DMSO did not express p93 activity. However, when DMSO-
resistant HL-60 cells were induced to differentiate by the
combination of IFN-a and DMSO as shown previously (20),
p93 activity was concomitantly enhanced. Although the mech-
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Fig. 3. Effect of poly(Glu,Tyr),.;and VIP on the expression of p93 tyrosine
protein kinase activity. Cells were treated with the indicated agents and
tyrosine protein kinase activity was measured in nondenaturing gels as
described under Experimental Procedures.

anism for the effect of IFN-a is unknown, it has been hypoth-
esized that it may sensitize the variant cells through a gener-
alized alteration of the cell membrane (20). In any event, the
data indicate that IFN-a does not act through a cytotoxic effect
or directly through changes in p93 activity. These results indi-
cate that there is a close, if not absolute, association between
hematopoietic cell differentiation and p93 activity.

Previous studies have reported that the proto-oncogene c-fes
(24, 25) and the related avian proto-oncogene c-fps (26) tyrosine
protein kinases were expressed in particularly high levels in
bone marrow stem cells and in hematopoietic cell lines of the
monocyte/macrophage and granulocyte lineages. Since there
does not appear to be a transmembrane domain for the c-fes/
fps gene product (27), it is unlikely that this protein serves as
a receptor for proliferative or differentiating factors as in the
case of the c-fms proto-oncogene tyrosine protein kinase, which
is the cellular receptor for M-CSF (11-13). In our study, p93
activity was related positively to monocytic/granulocytic dif-
ferentiation as assessed by its absence in DMSO-resistant cells,
its appearance in DMSO-resistant cells rendered partially re-
sponsive to differentiation, and by its reduction in cells inhib-
ited from undergoing either monocytic or granulocytic differ-
entiation by peptides which are substrates for p93. Thus, p93
expression may be more involved with the global response of
myeloid cells to differentiation rather than directly with a
specific receptor. In this regard, Gasson and colleagues (28, 29)
have reported an increase in GM-CSF receptors in DMSO-
differentiated HL-60 cells of a magnitude similar to that which
we observe for the elevation in p93 activity following a com-
parable treatment regimen. Thus, it may be plausible that p93
is involved in mediating signal transduction by various growth
and differentiation factors in myeloid cells.
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