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ABSTRACT

Numerous agents can induce the terminal differentiation of leukemia
cells in vitro, and this action has heen found to be of therapeutic value in
the treatment of acute promyelocytic leukemia. The proximal site of action
of the prototypical chemical induccr of differentiation, dimethyl sulfoxide
(I)MSO), is not known. In this study, UMNO Â»asfound to rapidly cause
a 45% to S5'r reduction in the specific binding of the growth factors

granulocyte/macrophage colony-stimulating factor and insulin to their
respective cell surface receptors on HI.-60 human acute promyelocytic

leukemia cells. Significant inhibition of binding was first observed after 30
min of DMSO treatment, occurred at both 4 < and 37 ( , and was due to
a DMSO-induccd decrease in apparent receptor affinity, with little change

in receptor number. A similar inhibition of insulin binding was seen with
a second inducer of differentiation, hexamethylene bisacetamide. Kinetic
studies demonstrated that DMSO enhanced the rate of insulin dissociation
from its receptor. The inhibition of insulin binding by DMSO was also
observed in a cell-free extract, suggesting that the effect was not a cell-
mediated response to DMSO treatment. DMSO blocked the insulin-in

duced stimulation of protein tyrosine phosphorylation. These studies sug
gest that one action of DMSO may be the disruption of the structure
and/or organization of cell surface receptors that regulate growth and
differentiation.

INTRODUCTION
DMSO' was the first chemical agent to be shown to induce the

differentiation of murine and human leukemia cells (1-2), a process
that results in the irreversible loss of cell proliferative capacity (l^t).

The subsequent demonstration that numerous synthetic and natural
agents also induced differentiation of leukemia and solid tumor cells
held out the promise of a novel therapeutic approach for the treatment
of cancer (5-7). The pharmacological properties that make DMSO a
prototype synthetic agent include high efficacy (greater than 90<Â£

induction of differentiation of leukemia cell lines), low potency (great
er than 200 HIM),and a simple chemical structure. These characteris
tics, in conjunction with the lack of information on the cellular target
of DMSO action, led to the suggestion that DMSO (and other related
inducers) acts by a nonspecific mechanism, in distinction from the
peptide growth and differentiation factors which bind with high af
finity to specific receptors and activate cell-specific signal transduc-

tion pathways and gene programs.
In their initial communication. Friend a ai. ( I ) proposed a number

of potential sites of DMSO action, including effects on the secondary
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and tertiary structure of macromolecules. Others, noting the lipophilic
and polar-planar nature of inducers and their cryopreservative prop

erties, suggested that the cell membrane, including hydrophobic re
gions on membrane proteins, might be the site of action (8-10). The
cellular actions of DMSO on HL-60 cells include distinct effects on
self-renewal capacity and induction of maturation; the signals for the

antiproliferative effect precede those for the commitment of the cells
to a maturation pathway (4. 11). Although induction of differentiation
of HL-60 cells requires continuous drug exposure for approximately

24 h ( 12). a number of biochemical changes, including alterations in
oncogene expression, occur rapidly upon DMSO exposure. Hence
DMSO likely induces a series of discrete cellular events to produce its
effects on cell differentiation and proliferation. Most of these are
indirect actions: i.e.. they do not involve the direct binding of, or
modification by. the DMSO molecule. DMSO must exert its cellular
effect by an initial interaction with one or more cellular targets,
however, and there is little information regarding the identity of these
molecules.

In previous studies, the actions of DMSO were found to be oppo
site to those of the hematopoietic growth factor GM-CSF on the

activation of intracellular second messengers, on the transcriptional
regulation of the oncogene c-mvc. and on the regulation of the growth
and differentiation of HL-60 leukemia cells (13-15). We therefore

explored the possibility that DMSO alters the properties of cell surface
receptors, specifically, the receptors for the growth factors GM-CSF

and insulin.

MATERIALS AND METHODS

Cell Lines and Reagents. HL-60 cells (2) (obtained from Dr. R. E. Gal

lagher) were passaged weekly in RPMI 1640 supplemented with 10%
fetal bovine serum (G1BCO): cells between passage 25 and 60 were used
in these studies. AML-193 human monocytic leukemia cells (16) (American
Type Culture Collection! were maintained in serum-free defined medium,
which consisted of RPMI 1640 with bovine serum albumin (Albumax: GIB-
CO), 0.05 mi human recombinant GM-CSF (kindly provided by Genetics
Institute), and insulin, transferrin. and selenium (GMS-S supplement; GIBCO).
'-5I-human GM-CSF (New England Nuclear) and human l:^l-(AI4)-insulin

(Amersham) had approximate specific activities of 2500 and 2000 Ci/mmol.
respectively.

Measurement of drouth Factor Binding to Intact Cells. Cells were
washed three times in PBS and resuspended in 0.3 ml of GM-CSF binding

butter consisting of RPMI 1640. 2 mg/ml bovine serum albumin. 0.01 if
sodium a/ide. and 25 IHMHEPES (17). For insulin binding studies, the butler
consisted of 0.12 MNaCI. 1.2 mMMgSOj. 2.5 HIMKC1. 15 niM sodium acetate.
10 imi glucose. 1 m\i EDTA, and 50 msi HEPES. pH 7.8 ( 18). DMSO ( 1.25%.
v/v) was added immediately prior to the addition of the I2sl-ligands. used at the

indicated concentrations, incubation times, and temperatures. Cells with hound
ligand were separated from unbound ligand by rapid centril'ugation through

cold 75% serum (GM-CSF) or by washing the cells with cold PBS (insulin).
Nonspecific binding was determined in the presence of at least a 50-fold excess

concentration of unlabeled ligand. and specific binding was calculated as the
difference between total and nonspecific binding.

For the measurement of the rate of dissociation of bound insulin (19), cells
were first incubated with '-^I-insulin (0.04 nvt) for 3 h at 15Â°C.The cells were
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divided into two aliquots and DMSO (1.25%) was added to one. Each of the
cell aliquots (control and DMSO) was immediately diluted with a 50-fold

volume of either binding buffer or binding buffer containing O.I UMinsulin.
Cells were incubated at I5Â°C.and total binding was determined at intervals up

to 2 h.
Measurement of Insulin Binding to Insulin Receptors in Cell Extracts.

Cell-free extracts were prepared by disruption of HL-60 cells in 50 msi HEPES
(pH 7.6)-1<7r Triton X-100-150 imi NaCI-10 m.Mleupeptin-l rmi PMSF, with

10 passages through a 22-gauge needle. Insoluble material was removed by

centrifugation (l(K).(KX) X g, I h), and the protein content of the supernatant

was determined by the method of Lowry el al. (20). Insulin binding to the
crude cell extract was determined by incubating with 0.25 or 0.5 nsi '25I-insulin
in the presence or absence of l UMnonradioactive insulin for 16 h at 4Â°C.

DMSO (1.25r/r) was added to the cell extracts immediately prior to the '"I-

insulin. The I25l-insulin-receptor complex was separated from free i;!5I-insulin

by centrifugation in the presence of polyethylene glycol and bovine y-globulin.

as has been described (21 ).
Affinity Labeling of the Receptor Proteins. '"I-GM-CSF and '"I-insu-

lin were cross-linked to their respective receptors using a modification of

previously described methods (18. 22). Cells were incubated with O.I n\i
I25I-GM-CSF (4 h at 4Â°C)or 0.2 mi '-M-insulin (2 h at I5Â°C)in the presence

or absence of excess unlabeled ligand. DMSO (1.25%) was added just prior to
the '"I-ligands. At the end of the incubation, cells were washed 3 times in cold

PBS and resuspended in PBS. Receptor-ligand cross-linking was initialed by

adding 1/100 volume of 100 imi disuccinimidyl suberate (dissolved in DMSO)
and incubating for 30 min at 25Â°C(hence all cross-linking reactions contained

1% DMSO). Cells were then washed with PBS and suspended in lysis buffer:
50 m.M HEPES-1% NP40-2 imi EDTA-2 imi PMSF-10 UM pepstatin-IOO
units/ml aprotinin. After incubation for 30 min al 4Â°C.the paniculate material

was removed by cenlrifugation and the supernatant was boiled in 1% SDS and

then lyophilized. The material was suspended in Laemmli sample loading
buffer ( 107r glycerol-1% SDS-1% 2-mercaptoethanol) and applied toSDS-8%

polyacrylamide gel. After eleclrophoresis. gels were dried and exposed to
Kodak X-Omat film at -80Â°C with an intensifying screen. In some instances,

samples were reduced prior to electrophoresis by incubation with 0.1 M

DTT.
Surface Labeling of Cells by N.i' ' I and Immunoprecipitation of the

Insulin Receptor. HL-60 cells were incubated with or without 1.25% DMSO

for 2 h and were then incubated (30 min) in 1 ml PBS containing glucose,
lactoperoxidase. glucose oxidase, and 0.5 mCi Na'2Sl. as has been described

(22). Cells were washed with PBS and solubili/.ed in 50 HIMHEPES (pH 7.5).
1% Triton X-KX), 1 HIMiodoacetic acid. 0.2 units/ml aprotinin. and I HIM

PMSF. and insoluble material was removed by centrifugation at K)O.(KX)X g

(60 min). For immunoprecipitation. I ml of cell extract was incubated (2 h)
with Protein G Plus-Agarose (Oncogene Science. Inc.) and either I ug of
monoclonal anti-human insulin receptor antibody (clone CII 25.3: Oncogene

Science) (23), or I ug of mouse IgG. Washing, solubili/alion. and electro

phoresis of the immunoprecipitates (in the absence of DTT) were as described
previously (22).

Measurement of Protein Tyrosine Phosphorylation. Mid-log phase
HL-60 cells were resuspended in phosphate-tree RPM1 1640 and incubated for

2 h. The cells were washed and resuspended in the same medium, and were
then incubated with "P, ( 1 mCi/ml) for an additional 2 h. When used. DMSO

( 1.25%, v/v) was added for the last hour of incubation. Tubes were treated wilh
or without 0.1 UMinsulin for 5 min. the cells were briefly centrituged. the
supernatants were removed, and the cells were washed with ice-cold PBS.
Cells were lysed in 10 imi Tris-HCI (pH 7.5), 50 IÃŽIMNaCI, 0.5% NP40. 5 UM

ZnCK. 50 IHMNaF, 30 imi sodium pyrophosphate. 0.1 imi Na,VO4. 2 ITIM
Â¡odoacetic acid, and 1 imi PMSF. The lysates were cleared by centrifugation
(I4.(XX) rpm for 20 min) and the supernatant was incubated with an anti-
phosphotyrosine antibody-agarose complex (Oncogene Science) for 16 h at
4Â°C.The anti-phosphotyrosine anlibody-agarose was washed four times in

buffer (20 ITIMTris-HCI, pH 7.0-0.1 MNaCl-60 ITIMsodium pyrophosphate-0.1
MNaF-10 MMZnCI2-l imi Na.,VO4-0.5 imi PMSF) containing 0.5% NP40, and

twice in buffer containing 0.4% octylglucoside. Phosphotyrosine-containing

proteins were eluted with buffer containing 5 ITIMphenylphosphate. Laemmli

buffer and 0.1 M DTT were added to the samples, which were separated by
SDS-polyacrylamide gel electrophoresis and visualized by autoradiography as

described above.

RESULTS

Specific binding of GM-CSF to intact cells has been shown to be

saturable, reversible, and dependent upon incubation temperature and
ligand concentration (24-28); high affinity binding sites are found on
GM-CSF-responsive cells but are generally absent on unresponsive
cells (24, 25). We examined the effect of DMSO on GM-CSF binding
to HL-60 cells under steady-state conditions (24-28) by simulta
neously adding radioiodinated GM-CSF and DMSO. At the optimal

concentration of DMSO for induction of differentiation of these cells
in vitro, DMSO inhibited by 45-85% the specific binding of 12SI-

GM-CSF (Table 1A). DMSO had no effect on the extent of nonspe

cific binding to the cells (data not shown). The reduction in specific
binding occurred at 4Â°Cand in the presence of a/.ide. indicating that

the inhibition observed was not due to a DMSO-mediated effect on

receptor uptake or internalization. Furthermore, it suggested that
the action of DMSO was not dependent on other cellular metabolic
processes.

To evaluate if the DMSO effect was specific for GM-CSF or ap
plied to other cell surface receptors, the binding of insulin to HL-60

cells was examined. DMSO treatment caused a 50% reduction in
insulin binding, similar to that observed with GM-CSF (Table 1A); the

DMSO inhibitory effect was detectable by 15 min and was signifi
cantly reduced at 30 min of exposure to DMSO (Fig. I). Binding
reached steady state at approximately the same time in the control and
DMSO-treated cells, and the DMSO effect persisted when incubation

with radiolabeled insulin was extended for up to 6 h (Fig. 1). A
comparable inhibition of insulin binding by DMSO was also observed
in a second human leukemia cell line. AML-193 (Table 1), and in the
FAO rat hepatoma cell line, which had 3-5 times the number of

insulin receptors per cell as did the leukemia cells (data not shown).

Table I Effect of DMSO on growth factor binding to human leukemia cells
A. Cells were washed in phosphate-buffered saline and resuspended in 0.3 ml of

binding butlers as indicated "Materials and Methods." DMSO ( 1.25%) was added imme
diately prior to the addition of Ihe l:5l-ligands. which were used a! the indicated con

centrations, incubation times, and temperatures. Cells with bound ligand were separated
from unbound ligand by centrifugation through 75r<i serum (GM-CSF) or by washing Ihe

cells with cold PBS (insulin). Nonspecific binding was determined in the presence of at
least a 50-fold excess concentration of unlabeled ligand. and specific binding was calcu

lated as (he difference between (otal and nonspecific binding. All experiments were wilh
HL-60 cells, except where indicated.

B. Cell-free extracts were prepared by disruption of HL-60 cells in the presence of \r/(
Triton X-KH) and insoluble material was removed by centrifugation at KX).(XX)x #. Insulin

binding to the crude cell extract was determined by incubating with 0.25 or 0.5 nM
I2*l-insulin in the presence or absence of I ^M nonradioactivc insulin for 16 h al 4Â°C.
DMSO ( 1.25*#) was added to the cell extracts immediately prior Io the I2sl-insulin. The
12'sl-insulin-receptor complex was separated from free I25l-insulin by centrifugaron in
the presence of polyethylene glycol and bovine -y-glohulin. as described in "Materials and
Methods."

LigandA.B.Ligand
bindingconditionsWhole

cellsGM-CSF.
20 pÂ«:1.5 h at37Â°CGM-CSF.
20 pÂ«;3 h al4Â°CInsulin.

200 psi: 2 h at25Â°CInsulin,'
200 PM; 3 h at15Â°CSolubili;Â«]

cellextractInsulin.
250 pu; 16 h at4Â°CInsulin.
500 psi; 16 h al 4Â°CSpecificn

Control6

1.02Â±O.I2*5

1.37 Â±0.225
7.01Â±0.682
11.8Â±0.862

0.302Â±0.0372
0.885 Â±0.028binding"DMSO0.57

Â±0.140.21
Â±0.113.68

Â±0.555.95
Â±0.500.112

Â±0.0100.287
Â±0.023%

ofcontrol551552503732

" Specific binding expressed as fmol/IO7 cells for whole cells and fmol/mg protein tor

cell extracts. There was a significant difference between DMSO and control tor all
treatments shown. P < 0.05. n = number of experiments, each done in triplicate.

* Mean Â±SEM.
' Experiments done using AML-193 human leukemia cells.
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Fig. I. Time course of insulin binding lo HL-60 cells. Effect of DMSO. HL-60 cells (2
X IO*) were washed in phosphate-buffered saline and resuspended in 0.2 ml of binding
buffer. DMSO (1.25^) and insulin were added at time 0; the I25l-insulin concentration
was 0.04 nw, and incubations were for the indicated times al I5Â°C.Cells with bound

insulin were separated from unbound ligand by washing the cells with cold PBS. Non
specific binding was determined in the presence of a l UMnonradioactive insulin, and
specific binding was calculated as the difference between total and nonspecific binding.
Left, means Â±SEM (ban) from 3 experiments each done in triplicate; righi, data from a
representative experiment done in triplicate. ". significant difference between control (O)

and DMSO-treated (â€¢)cells by paired l test. P < 0.05.

Specific binding of insulin was next measured in detergent-lysed

cell extracts. Intact receptors have been solubilized from a variety of
tissues without altering insulin-binding characteristics, including

binding affinity, specificity, kinetics, or susceptibility to dÃ©naturants
(21, 29). When added to the HL-60 cell extracts at a final concentra
tion of 1.25%, DMSO caused a 63-68% reduction in insulin binding

compared to control extracts (Table IB), thereby demonstrating that
the effect of DMSO on the receptor was not dependent on cell-

mediated events.
As an alternative approach to characterize the actions of DMSO, its

effect on the affinity labeling of receptor proteins was studied on intact
cells using I25I-GM-CSF or I2sl-insulin. Cells were incubated with

radioligand with and without DMSO and were then chemically cross-

linked and solubilized, and labeled proteins were fractionated by
SDS-polyacrylamide gel electrophoresis and detected by autoradiog-

raphy. As shown in Fig. 2, three bands (molecular weights of approx
imately 155,000, 135.000 and 100,000) were labeled by 125I-GM-CSF

in the presence of the bifunctional cross-linking reagent disuccinim-

idyl suberate. Labeling of these proteins was completely blocked by a
50-fold excess of nonradioactive GM-CSF, indicating that they rep
resent components of the specific receptor for GM-CSF. Treatment of
cells with DMSO reduced overall GM-CSF binding to the three pro

teins by 45%, including the M, 100,000 protein presumed to be the a
subunit of the receptor (30). Binding to the two larger proteins, which
have been previously observed in other cell lines but not further
identified (27), was also inhibited by DMSO.

The structure of the insulin receptor has been extensively charac
terized and has been found to be composed of two major components,
an insulin-binding M, 135,000 a subunit which is linked by disulfide

bonds to a Air 95,000 ÃŸsubunit (reviewed in Refs. 31 and 32). A MT
210,000 aÃŸdimer was the predominant form of the receptor detected
by cross-linking with I21-insulin in the HL-60 cells under nonreduc-

ing conditions; the a subunit was additionally observed upon reduc
tion with dithiothreitol (Fig. 3). A 70% reduction in specific cross-

linking of both forms of the receptor was observed when the binding
of the radioiodinated insulin was done in the presence of DMSO (Fig.

3). To determine if the reduced binding of insulin was due to a loss of
cell surface receptor, cell surface proteins from control and DMSO-
treated cells were labeled by Na'25I with lactoperoxidase, followed by

immunoprecipitation with an anti-insulin receptor antibody (Fig. 3,
Lanes 7-9). Under conditions in which DMSO produced a large
decrease in receptor detected by affinity cross-linking, there was no

reduction in the amount of labeled receptor protein on the cell surface.
The M, 350,000 protein observed under the nonreducing conditions
used was likely the tetrameric form (i.e., a2ÃŸ2)of the receptor (22).

The effect of DMSO on insulin binding was further characterized
over a range of ligand concentrations. Steady-state binding of insulin
at 15Â°Coccurred by 3 h in both control and DMSO-treated HL-60

cells (Fig. 1). Under these conditions, the inhibitory effect of DMSO
was observed at insulin concentrations up to 0.8 HM(Fig. 4,left), which
includes concentrations found physiologically as well as those gener
ally used for the induction of differentiation of leukemia cells in vitro
(i.e., in 10% serum). At ligand concentrations above 2 nM that were
tested, DMSO had no effect on binding, suggesting that its effect was
mainly on high affinity receptors. Analysis of the data by a Scatchard
plot (Fig. 4, right) indicated that the effect of DMSO was to decrease
the apparent Kd of binding, particularly of the high affinity sites, with
little or no effect on the number of insulin receptors per cell, in
agreement with the immunoprecipitation experiment.

The Scatchard transformation of the competitive binding data
shown in Fig. 4 displayed some evidence of the typical curvilinear
plots seen with insulin (reviewed in Ref. 33). This has been attributed
to the presence of multiple binding sites and/or to a negative cooper
ative interaction between receptors (33). To directly address the ques
tion of negative cooperativity, the effect of DMSO on dissociation
rates of receptor-bound '3?I-insulin was examined. HL-60 cells were
treated with 0.04 nM I2il-insulin for 3 h at 15Â°C,conditions which

result in steady-state binding with a low level of receptor occupancy.

The dissociation rate of bound ligand was then determined by dilution
of the cells in buffer and measuring the loss of bound I2sl-insulin with

time.
As shown in Fig. 5, the dissociation rate of receptor-bound I25I-

insulin was increased by the addition of nonradioactive insulin to the
dilution buffer. Similar observations in human lymphocytes and
monocytes have been regarded as evidence for negative cooperative
interactions of the insulin receptor (19). As others have noted, the term
negative cooperativity is used in a descriptive sense, with no assump
tions being made regarding the mechanistic or molecular events in
volved (19, 34. 35). When DMSO was included in the dilution buffer.

kD

â€”¿�111
â€”¿�84
â€”¿�58
â€”¿�49

ExcessGM-CSF - +
DMSO - -

Fig. 2. DMSO inhibits specific binding of OM-CSF to cell surface receptor. Affinity
labeling of the receptor proteins. Cells were incubated with 0.1 nsi '-51-GM-CSF in the
presence or absence of a 50-fold excess of nonradioactive ligand or DMSO ( 1.25%) for
4 h at 4Â°C.and unbound ligand was removed by washing with PBS. Receptor-ligand
cross-linking was initiated by adding 1 m\i disuccinimidyl suberate. After 30 min at 25Â°C.

cells were washed with PBS and suspended in lysis buffer containing \9c NP40. Panic
ulate material was removed by centrifugation, and the supernatant was boiled in 1% SDS
and applied to SDS-81 polyacrylamide gel. After electrophoresis. gels were dried and
exposed to Kodak X-Omat film at -80Â°C with an intensifying screen. In addition to
I2S1-GM-CSF, incubations included no addition (Lane I), excess unlabeled GM-CSF

(Lane 2), or DMSO (1.25%, Lane j). kD. molecular weight in thousands.
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123456 789

210-

135(a)-

DMSO -- + --+ - + -
Excess insulin - + -- + - IR Ab + + -

DTT + + + --- ___
Fig. 3. DMSO inhibits specific binding of insulin to cell surface receptor. Comparison of affinity labeling and surface labeling of the receptor proteins. In Lanes /~6, HL-60 cells

were treated with DMSO and I25l-insulin, and insulin receptors in intact cells were affinity labeled as described in "Materials and Methods" and the legend to Fig. 2. Incubations were

with 125I-insulin and no additions (Lanes I and 4), excess unlabeled insulin (Lanes 2 and 5), or DMSO il.25%; Lanes 3 and 6). Samples in Lanes 1-3 were reduced prior to
electrophoresis by incubation with 0.1 M DTT. The location of the a subunit of the receptor is indicated. Lanes 7-9. surface labeling of control and DMSO-treated cells by Nal25I
followed by immunoprecipitation of the insulin receptor. HL-60 cells were incubated with (Lane 8) or without (Lanes 7 and 9) 1.25% DMSO for 2 h and were then incubated (30 min)
in 1 ml PBS containing glucose, lactoperoxidase, glucose oxidase, and 0.5 mCi Na'2SI. Cells were washed with PBS, and solubilized in buffer with \c/c Triton X-100, and insoluble
material was removed by centrifugation at 100,000 X #. For immunoprecipitation, 1 ml of cell extract was incubated (2 h) with Protein G Plus-Agarose and either I ng of monoclonal
anti-human insulin receptor antibody (Lanes 7 and fi), or 1 pg of mouse IgG (Lane 9). Washing, soluhilization, and electrophoresis of (he immunoprecipitates (in the absence of DTT)
were as described in "Materials and Methods." Arrows, calculated size of the labeled bands. kD, molecular weight in thousands.

15 -i

10 -

5 -

0.20 -i

0.15 -
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0.05 -

10" 10' 10" 10" 10-

Insulin cone. IM)

0 50 100 150 200 250 300

Insulin bound (pM)

Fig. 4. DMSO inhibition of insulin binding to HL-60 cells at steady state. HL-60 cells
(2 X 10") were washed in PBS and resuspended in 0.2 ml of binding buffer. DMSO
(1.25%) and insulin were added at time 0; Left. 125I-insulin concentrations; incubations
were for 3 h at 15Â°C.Cells with bound (ÃŸ)insulin were separated from unbound (F)

ligand by washing the cells with cold PBS. Nonspecific binding was determined in the
presence of l UMunlabeled insulin, and specific binding was calculated as the difference
between total and nonspecific binding. Left, insulin binding to HL-60 cells with specific
binding expressed as a percentage of the total insulin concentration. Control (O) and
DMSO-treated cells (â€¢);data from 3 experiments done in triplicate. Right, same data on

a Scatchard plot. Bars. SEM.

the rate of I25l-insulin dissociation was also accelerated compared to

dilution alone (Fig. 5). The change in the rate seen with DMSO
treatment was approximately one-half that observed with insulin

alone. The combined effect of DMSO and cold insulin on the extent
of dissociation appeared to be additive; hence cold insulin produced a
comparable relative increase in dissociation in both the absence and
presence of DMSO.

To evaluate the specificity of the observed effect of DMSO on
insulin binding, studies were carried out using two additional inducers
of differentiation. HMBA is a relatively low potency, polar-planar
compound that induces HL-60 cell differentiation (2). Retinoic acid,
in contrast, induces HL-60 differentiation at low concentrations and

acts by a highly specific mechanism that is likely distinct from that of
the polar-planar agents (36). Treatment of cells with increasing con
centrations of HMBA (3 h at 15Â°C)caused a progressive inhibition of

insulin binding (Fig. 6). Concentrations that were optimal for induc
tion of differentiation (2-4 min) produced a statistically significant
20% decrease, while higher concentrations (16-32 HIM)resulted in a

decrease of greater than 35%. In contrast, under the same conditions,
there was not a significant decrease in insulin binding with retinoic
acid treatment (Fig. 6). To test the possibility that retinoic acid might

100

30 45 60 75 90 105120

Time (minutes)

Fig. 5. Effect of DMSO on the kinetics of dissociation of I25l-insulin from HL-60 cells
in the absence and presence of nonradioactive ("cold") insulin. HL-60 cells were treated
with 12sl-insulin (0.04 nM) for 3 h as described in Fig. 1 and were then divided into four

aliquots: cells were diluted 50-fold in binding buffer (O); cells were diluted 50-fold and
0.1 UMcold insulin was added (D); cells were diluted 50-fold in buffer and DMSO
(1.25%) was added (â€¢);cells were diluted 50-fold and DMSO and cold insulin were
added (â€¢).At the indicated times, aliquots were removed and insulin binding (expressed
as a percentage of the binding at time 0) determined. Data are means Â±SEM (bars)of 3
experiments, each done in triplicate.
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2 -
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HMBA Cone. (mM)

0 3h 2+3h

Retinole Acid

Fig. 6. Effect of HMBA and retinoic acid on insulin binding to HL-60 cells. HL-60
cells were treated with the indicated concentrations of HMBA for 3 h at 15Â°Cwith
i;!5I-insulin. and specific binding was determined as described in the legend to Fig. 4, left.

There was a statistically significant difference (P < 0.05, paired I test) between control
cells and HMBA-treated cells (all concentrations shown). In B, insulin binding was
determined in cells treated with I pw retinoic acid for 3 h at 15Â°C,as described in Fig. 4.
In some experiments, cells were pretreated with retinoic acid for 2 h at 37Â°Cprior to the
addition of i:5I-insulin for further incubation for 3 h at 15Â°C.

require incubation at physiological temperature to produce an effect
on cell surface receptors, cells were pretreated with retinoic acid for
two h at 37Â°Cprior to the addition of 125I-insulin for further incuba
tion at 3 h at 15Â°C.Under these conditions, retinoic acid still had no

effect on insulin binding.
The insulin receptor is a ligand-dependent protein tyrosine kinase

which is activated by autophosphorylation (reviewed in Refs. 31 and
32). The tyrosine kinase activity of the receptor appears to be essential
for the physiological actions of insulin, including its metabolic and
growth-promoting activities. We investigated the effect of DMSO on
insulin-stimulated tyrosine phosphorylation using an anti-phosphoty-
rosine immunoaffinity assay. After a 4-h incubation in phosphate and
serum-free medium without insulin, cells were labeled with 32PÂ¡fol

lowed by a 1-h treatment with DMSO (1.25%, v/v). Insulin was then
added to control and DMSO-treated cells, and after 5 min cells were
solubilized and phosphotyrosine-containing proteins were immunopu-

rified and fractionated by electrophoresis.
There was an insulin-mediated increase in [32P]phosphotyrosine

labeling of several polypeptides that was substantially blocked in the
presence of DMSO (Fig. 7). DMSO alone did not inhibit the extent of
[32P]phosphotyrosine labeling (not shown). These studies demonstrate

a likely effect of DMSO on insulin-mediated phosphotyrosine kinase

activity, a biochemical correlate to the inhibitory effect of DMSO on
insulin binding, and suggest that DMSO could block other receptor-

mediated cellular actions of insulin.

DISCUSSION

The polar-planar solvent DMSO induces terminal cell differentia

tion in a number of leukemia cell lines and produces less striking,
although related, effects on cell growth, morphology, and differenti
ation in other transformed cell lines (1, 2, 37^0). Although the
molecular bases for these actions remain obscure, both the chemical
nature of DMSO and the high concentrations required to elicit its
cellular responses suggest that DMSO interacts with low specificity
with a broad range of cellular molecules. This hypothesis does not
preclude the possibility, however, that the direct influence of DMSO
on a limited number of cellular targets is required to trigger the effects
on cell proliferation and differentiation. In the present study, we have

shown that DMSO disrupts the binding of GM-CSF and insulin to

their receptors and the functional consequences of insulin binding in
HL-60 cells. We have investigated the effects of DMSO on these

receptors not because they are likely the sole mechanism by which
DMSO exerts its differentiation-inducing actions but rather to gain
insights into the consequences of DMSO-protein interactions. Our
observations suggest that other membrane proteins, including multi-

subunit membrane receptors and polypeptide complexes could simi
larly be affected by DMSO and related differentiation inducers.

The focus of this study was to investigate the molecular mechanism
for the DMSO effect on GM-CSF and insulin receptor function. Both

receptors consist of two distinct protein components, the interaction of
which is required for full receptor activity. High affinity ligand bind
ing to the GM-CSF receptor has been reported to depend upon the

formation of a reversible complex between a binding subunit and a
second protein that confers high affinity to the receptor (41, 42). The
predominant form of the insulin receptor is a disulfide linked het-
erotetramer with the structure ÃŸ-a-a-ÃŸ(31, 32); in addition, both

higher and lower molecular weight oligomers have been observed
(22). Insulin receptor regulation and desensitization to insulin have
been shown to be due to changes in the distribution of the various
oligomeric forms, with concomitant effects on binding affinity (22).
Hence the changes in the binding of GM-CSF and insulin seen with

DMSO may be a consequence of the disruption of the structure and/or
organization of their respective receptors.

This hypothesis was supported by experiments examining the effect
of DMSO on insulin dissociation. The DMSO action resembles the
ligand-induced dissociation of bound insulin thought to reflect nega

tive cooperativity among binding sites (33, 34). A number of molec
ular mechanisms have been proposed as the basis for this model; these
include interactions among receptors clustered in the cell membrane, '

kD

205 â€”¿�

116 â€”¿�
97 â€”¿�

66 â€”¿�

45 â€”¿�

29

1 2 3

w

.

Insulin - + +
DMSO . . +

Fig. 7. DMSO inhibits insulin-stimulated protein tyrosine phosphorylation. Mid-log
phase HL-60 cells were resuspended in phosphate-free RPMI 1640 and incubated for 2 h.

The cells were washed and resuspended in the same medium and were then incubated with
32Pi ( 1 mCi/ml) for an additional 2 h. DMSO ( 1.25%, v/v) was added for the last hour of

incubation (Lane 2). Tubes were treated with (Lanes 2 and 3) or without (Lane /} 0.1 JJM
insulin for 5 min. the cells were briefly centrifugea, the supernatants were removed, and
the cells were washed with ice-cold phosphate-buffered saline. Cells were lysed in 10 mM
Tris-HCl (pH 7.5), 50 HIMNaCl, 0.5% NP40, 5 JIMZnCl2. 50 HIMNaF, 30 mM sodium
pyrophosphate, 0.1 HIMNa.iVO4, 2 mM iodoacetic acid, and 1 mM PMSF. The lysates were
cleared by centrifugation (14,000 rpm for 20 min) and the supernatant was incubated with
an anti-phosphotyrosine antibody-agarose complex. Phosphotyrosine-containing proteins

were eluted with buffer containing 5 mMphenylphosphate. Laemmli buffer and 0.1 MDTT
were added to the samples, which were separated by SDS-polyacrylamide gel electro

phoresis and visualized by autoradiography as described in the legend to Fig. 2. The
experiment illustrated is representative of seven separate determinations. kD, molecular
weight in thousands.
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changes in the extent of aggregation of receptors in a fluid membrane,
and as noted above, conformational alterations of a multi-subunit
complex (33). That the DMSO effect was observed in a cell-free

system as well as in intact cells supports the last possibility. Alterna
tively, the DMSO effect could be unrelated to the multi-subunit nature

of the receptors studied, and might even be a consequence of actions
on non-receptor membrane macromolecules. The experiments dem

onstrating that HMBA, but not retinoic acid, produced a similar effect
on insulin binding (although more modest than those of DMSO).
suggest that the changes observed were not unique to DMSO but
rather may be common to other low potency, polar-planar compounds.

The relationship between the ability of DMSO to inhibit growth
factor binding and its actions on cell growth and differentiation were
not addressed in this study and remain to be elucidated. The with
drawal of growth factor stimulation has been shown to induce pro
grammed cell death in hematopoietic cells (43), suggesting that our
observations are more likely linked to the antiproliferative actions of
DMSO. Similarly, the down-regulation of insulin receptors by inter-

feron has been proposed to be a component of its antiproliferative
actions (44). While the inhibition of binding was on the order of 50%
in our studies, the binding reduction observed may reflect changes in
receptor structure or organization that could have more profound
effects on other aspects of receptor physiology (e.g., signal transduc-

tion). Furthermore, the simultaneous inhibition of two (or more)
growth factor receptors, particularly those which require sequential
activation during progression through the cell cycle, may have a
greater than additive effect on cell proliferation.

Treatment of HL-60 cells with DMSO for 24 h or longer causes a
progressive increase in the number of GM-CSF receptors, presumably

due to the granulocytic maturation of the cells (14). Although DMSO
(included in the binding buffer) inhibits the binding of GM-CSF to

these chronically treated cells (data not shown), these cells are re
sponsive to GM-CSF (14, 15). Hence DMSO has two effects on the
GM-CSF receptor of the HL-60 cell: an immediate inhibitory effect on
GM-CSF binding; followed by a gradual up-regulation of GM-CSF
receptor number. HL-60 cells are generally cultured and undergo
differentiation in the absence of added GM-CSF. The consequences on
proliferation and differentiation of DMSO-mediated perturbations of
the GM-CSF receptor, in the absence of ligand, therefore, would be of

interest to investigate.
The therapeutic use of DMSO and related differentiation inducers is

unlikely due to their low potencies; however, the usefulness of induc
tion of differentiation as a therapeutic approach has been demon
strated in the case of rrcw.v-retinoic acid and acute promyelocytic

leukemia (45, 46). The identification of specific membrane proteins as
the primary cellular targets of differentiation inducers would aid in
determining their mechanism of action, and could be the basis for the
rational design of more effective agents for therapeutic use.
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