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Abstract The activity of microsomal HMG-CoA reductase in 
freshly isolated leukocytes from patients with a variety of hema- 
tologic malignancies was significantly increased (up to 20-fold) 
when compared to enzyme activity in leukocytes from normal 
subjects (average 10.3 * 0.8 pmollmin per mg). Increased en- 
zyme activity was not due to nonspecific leukocyte stimulation 
or to the presence of a malignancy, since normal enzyme activity 
was observed in subjects with either viral illnesses or solid 
tumors. Increased HMG-CoA reductase activity accompanying 
hematologic malignancy could also not be attributed to altera- 
tions in enzyme-substrate kinetic parameters flu,), or to altera- 
tions in the phosphorylation state or thiol-disulfide status of the 
enzyme, nor was it correlated with differences in serum lipid or 
lipoprotein concentrations. The increase (3.6-fold) in HMG- 
CoA reductase activity in leukocytes from patients with pre- 
leukemia was due entirely to a rise in enzyme catalytic efficiency 
(specific activity), whereas the increase (4.3-fold) observed in 
leukocytes from patients with overt leukemia or non-Hodgkin's 
lymphoma was due to a concomitant increase in both enzyme 
catalytic efficiency (2.5-fold) and enzyme protein concentration 
(1.6-fold). Similar increases in HMG-CoA reductase activity 
and catalytic efficiency were also noted for both transformed, 
nonmalignant, and malignant cultured leukocytes, suggesting 
that increased enzyme catalytic efficiency is not a nonspecific 
consequence of physiological changes occurring in response to 
the malignancy but may be an integral aspect of the malignant 
phenotype. HMG-CoA reductase protein concentrations, 
however, were not elevated in either transformed, nonmalignant, 
or malignant cultured leukocytes, suggesting that increas- 
es in enzyme protein levels may be secondary to other physiologi- 
cal changes that occur during the development of overt 
leukemia a Taken together, these observations suggest that an 
increase in the activity of HMG-CoA reductase, the rate- 
controiling enzyme in cholesterol synthesis, is a common occur- 
rence in human hematologic malignancies and that a biphasic 
elevation of enzyme activity may exist in malignant leukocytes, 
such that changes in catalytic activity may occur early in tumori- 
genesis and may be followed by secondary changes in enzyme 
levels. -Harwood, H. J., Jr., I. M. Alvarez, W. D. Noyes, and 
P. W. Stacpoole. In vivo regulation of human leukocyte 

3-hydroxy-3-methylglutaryl coenzyme A reductase: increased 
enzyme protein concentration and catalytic efficiency in human 
leukemia and lymphoma. J Lipid Res. 1991. 32: 1237-1252. 
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For many years, a possible central role has been enter- 
tained for cholesterol in the pathobiology of cancer (1-5). 
Abnormalities in the synthesis (4-6), uptake (7-ll), and 
membrane content (1, 4, 12) of cholesterol have been 
causally associated with the proliferation, if not the induc- 
tion, of tumors. 

Siperstein and Fagan (13) provided the first strong evi- 
dence for disordered regulation of cholesterol metabolism 
in cancer cells, and this finding has been substantiated 
repeatedly for both solid tumors (2-5) and hematologic 
malignancies (3, 4). In general, these tumors fail to exhi- 
bit normal feedback suppression of sterol synthesis in 
response to dietary or lipoprotein cholesterol (2, 4), 
possibly as a result of altered lipoprotein uptake by malig- 
nant cells (14-16), and thus express increased basal rates 

Abbreviations: ALL, acute lymphocytic leukemia; ANLL, acute 
nonlymphocytic leukemia; FAB-M3, acute promyelocytic leukemia; 
FAB-MI or M2, acute myelogenous leukemia; FAB-M4, acute 
monomyelocytic leukemia; CLL, chronic lymphocytic leukemia, 
CML, chronic myelogenous leukemia; HMG, 3-hydroxy-3- 
methylglutaryl; TBS, Tris-buffered saline; LDL, low density 
lipoprotein; HDL, high density lipoprotein; VLDL, very low density 
lipoprotein. 

'A preliminary report of portions of these studies was presented at 
the American Federation for Clinical Research Annual Meeting in 
April 1986 (91). 
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of cholesterol formation (2-5). Disordered regulation of 
cholesterol formation appears to be an early event in the 
development of malignancy, occurring within 2 weeks of 
exposure of rats to carcinogens (17) and several months 
before the appearance of hepatomas following exposure of 
trout to aflatoxin (5). Altered regulation is not simply a 
consequence of increased cellular proliferation, however, 
since the rapidly dividing cells of fetal and regenerating 
liver exhibit normal feedback responses to dietary 
cholesterol ( 5 ,  13). 

The high rate of cholesterol production by solid tumors 
has been linked to an increase in the activity of 
3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) 
reductase [E.C.1.1.1.34], the endoplasmic reticulum en- 
zyme that catalyzes the rate-determining step in 
cholesterol synthesis (18). Although it is not known why 
HMG-CoA reductase activity is increased in cancer cells, 
increased enzyme activity persists even in cultured tumor 
cells that have regained their ability to suppress 
cholesterol synthesis through feedback regulation (3, 19), 
suggesting that enzyme activity may be increased through 
a mechanism independent of alteration in feedback sup- 
pression. The physico-chemical and kinetic properties of 
the enzyme isolated from tumors, however, appear very 
similar to those derived from normal tissues (20, 21). In 
two independent reports, it has been suggested that 
changes in the basal phosphorylation state of the enzyme 
are partly responsible for the increased HMG-CoA 
reductase activity in malignant tissues (22, 23), and in 
one report a dramatic increase in the cellular amount of 
HMG-CoA reductase protein in a solid rat hepatoma was 
comensurate with the hepatoma’s increased cholesterol 
synthesis (24). To date, however, the exact mechanism for 
the increase in HMG-GOA reductase activity in malig- 
nant tissues has not been elucidated. 

Preliminary evidence has suggested that HMG-CoA 
reductase activity may also be increased in human hema- 
tologic malignancies (6, 7, 25). Several laboratories have 
observed greatly increased rates of cholesterolgenesis from 
[ ’*C]acetate in freshly isolated leukocytes from patients 
with a variety of leukemias (6, 7, 25). In these studies, 
however, HMG-CoA reductase activity was not measured 
directly, but was implied through rates of sterol synthesis. 
Since normal granulocytes do not synthesis sterols (26, 
27), and the majority of newly formed mevalonate in lym- 
phocytes and monocytes is converted to nonsterol pro- 
ducts (26, 27), changes in the rate of cholesterol synthesis 
from acetate in human leukocytes may not accurately 
reflect changes in leukocyte HMG-GOA reductase activity 
or in the production of nonsteroidal products of meva- 
lonate metabolism. 

To evaluate the effects of malignancy on me intrinsic 
properties of human leukocyte HMG-CoA reductase, we 
used recently developed techniques for directly measuring 
both HMG-GOA reductase activity (28) and HMG-GOA 

reductase protein concentration (29) and for calculating 
HMG-CoA reductase catalytic efficiency (specific activi- 
ty) in microsomal fractions from either freshly isolated or 
cultured human leukocytes. Using these methods, we 
previously demonstrated that the regulatory properties of 
HMG-CoA reductase in normal human leukocytes quali- 
tatively resemble those of normal animal tissues (30, 31). 

In this report we examined HMG-CoA reductase ac- 
tivity in both trasnformed and malignant cultured human 
leukocytes and in leukocytes isolated from patients with 
either preleukemia, overt leukemia, or lymphoma. Our 
results show that the catalytic efficiency of human leuko- 
cyte HMG-CoA reductase is increased dramatically in 
the cells of most patients with either preleukemia, 
leukemia, or non-Hodgkin’s lymphoma, and in all trans- 
formed malignant and nonmalignant cell lines examined, 
through mechanisms independent of alterations in 
enzyme-substrate kinetic parameters (K,) or of changes 
in the phosphorylation state or thiol-disulfide status of the 
enzyme. Mechanisms responsible for the elevated cata- 
lytic efficiency of HMG-CoA reductase in patients with 
preleukemia appeared to be qualitatively different from 
those in subjects with frank leukemia or lymphoma. 

MATERIALS AND METHODS 

Subjects 

This investigation was approved by the Institutional 
Review Board of Shands Hospital, Gainesville, Florida. 
Participants in this study involved 34 healthy nor- 
mocholesterolemic individuals, 5 patients with pre- 
leukemic ~yndrome,~  6 with acute lymphocytic leukemia 
(ALL), 7 with acute nonlymphocytic leukemia (ANLL; 
acute promyelocytic leukemia (FAB-MS), n = 1; acute 
myelogenous leukemia (FAB-M1 or M2), n = 2; acute 
monomyelocytic leukemia (FAB-M4), n = 4), 9 with 
chronic lymphocytic leukemia (CLL), 1 with hairy cell 
leukemia, 8 with chronic myelogenous leukemia (CML; 
chronic myelogenous leukemia, n = 6; chronic mono- 
myelocytic l e ~ k e m i a , ~  n = 2), 5 with non-Hodgkin’s lym- 
phoma, 4 with breast cancer, 1 with colon cancer, and 1 
with choriocarcinoma. Individual patient information 
with respect to age, sex, disease and status, peripheral 
leukocyte count and differential, and current medication 
is presented in Table 1.  

3The term “preleukemia” is used in this context in the manner set forth 
by Bagby (49) to encompass patients in the early stages of hemopoietic 
dysplasia. In  this context, and to the extent to which CMMoL resembles 
overt leukemia, we have categorized our patients with CMMoL together 
with those possessing CML. 
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TABLE 1. Details of cancer patients studied 

Patient Peripheral Blood Percent Percent 
Number Sex Age Disease and Status" Leukocyte Count Immature Blasts Medications 

1 
2 
3 
4 
5 
6 
7 
8 

9 
10 
11 
12 
13 
14 
15 
16 
17  
18 

19 
20 
21 
22 
23 
24 

25 
26 
27 
28 
29 
30 
31 

32 
33 
34 
35 
36 

37 
38 
39 
40 
41 

42 
43 
44 
45 
46 
47 

M 
F 
F 
M 
F 
M 
M 
M 

M 
F 
F 
F 
M 
F 
M 
M 
M 
M 

M 
F 
M 
M 
M 
M 

F 
F 
F 
F 
F 
M 
M 

M 
F 
F 
M 
M 

M 
M 
F 
M 
F 

F 
F 
F 
F 
F 
M 

Y T  

74 
73 
63 
58 
42 
78 
50 
- 
68 
71 
85 
68 
55 
56 
- 
- - 
73 

43 
23 
18 
31 
21 
24 

24 
41 
68 
33 
70 
69 
26 

69 
54 
74 
67 
58 

44 
72 
62 
24 
43 
- 
- - - 
- 
- 

CMMoL, stable 
CMMoL, accelerating 
CML, accelerating 
CML, blast crisis 
CML, stable 
CML, blast crisis 
CML, blast crisis 
CML, accelerating 

CLL, accelerating 
CLL, stable 
CLL, accelerating 
CLL, stable 
CLL, stable 
CLL, stable 
CLL, stable 
CLL, stable 
CLL, stable 
HCL, stable 

ALL, stable 
ALL, stable 
ALL, stable 
ALL, accelerating 
ALL, stable 
ALL, stable 

ANLL (M1 or MZ), stable 
ANLL (M1 or M2), stable 
ANLL (M4), blast crisis 
ANLL (M4), blast crisis 
ANLL (M4), stable 
ANLL (M4), blast crisis 
ANLL (M3), stable 

oligoblastic leukemia 
myelodysplasia 
sideroblastic anemia 
myelodysplasia 
myelodysplasia 

NHL, stable 
NHL, stable 
NHL, stable 
NHL, stable 
NHL, stable 

breast cancer 
breast cancer 
breast cancer 
breast cancer 
colon cancer 
choriocarcinoma 

3,600 
86,500 
10,800 
25,000 
18,900 
60,000 
72,000 
67,000 

98,000 
14,500 
10,500 
10,500 
12,200 
7,100 

74,000 
16,000 
46,000 
2,400 

8,000 
7,900 
5,000 

2,600 
5,900 

10,000 

7,200 
6,600 

195,000 
24,000 
2,500 

40,000 
5,200 

7,700 
7,500 

16,300 
21,900 

3,900 

6,000 
5,100 
5,400 
4,100 
8,500 

5,000 
7,000 
8,000 
3,000 
7,000 
6,000 

2 
39 

5 
13 
6 

b - 
- 
45 

51 
7 
1 

83 
38 
4 
- 
- 
- 
1 

2 
6 
1 
4 
0 
3 

3 
4 

40 
59 

3 
70 
3 

18 
9 
9 
2 
0 

3 
0 
0 
0 
2 

1 
0 
0 
1 

11 
5 

0 
0 
0 
9 
0 
- 
- 
0 

0 
0 
0 
0 
0 
0 
- 
- 
- 
0 

0 
0 
0 
0 
0 
0 

0 
0 

38 
34 
0 

54 
0 

9 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 

none 
zentar 
busulfan, prednisone 
prednisone, 6MP, vincristine 
busulfan 

none 
none 

chlorambucil, prednisone, propranol 
cylophosphamide, insulin 
prednisone 
cylophosphamide 
chlorambucii 
chlorambucil 
none 
chlorambucil 
none 
none 

none 
none 
6MP, MTX, vincristine, prednisone 
MTX 
none 
none 

none 
none 
none 
none 
none 
none 
none 

prednisone 
none 
none 
hydroxylurea 
none 

none 
prednisone, cylophosphamide 
none 
none 
none 

none 
insulin 
none 
none 
none 
none 

"Abbreviations used: CML, chronic myelogenous leukemia; CMMoL, chronic monomyelocytic leukemia; CLL, chronic lymphocytic leukemia; 
HCL, hairy cell leukemia; ALL, acute lymphocytic leukemia; ANLL, acute nonlymphocytic leukemia (MI + M2, acute myeloblastic leukemia; M3, 
acute promyelocytic leukemia; M4, acute myelomonocytic leukemia); NHL, non-Hodgkin's lymphoma; 6MP, 6-mercaptopurine; MTX, methotrexate. 

'Not obtained at time of examination and blood sampling. 

Chemicals cals, Cleveland, OH); biotinylated donkey anti-rabbit 
Sources of reagents and enzymes were as follows: immunoglobin (Cat. #RPN 1004) and a streptavidin, 

gelatin, Tween-20, 4-chloro-1-naphthol, and electrophore- horseradish peroxidase conjugate (Cat. #RPN 1231) 
sis grade Tris (Bio-Rad Laboratories, Richmond, CA); (Amersham COT., Arlington Heights, IL); [3-'4C]HMG- 
hydrogen peroxide, E. coli alkaline phosphatase, COA (57 m c i h m o l )  and [ 5-3H]mevalonolactone (24 
glucose-6-phosphate, and dithiothreitol (U.S. Biochemi- Ci/mmol) (New England Nuclear, Boston, MA); and Per- 
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coil (Pharmacia, Piscataway, NJ). Cultured human leuko- 
cytes from the IM-9, NC-37, Daudi, Raji, Molt-4, 
CCRF-CEM and K562 cell lines were obtained from 
Meloy Laboratories (Springfield, VA). Polyclonal, 
monospecific anti-rat liver HMG-CoA reductase anti- 
serum was kindly supplied by Dr. G. c. Ness. All other 
materials were from previously listed sources (28-31). 

Solutions 

Ten x Hank‘s Balanced Salts Solution contained 80 811 
NaCl, 4 g/l KC1, 10 g/1 glucose, 600 mg/l KH2P04,  475 
mg/l Na2HP04, and 170 mg/l phenol red (pH 7.4). Tris- 
buffered saline (TBS) contained 2.4 g/l Tris (pH 7.5) and 
29.1 g/I NaCl. Seventy percent iso-osmotic Percoll con- 
tained 70 ml Percoll, 615 mg NaCI, and 30 ml of 0.15 M 
NaCI. Fifty-five percent iso-osmotic Percoll contained 55 
ml Percoll, 0.48 g of NaCI, and 45 ml of 0.15 M NaCl. 
TEDK buffer contained 50 mM Tris (pH 7.5) 1.0 mM 
EDTA, 5.0 mM dithiothreitol, and 70 mM KCL. 

Isolation of peripheral blood leukocytes 

Blood samples (up to 40 ml) were obtained using tour- 
niquet pressure from an antecubital vein with a 19-gauge 
needle and a 60-ml syringe. After removing the needle 
from the syringe, the blood was discharged into a 50-ml 
conical polystyrene centrifuge tube containing 1.0 ml of 
250 mM EDTA (pH 7.4) and inverted several times. Care 
was taken to empty the syringe over 5 to 10 sec with the 
jet of blood coursing along the side of the tube. This was 
done to minimize hemolysis that may artifactually elevate 
leukocyte HMG-CoA reductase activity (32). Within 10 
min of blood drawing, the sample was diluted with an 
equal volume of room temperature, Hank‘s Balance Salts 
Solution. Twenty-ml aliquots of the diluted blood sample 
were added to 50-ml plastic conical centrifuge tubes. For 
isolation of mononuclear leukocytes from healthy indivi- 
duals or patients with either viral infections, nonhemato- 
logic malignancies, lymphocytic leukemia, monocytic 
leukemia, or non-Hodgkin’s lymphoma, diluted blood 
samples were underlayered with 20 ml of room tempera- 
ture Histopaque-1077 and centrifuged at 400 g for 40 min 
to sediment erythrocytes and granulocytes. For isolation 
of total leukocyte populations from normal individuals or 
patients with either preleukemia or myelocytic leukemia, 
diluted blood samples were underlayered with 20 ml of 
70% iso-osmotic Percoll and centrifuged at 400 g for 40 
min to sediment erythrocytes. After centrifugation, the 
“buffy coat” layer was isolated, washed twice in Hank‘s 
Balanced Salts Solution, once in 0.87% NH4CI to lyse 
contaminating erythrocytes, and once in TEDK buffer 
and then frozen in liquid N, for subsequent use. 

Isolation of enriched populations of lymphocytes, 
monocytes, and granulocytes 

Enriched populations of lymphocytes, monocytes and 
granulocytes from healthy subjects were isolated as 

described by Harwood, Schneider, and Stacpoole (28). 
Peripheral blood leukocytes from one unit of blood, 
isolated and concentrated by leukophoresis (30-50 ml 
leukocyte suspensiodunit blood), were diluted to 120 ml 
with Hank‘s Balanced Salts Solution. Fifteen-ml aliquots 
of the diluted suspension were added to each of eight 50- 
ml conical centrifuge tubes. The suspension was under- 
layered first with 15 ml of 55% iso-osmotic Percoll and 
subsequently with 15 ml of 70% iso-osmotic Percoll. Dis- 
continuous gradients were centrifuged for 40 min at 
350 g. Mononuclear leukocytes were concentrated at the 
upper interface, while the granulocytes were concentrated 
at the lower interface. Erythrocytes were pelleted. The 
lower band (granulocytes) was removed and washed twice 
in RPMI-1640 tissue culture medium supplemented with 
10% fetal bovine serum. The resulting cell pellet that con- 
tained greater than 95% granulocytes, was washed once 
in 0.87% NH4CI and once in TEDK and frozen in liquid 
Ns. The upper band (mononuclear cells) was removed, 
washed twice in RPMI-1640 tissue culture medium sup- 
plemented with 10% fetal bovine serum, and resuspended 
in 10 ml of the same medium. A 1.25-ml aliquot of the 
mononuclear cell population was applied to each of eight 
24-ml (7 x 2.2 cm) iso-osmotic continuous Percoll gra- 
dients (d 1.010-1.160 g/ml) that had been previously 
prepared by centrifuging 55% Percoll in phosphate- 
buffered saline for 40 min at 21,000 g. After centrifugation 
at 1,000 g for 20 min, the upper band of leukocytes 
(migrating to d 1.060 g/ml and containing 70-89% mono- 
cytes) and the lower band of leukocytes (migrating to d 
1.075 g/ml and containing greater than 99% lympho- 
cytes) were each washed three t-imes in RPMI-1640 sup- 
plemented with 10% fetal bovine serum and then twice in 
TEDK. The final cell pellets were resuspended in 0.1 ml 
of TEDK and frozen in liquid N2 for subsequent use. 

Growth and isolation of cultured leukocytes 

Transformed but nonmalignant lymphoid cells of the 
IM-9 and NC-37 cell lines, and transformed malignant 
leukocytes of the Raji, Daudi, CCRF-CEM, Molt-IV, 
and K-562 cell lines were cultured in sterile RPMI-1640 
medium containing 10% heat-inactivated fetal calf 
serum, 100 U/ml penicillin, 0.25 p g h l  fungizone, and 
100 pg/ml streptomycin. Cell viability was greater than 
90% as assessed by Trypan Blue dye exclusion. Leuko- 
cytes from late-log phase cultures were washed twice in 50 
ml of TBS and frozen in liquid N2 for subsequent use. 

Isolation of leukocyte microsomes 
Leukocyte microsomes were isolated as previously 

described (28). Frozen cell suspensions were incubated at 
room temperature until just thawed. Subsequent opera- 
tions were at 0-5OC. Suspensions were homogenized 15 
times with a ground-glass pestle in a IO-m1 Potter- 
Elvehjem Tissue Homogenizer. Suspensions were trans- 
ferred to a 50-ml Potter-Elvehjem Tissue Homogenizer 
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and homogenized 5 times with a motor-driven Teflon pes- 
tle. The homogenate was diluted to 8 ml with TEDK and 
centrifuged at 2,000 g for 15 min. The pellet was discard- 
ed and the resultant supernant liquid was centrifuged at 
172,000 g for 90 min. After centrifugation, the micro- 
somal pellet was resuspended in 0.16 ml TEDK per lo8 
cells homogenized. 

Isolation and partial purification of human liver 
HMG-CoA reductase 

Liver microsomal HMG-CoA reductase from a brain- 
dead human organ donor was solubilized from the micro- 
somal membrane by limited proteolysis using a modifi- 
cation of the freeze-thaw, high glycerol method of Rogers, 
Panini, and Rudney (33). The solubilized enzyme was 
further purified by ammonium sulfate fractionation and 
subsequent heat fractionation at 65OC as previously 
described by Harwood, Greene, and Stacpoole (34). The 
resulting heat fraction of human liver HMG-CoA reduc- 
tase had an initial specific activity of 376 pmollmin per 
mg protein and was stored frozen in liquid N2 for subse- 
quent use. 

Measurement of human leukocyte HMG-CoA 
reductase activity 

Leukocyte HMG-CoA reductase activity was measured 
as described by Harwood et al. (28), with the following ex- 
ceptions. The specific activity of [3-'*C]HMG-CoA used 
for determining enzyme activity in freshly isolated leuko- 
cytes was 30 cpm/pmol, compared to a specific activity of 
10 cpm/pmol used for assessing HMG-CoA reductase ac- 
tivity in cultured leukocytes (28, 35). EDTA, 68 mM, was 
included in all incubations to prevent conversion of meva- 
lonate to phosphomevalonate. HMG-CoA reductase ac- 
tivity was measured in triplicate using 150 pg of 
microsomal protein for each sampling of freshly isolated 
leukocytes and in quadruplicate using 50 Fg of micro- 
somal protein for cultured leukocytes, and is expressed as 
pmoles of mevalonate formed per min of incubation at 
37OC per mg of microsomal protein. Under the standard 
isolation conditions described above, HMG-CoA reduc- 
tase is fully activated through dephosphorylation (28) and 
thiol-disulfide reduction (29, 31). No further increase in 
enzyme activity occurs upon treatment with additional 
dithiothreitol, or with either E. coli alkaline phosphatase 
or a crude preparation of rat liver phosphoprotein phos- 
phatase (28, 31, 35). 

Michaelis constants (K,) for partially purified human 
liver HMG-CoA reductase and for the human leukocyte 
enzyme from healthy individuals and patients with hema- 
tologic malignancies were determined with respect to 
HMG-CoA at saturating concentrations of NADPH (3.4 
mM) and variable concentrations of HMG-CoA between 
1 and 40 p~ by omitting [14C]HMG-CoA from the 

substrate co-factor solution and by adding it directly to 
the assay mixture at the desired final concentrations. 
Michaelis constants with respect to NADPH were deter- 
mined at saturating concentrations of HMG-CoA (67 
pM) and variable concentrations of NADPH between 8 
and 125 p M  by omitting NADP+ from the substrate co- 
factor solution and adding NADPH directly to the assay 
mixture of the desired final concentrations. 

Measurement of HMG-CoA reductase protein 
concentration 

Leukocyte microsomal HMG-CoA reductase protein 
concentration was measured as described by Harwood et 
al. (29). Briefly, portions of leukocyte microsomal 
preparations containing 1.5 pg of microsomal protein 
were applied to BA 85 nitrocellulose filters under vacuum 
using a Schleichter and Schuell Minifold-I1 slot blot ap- 
paratus. After sample application, the nitrocellulose sheet 
was removed from the blotting apparatus and incubated 
for 30 min at room temperature in 100 ml of TBS con- 
taining 3% gelatin. The nitrocellulose sheet was then in- 
cubated for 2 h at 45OC with 50 ml TBS containing 1% 
gelatin and 0.5 ml rabbit anti-rat HMG-CoA reductase 
antiserum. After two 15-min washes with 100 ml of TBS 
containing 0.05% Tween-20, and one 15-min wash with 
TBS, the nitrocellulose sheet was incubated for 60 min at 
room temperature with 40 ml of TBS containing 1% 
gelatin and 240 pl of biotinylated donkey anti-rabbit im- 
munoglobulin (Amersham, Cat. #RPN 1004). After 
washing, as described above, the nitrocellulose sheet was 
incubated for 30 min at room temperature with 40 ml of 
TBS containing 1% gelatin and 80 pl of streptavidin- 
horseradish peroxidase conjugate (Amersham, Cat. 
#RPN 1231). After incubation, the nitrocellulose was 
again rinsed and washed as described above. After the 
final TBS wash, two solutions, one containing 40 mg of 
4-chloro-1-naphthol in 10 ml of room temperature meth- 
anol and the other containing 50 pl of 30% H 2 0 2  in 50 
ml of room temperature TBS containing 1% gelatin, were 
mixed and immediately poured onto the nitrocellulose 
sheet. After a 15-min incubation at room temperature, 
the nitrocellulose sheet was washed with 200 ml of distill- 
ed water and air-dried. The intensity of color formation 
was quantitated by reflectance densitometry and was con- 
verted to pg immunoreactive protein by comparison to 
known human liver HMG-CoA reductase protein stand- 
ards (29) included on each nitrocellulose sheet. Leukocyte 
microsomal HMG-CoA reductase protein concentration 
is expressed as fig immunoreactive protein per mg micro- 
somal protein. 

Measurement of microsomal protein concentration 

(36), using bovine serum albumin as standard. 
Protein was determined by the method of Bradford 

Harwood et al. Human HMG-CoA reductase in leukemia 1241 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


Approximately 50% of patients with preleukemia or 
acute leukemia had normal enzyme activity. In contrast, 
no patient with either chronic leukemia or lymphoma had 
an activity of HMG-CoA reductase that fell within two 
standard deviations of the normal mean (Fig. 1). One 
subject (patient 18) with hairy cell leukemia, a chronic 
leukemia presumably of lymphocytic origin (39), however, 
did exhibit normal enzyme activity. 

Increased leukocyte HMG-CoA reductase activity was 
not due to nonspecific leukocyte stimulation or to the pre- 
sence of malignancy per se, since increased enzyme activi- 
ty was not observed in patients with viral infections 
(mononucleosis or influenza), or in patients with nonhe- 
matologic malignancies (breast cancer, colon cancer, 
choriocarcinoma) (Table 3). 

Since the method of microsomal isolation fully activates 
the HMG-CoA reductase enzyme with respect to phos- 
phorylation and thiol-disulfide reduction (28, 31), the in- 
creased leukocyte HMG-CoA reductase activity noted in 
Table 3 in patients with hematologic malignancies is not 
the result of enzyme activation through either increased 
dephosphorylation or increased thiol-disulfide reduction 
of that leukocyte enzyme. In studies in which peripheral 
blood leukocyte microsomes were incubated with either 
TEDK, TEDK containing 10 U E. coli alkaline phospha- 
tase, or TEDK containing 20 m M  dithiothreitol for 20 
min at 37OC prior to measurement of HMG-CoA reduc- 
tase activity, both the mononuclear leukocyte and total 
leukocyte enzymes isolated from normal subjects were ful- 
ly active with respect to enzyme phosphorylation 
[9.75 1.4 vs. 8.98 f 1.9 (n = 11) and 14.7 f 2.7 vs. 
14.7 2.7 (n = 4), respectively] and thiol-disulfide 
reduction [8.05 k 0.5 vs. 8.35 + 0.7 (n = 7) and 
10.9 + 1.7 vs. 11.9 f 1.4 (n = 3), respectively]. 

Lipid and lipoprotein analyses 

Blood was obtained for serum lipid and lipoprotein de- 
terminations at the same time that samples were collected 
for leukocyte isolation. Serum total cholesterol and trigly- 
cerides were measured by standard automated proce- 
dures. High density lipoprotein cholesterol (HDL) was 
determined by heparin-manganese precipitation (37). 
Low density lipoprotein (LDL) cholesterol and very low 
density lipoprotein (VLDL) cholesterol concentrations 
were calculated by the method of Friedewald, Levy, and 
Fredrickson (38). 

Blood leukocytes count and differential 

Blood leukocyte counts were determined by automated 
analyses using a Coulter counter. Differential counts were 
determined by visual evaluation of Wright-stained blood 
smears. A minimum of 200 leukocytes were evaluated and 
were classified as either mature polymorphonuclear 
leukocytes, lymphocytes, monocytes, eosinophils, baso- 
phils, immature leukocytes (e.g., bands, metamyelocytes, 
myelocytes, promyelocytes) or blasts. Due to the ambigui- 
ty of assignments of “malignancy” to leukocytes in 
leukemia patient blood smears by visual inspection, no at- 
tempt was made to classify mature polymorphonuclear 
leukocytes, lymphocytes, or monocytes as either malig- 
nant or nonmalignant. 

Statistical analysis 

The unpaired Student’s t test was used to determine 
statistical significance between mean values in the normal 
and 1eukemiaAymphoma populations. 

RESULTS 

Leukocyte HMG-CoA reductase activity is elevated in 
patients with hematologic malignancies 

HMG-CoA reductase activity averaged 10.3 k 0.8 
pmol mevalonate formedlmin per mg microsomal protein 
in freshly isolated mononuclear leukocytes from 31 
healthy, normocholesterolemic subjects (Table 2), as 
reported previously (31). Enzyme activity was not 
substantially different in purified populations of lympho- 
cytes (96% homogeneous), monocytes (81% homogene- 
ous), and granulocytes (96% homogeneous) or in total 
leukocyte populations (Table 2). In contrast, leukocyte 
HMG-CoA reductase activity was elevated over threefold 
in patients with preleukemia, over fourfold in patients 
with leukemia, and over threefold in patients with non- 
Hodgkin’s lymphoma (Tablq 3). The increase in enzyme 
activity that accompanied nonlymphocytic leukemia was 
approximately twofold greater than the increase in en- 
zyme activity that accompanied the malignancies of lym- 
phocytic origin (Table 3). 

TABLE 2. HMG-CoA reductase activity in populations of 
leukocytes from healthy subjects 

Cell Type HMG-CoA Kcductasc Activity 

Total leukocyte populations (n = 3) 
Mononuclear leukocytes (n = 31) 
Lymphocytes (n = 8) 
Monocytes (n = 7 )  
Granulocytes (n = 3) 

pmol/min/mp 

9.3 f 1.0 
10.3 f 0.8 
10.1 + 0.8 
13.0 + 1.6 
8.8 f 0.5 

Forty-ml blood samples were obtained from 34 healthy, normo- 
cholesterolemic individuals at 8:OO AM after an overnight fast. Total leu- 
kocyte populations were isolated by density gradient centrifugation over 
70% iso-osmotic ,Percoll while mononuclear leukocytes (77 % lynipho- 
cytes:23 % monocytes) were isolated by density gradient centrifugation 
over Histopague 1077, as described in Methods. Enriched populations 
of lymphocytes, monocytes, and granulocytes (9670, 81 %, and 95% 
homogenous, respectively, as judged by Wright’s and a-naphthyl acetate 
esterase staining) were isolated from 1 unit of blood from healthy blood 
donors as described in Methods. Leukocyte microsomes were isolated and 
microsomal HMC-CoA reductase activity was quantitated in triplicate 
for each individual. Data represent the mean + SE of average HMG- 
CoA reductase activities for the indicated number of subjects. 
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TABLE 3. Leukocyte HMG-CoA reductase activity is elevated in patients with preleukemia, leukemia, 
or lymphoma but not in patients with viral infections or non-hematologic malignancies 

HMG-CoA Percent of 
Diagnosis Reductase Activity Normal Activity 

pmol/min/mg % 

Normal 
Preleukemia 
Leukemia 

ALL 
ANLL 
CLL 
CML 

Non-Hodgkin's Lymphoma 
Viral Infection 
Nonhematologic malignancies 

10.3 f 0.8 
36.9 + 22" 

26.4 f 8" 
56.2 f 23' 
35.1 * 5' 
59.1 f 13" 
36.0 f 7' 
10.1 f 1.2 
9.3 f 1.7 

43.9 f 7" 

(100) 
349 
426 
256 
546 
341 
574 
350 
98 
91 

Fraction of 
Subjects in 

Normal Range 

31/31 
215 
713 1 
316 
317 

018 
015 
616 
616 

1/10b 

Blood volumes ranging between 10 and 40 ml were obtained from 31 healthy, normocholesterolemic individuals, 
5 patients with prele~kemia,~ 6 patients with ALL, 7 patients with ANLL; (acute promyelocytic leukemia (FAB- 
M3), n = 1; acute myelogenous leukemia (FAB-M1 or M2), n = 2; acute monomyelocytic leukemia (FAB-M4), n = 4), 
10 patients with CLL (CLL, n = 9; HC1, n = l),  8 patients with CML (CML, n = 6; chronic monomyelocytic leuke- 
mia,' n = 2), 5 patients with non-Hodgkin's lymphoma (NHL), 6 patients with documented viral infections (4 with 
influenza, 2 with mononucleosis), and 6 patients with nonhematological malignancies (4 with breast cancer, 1 with 
colon cancer, and 1 with choriocarcinoma). For patients with leukemia and lymphoma, the volume of blood ob- 
tained was dependent on the patient's hematocrit and on the degree of elevation of the leukocyte count. For normal 
individuals, patients with viral infections, patients with non-hematological malignancies, and patients with ALL, 
CLL, CMMoL, and NHL, mononuclear leukocytes were isolated by density gradient centrifugation over 
Histopaque-1077, as described in Methods. For patients with preleukemia, ANLL, and CML, total leukocyte popu- 
lations were isolated by density gradient centrifugation pver 70% iso-osmotic Percoll. Leukocyte microsomes were 
isolated and microsomal HMG-CoA reductase was quantitated in triplicate for each individual as described in Methods. 
Data represent the mean + SE of average HMG-CoA reductase activities for the indicated number of subjects. 
HMG-CoA reductase activity was considered to be within the normal range if it was within 2 standard deviations 
of the average HMG-CoA reductase activity for normal individuals (i.e.,  1.5 to 19.1 pmollmin per mg). 
"P < 0.0001. 
bOf the 10 patients with CLL, only the patient with hairy cell leukemia had normal enzyme activity. 

Differences in enzyme activity also were not the result 
of altered kinetic properties of the enzyme isolated from 
leukocytes of patients with hematologic malignancies. As 
shown in Fig. 2, the V,, for the microsomal enzyme 
isolated from the leukocytes of patient #9 (CLL) was 4.4- 
fold greater than that obtained from the microsomal en- 
zyme isolated from the leukocytes of healthy individuals 
(45.9 pmollmin per mg vs. 10.4 pmol/min per mg). 
However, the Michaelis constant (K,) for HMG-CoA 
obtained for the microsomal HMG-CoA reductase of pa- 
tient #9 did not differ significantly from that obtained for 
the microsomal enzyme isolated from healthy individuals 
(12.8 PM; RS mixture) or from that obtained for a par- 
tially purified preparation of the human liver enzyme 
(heat fraction). The K, value of 12.8 p M  is also similar to 
the 10.3 ~ L M  K, value obtained from the microsomal 
reductase of cultured human leukocytes of the IM-9 cell 
line (34). Thus differences in enzyme activity are not the 
result of differences in the kinetic properties of the en- 
zyme. 

The maximal velocity (V") values of 45.9 pmol/min 
per mg and 10.4 pmollmin per mg obtained from the 
kinetic analysis for the microsomal enzyme from patient 

#9 and for the microsomal enzyme from healthy indivi- 
duals, respectively, did not differ significantly from the 
46.2 pmol/min per mg and 10.3 pmollmin per mg, respec- 
tively, obtained by the standard methodology used to 
measure human leukocyte HMG-CoA reductase activity. 
Thus, the standard methology used in these studies 
measures enzyme activity at its maximum velocity, and 
minimizes the effects of altered substrate kinetic proper- 
ties should they occur in a subpopulation of patients. 

Neither total nor LDL cholesterol concentrations in the 
preleukemia, leukemia, or lymphoma patients studied 
differed significantly from plasma total or LDL choles- 
terol levels obtained for the normal population (Table 4). 
In contrast, however, plasma triglyceride and VLDL 
cholesterol levels were modestly, but significantly, elevated 
(Table 4), while plasma HDL concentrations were 
modestly, but significantly, reduced (Table 4). Similar in- 
creases in plasma triglyceride and VLDL cholesterol 
levels, with concomitant reduction of plasma HDL 
cholesterol levels, have been noted previously for both 
leukemia and lymphoma patients (40, 41) and are thought 
to be a consequence of decreased triglyceride clearance 
from the plasma, possibly as a result of altered lipoprotein 
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Fig. 1. Leukocyte HMG-CoA reductase activity for normal indivi- 
duals and patients with leukemia or lymphoma. Peripheral blood 
mononuclear leukocytes were isolated and leukocyte microsomal HMG- 
CoA reductase activity was determined for the normal subjects, 
leukemia patients, and lymphoma patients described in Table 3 as 
outlined in Materials and Methods. Shown is the distribution of indivi- 
dual leukocyte HMG-CoA reductase activities for the 31 healthy 
volunteers, 31 leukemia patients, and 5 lymphoma patients described in 
Table 1 as a function of the classification of their hematologic malignan- 
cy. The shaded area represents two standard deviations above the mean 
HMG-CoA reductase activity for the normal population. The numbers 
next to individual data points represent the patient numbers listed in 
Table 1. Patient #18, who possessed hairy cell leukemia, a preplasma 
cell variant that is clinically distinct from CLL, is indicated by the 
+ symbol. 

lipase concentrations (40). The relationship, if any, be- 
tween these differences in lipoprotein concentrations and 
increased leukocyte HMG-CoA reductase patients in 
leukemia and lymphoma are currently unknown. 

Increased leukocyte HMG-CoA reductase activity in 
leukemia and non-Hodgkin’s lymphoma is due to in- 
creases in both enzyme protein concentration and en- 
zyme catalytic efficiency 

The increased activity of HMG-CoA reductase in pa- 
tients with leukemia or non-Hodgkin’s lymphoma was 
due to increases in both enzyme catalytic efficiency and 
enzyme protein concentration (Table 5). Increases in en- 
zyme catalytic efficiency closely paralleled the increases in 
enzyme activity noted in Table 3. HMG-CoA reductase 
catalytic efficiency was elevated approximately 2-fold in 
both acute and chronic lymphocytic leukemia and ap- 
proximately 2.5-fold and 3.5-fold7 respectively, in acute 
nonlymphocytic and chronic myelogenous leukemia 
(Table 5). HMG-CoA reductase protein concentration 
was also increased approximately 1.6-fold in leukemia. 
Thus, the over 4-fold increment in HMG-CoA reductase 
activity in leukemia was, in part (2.5-fold), the result of 
an increase in the catalytic efficiency of the enzyme mole- 
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cule and, in part (1.6-fold), the result of an increase in the 
number of HMG-CoA reductase molecules. The indivi- 
dual differences between the enzyme catalytic efficiency 
values determined for leukocytes from healthy individuals 
and patients with leukemia are shown-in Fig. 3. 

Increased HMG-CoA reductase catalytic efficiency and 
enzyme protein concentration were also noted in patients 
with non-Hodgkin’s lymphoma (Table 5). The increases 
in enzyme activity, enzyme protein concentration, and 
enzyme catalytic efficiency observed in non-Hodgkin’s 
lymphoma resembled that noted in chronic lymphocytic 
leukemia, a disease of similar etiology (42, 43). 

Leukocyte HMG-CoA reductase catalytic efficiency 
but not protein concentration is elevated in both 
transformed, nonmalignant, and malignant cultured 
leukocytes 

To determine whether the increase in leukocyte HMG- 
CoA reductase activity is an integral aspect of the malig- 
nant phenotype, a consequence of cell growth, or a 
physiologic consequence of the malignancy, we asked 
whether increased enzyme catalytic efficiency and protein 

E. 

I 
E 
=i 

x - c 
E - I 
5 
8- 

l/[HMG-CoA] (Ummol) 

Fig. 2. Leukocyte microsomal HMG-CoA reductase from a patient 
with leukemia exhibits increased V,, with no change in K, for 
HMG-CoA. Leukocyte microsomes (150 pg microsomal protein) from 
six healthy subjects, leukocyte microsomes (150 pg microsomal protein) 
from CLL patient #9, and partially purified human liver HMG-CoA , 
reductase [heat fraction; 100 pg protein] were incubated for 30 min at 
37OC in a final volume of 75 pl of TEDK buffer containing the indicated 
concentrations of [“CIHMG-CoA and the remaining HMG-CoA 
reductase assay co-factors as described in Materials and Methods. For 
leukocyte microsomes from CLL patient #9 (0) and for partially puri- 
fied human liver HMG-CoA reductase (heat fraction, m), data are the 
average of duplicate measurements of HMG-CoA reductase activity. For 
the leukocyte microsomes from healthy subjects (0). data are the 
average ( * SD) of the mean HMG-CoA reductase activities for the six 
microsomal samples. Shown is the reciprocal velocity for the HMG-CoA 
reductase catalyzed reaction as a function of reciprocal HMG-CoA con- 
centration. 
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TABLE 4. Serum lipid and lipoprotein concentrations in normal individuals and patients with preleukemia, 
leukemia, and 1vmDhoma 

Total VLDL LDL HDL 
Cholesterol Cholesterol Cholesterol Cholesterol Triglycerides Diagnosis N Age 

Y7 mg/dl 

Normal 31 39 + 3 194 f 9 18 f 1 129 f 7 55 f 2 92 f 7 
Preleukemia 5 65 f 2' 191 f 20 34 f 7' 121 f 25 40 f 9' 170 * 34' 
Acute Leukemia 9 38 f 5 191 f 16 35 f 5" 113 i 13 43 f 4' 176 * 24' 
Chronic Leukemia 12 67 f 3" 186 f 18 37 f 6' 117 f 14 43 f 6' 185 f 28" 
Lymphoma 4 47 f 7 186 f 22 40 f 7' 103 f 14 43 f 8' 198 f 34" 

Serum from 7 ml of blood was obtained from 31 healthy subjects, 5 patients with preleukemia, 9 patients with 
acute leukemia (6 with ALL, 3 with ANLL), 12 patients with chronic leukemia (7 with CLL, 1 with HCL, 2 with 
CML,  2 with CMMoL), and 4 patients with lymphoma after an 11-14 h overnight fast. Serum lipid and lipoprotein 
concentrations were measured as described in Methods. Data are the mean f SE for the indicated number of in- 
dividuals. 

' P  < 0.0001; ' P  < 0.001; 'P  < 0.02; dP < 0.09; all other values are not significantly different from the values 
obtained for the normal population 

concentration persisted in both transformed, nonmalig- 
nant and transformed, malignant cultured human leuko- 
cytes. As shown in Table 6, HMG-CoA reductase 
catalytic efficiency was increased between 12- and 33-fold, 
relative to peripheral blood mononuclear leukocytes, in 
all cell lines examined. However, HMG-CoA reductase 
protein concentration was not significantly increased in 
either the transformed, nonmalignant (IM-9, NC-37) or 
transformed, malignant (Daudi, Raji, Molt IV, CCRF- 
CEM, K-562) cell lines. The %fold increase in HMG- 

CoA reductase activity noted in cultured lymphoblasts 
(IM-9, NC-37 cell lines) that were transformed but not 
malignant (Table 6), is considerably greater than the 4- to 
6-fold increase in HMG-CoA reductase activity that 
results from treatment of peripheral blood leukocytes with 
either phytohemagglutinin (PHA) (44, 45) or concanava- 
lin A (ConA) (46), or the 3- to 4-fold increase in enzyme 
activity that results through release of cultured cells from 
mitotic arrest (47, 48), suggesting that the increase in 
HMG-CoA reductase catalytic efficiency is not a result of 

TABLE 5. Increased leukocyte HMG-CoA reductase activity in leukemia and non-Hodgkin's lymphoma is 
due to increases in both enzyme protein concentration and enzyme catalytic efficiency 

HMG-CoA 
HMG-COA Reductase 
Reductase Protein HMG-CoA Reductase 

DiagnosisINumber Activity Concentration Catalytic Efficiency 

pmol/min/mg fig reductase/mg pmollminlmg 
reductase 

Normal/31 10.3 f 0.8 39 f 4 313 * 34 
Leukemia131 43.9 f 7" 62 f 6b 766 + 95* 

ALL16 26.4 f 8" 48 ~t 8(NS) 640 f 176c 
ANLLl7 56.2 f 23" 67 f 15" 734 f 170' 
CLL110 35.1 f 5" 65 f 11' 598 f 124' 

59.1 f 13" 65 f 11' 1098 f 245" CMLl8 
Non-Hodgkin's lymphoma15 36.0 f 7" 65 t 11' 558 + 32' 

HMG-CoA reductase protein contained in the leukocyte microsomes isolated and used for HMG-CoA reductase 
activity measurement as described in Table 3 was quantitated by noncompetitive, solid phase enzyme immunoassay 
using polyclonal, monospecific anti-rat liver HMG-CoA reductase anti-serum, as described in Methods, Purified 
human liver HMG-CoA reductase standards (29) were included on each nitrocellulose sheet to minimize interassay 
variation and permit conversion of arbitrary reflectance units into pg immunoreactive protein. HMG-CoA reduc- 
tase protein concentration was determined in triplicate for each individual. Data for HMG-CoA reductase activity 
is that of Table 3. Data for HMG-CoA reductase protein concentration is the mean f SE of average HMG-CoA 
reductase protein concentrations for each of the indicated number of individuals. HMG-CoA reductase catalytic 
efficiency was calculated by dividing enzyme activity by enzyme protein concentration for each individual. Data 
for HMG-CoA reductase catalytic efficiency represent the mean f SE of the calculated HMG-CoA reductase cata- 
lytic efficiencies for the indicated number of individuals. 

' P  < 0.0001; bP < 0.005; ' P  < 0.01; NS, not significant. 
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Fig. 3. Linear correlation between leukocyte HMG-CoA reductase ac- 
tivity and HMG-CoA reductase protein concentration in healthy indivi- 
duals and patients with leukemia. Leukocyte HMG-CoA reductase 
activity and HMG-CoA reductase protein concentration were determin- 
ed for normal subjects and leukemia patients described in Table 3, as 
outlined in Materials and Methods. Shown are the HMG-CoA reduc- 
tase activities for the normal subjects (0; r = 0.55, P < 0,001) and 
leukemia patients (0; r = 0.56, P < 0.002) as a function of the HMG- 
CoA reductase protein concentration determined in the same micro- 
somal preparation from which HMG-CoA reductase activity was 
determined. The dashed line represents two standard deviations above 
the mean HMG-CoA reductase activity for the normal population. 

differences in enzyme activity in quiescent versus actively 
dividing cells. In addition, the approximately 2-fold in- 
crease in HMG-CoA reductase activity and catalytic effi- 
ciency in Raji and Daudi cells (malignant B-lymphocytes) 
relative to the transformed but nonmalignant lympho- 
blastic cell lines IM-9 and NC-37, all of which are rapidly 
dividing cell lines, further suggests that the difference in 
enzyme activity is not simply the result of differences be- 
tween quiescent versus rapidly dividing cells. Finally, the 
increase in enzyme activity is not simply the result of ex- 
posure of lymphocytes to tissue culture growth medium 
since maintaining freshly isolated mononuclear leuko- 
cytes in tissue culture medium from up to 20 h resulted 
in only a slight (20%) and insignificant increase in HMG- 
CoA reductase activity (data not shown). 

That both the transformed and nonmalignant cells and 
also the malignant leukocytes showed increases in HMG- 
CoA reductase catalytic efficiency supports the suggestion 
that the increase in HMG-CoA reductase catalytic effi- 
ciency is associated with malignant transformation rather 
than a consequence of the malignancy. Furthermore, the 
lack of increase in HMG-CoA reductase protein concen- 
tration in the cultured cell lines also supports the sugges- 

tion that the increase in enzyme protein levels may be 
secondary to physiological changes that occur during de- 
velopment of overt leukemia. 

Biophasic elevation of leukocyte HMG-CoA reductase 
activity in acute nonlymphocytic leukemia 

Historically, there is a high incidence of progression of 
preleukemia to acute nonlymphocytic leukemia (49). To 
further evaluate the role of increases in HMG-CoA reduc- 
tase catalytic efficiency and enzyme protein concentration 
in the development of malignancy, we asked whether a 
qualitative difference in the mechanism responsible for 
the stimulation of HMG-CoA reductase activity could be 
noted between these two patient populations. As shown in 
Table 7,  HMG-CoA reductase catalytic efficiency was 
elevated approximately 2.5-fold in both populations. 
However, whereas HMG-CoA reductase protein concen- 
tration was significantly increased by 1.7-fold in patients 
with acute nonlymphocytic leukemia, enzyme protein 
concentration was not raised in patients with preleu- 
kemia (Table 7). These data are consistent with the 
concept that increased enzyme catalytic efficiency is an 
early event associated with the conversion of normal 
leukocytes to “premalignant” leukocytes, whereas increas- 
ed enzyme protein concentration is the result of a second- 
ary response to the physiological changes that occur 
following development of malignancy. The lack of in- 
crease of HMG-CoA reductase protein concentration in 
cultured malignant leukocytes (Table 6), which are not 
subject to secondary physiological events resulting from 
the presence of malignancy, is consistent with this 
hypothesis. 

DISCUSSION 

The existence of an abnormally high level of HMG- 
CoA reductase activity in human leukemia has been 
previously inferred from increased rates of cholesterol- 
genesis from [ ‘*C]acetate in leukocytes isolated from pa- 
tients with a variety of leukemias (6, 7, 25). However, 
since normal granulocytes do not synthesize sterols (26, 
27), and the majority of newly formed mevalonate in lym- 
phocytes and monocytes is converted to nonsterol pro- 
ducts (26, 27), the validity of these inferences remained 
questionable. To‘evaluate directly the effects of malignan- 
cy on the intrinsic properties of human leukocyte HMG- 
CoA reductase, we used recently developed techniques for 
measuring both HMG-CoA reductase activity (28) and 
HMG-CoA reductase protein concentration (29) and for 
calculating HMG-CoA reductase catalytic efficiency 
(specific activity) in microsomal fractions from either 
freshly isolated or cultured human leukocytes. 

We found that HMG-CoA reductase activity was sig- 
nificantly elevated in freshly isolated leukocytes from pa- 
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TABLE 6. Increased HMG-CoA reductase activity in nonmalignant and malignant cultured human 
leukocytes is due to increased enzyme catalytic efficiency but not increased enzyme protein concentration 

Cell Type 

HMG-COA HMG-COA HMG-CoA 
Reductase Reductase Protein Reductase 

Cell Line Activity Concentration Catalytic Efficiency 

Peripheral blood mononuclear leukocytes 
Nonmalignant lymphoblasts 
Nonmalignant lymphoblasts 
Malignant B-lymphocytes 
Malignant B-lymphocytes 
Malignant T-lymphocytes 
Malignant T-lymphocytes 
Malignant myelocytes 

10.3 f 0.8 39 f 4 
IM-9 189 f 5 48 f 3 
NC-37 179 f 9 48 f 3 
DAUDI 254 f 12 40 f 4 
RAJI 586 f 40 78 f 4 
Molt-IV 1170 f 2 120 f 9 
CCRF-CEM 170 f 2 47 f 4 
K-562 336 f 8 40 f 3 

nmol/min/mg 
reductase 

0.31 
3.9 
3.8 
6.4 
7.5 

10.1 
3.7 
8.3 

Cultured, transformed but nonmalignant lymphoblasts of the IM-9 and NC-37 cell lines, cultured malignant lym- 
phocytes of the Raji and Daudi cell lines, cultured malignant T-lymphocytes of the CCRF-CEM and Molt-4 cell 
lines, and cultured malignant myeloid cells of the K-562 cell line were isolated in late-log phase of growth by cen- 
trifugation at 400 g for 15 min. The culture medium was removed and the cell pellet was washed twice in phosphate- 
buffered saline and frozen in liquid N1. Leukocyte microsomes were isolated and microsomal HMG-CoA reductase 
activity was determined as described in Methods. Data are the average of quadruplicate determinations of HMG- 
CoA reductase activity f SE. HMG-CoA reductase protein in the cultured leukocyte microsomes was quantitated 
by noncompetitive, solid phase enzyme immunoassay using polyclonal, monospecific anti-rat liver HMG-CoA reductase 
antiserum, as described in Methods. Purified human liver HMG-CoA reductase standards (29) were included on 
each nitrocellulose sheet to minimize interassay variation and to permit conversion of arbitrary reflectance units 
to pg immunoreactive protein. HMG-CoA reductase protein concentration was determined in triplicate for each 
individual sample. Data for HMG-CoA reductase protein concentration is the mean f SE of triplicate determina- 
tions. HMG-CoA reductase catalytic efficiency was calculated by dividing enzyme activity by enzyme protein con- 
centration. 

tients with a variety of hematological malignancies, 
including preleukemia, acute leukemia, chronic 
leukemia, and non-Hodgkin's lymphoma. The increase in 
enzyme activity was greater for nonlymphocytic 
leukemias than for malignancies of lymphocytic origin. In 
addition, whereas all patients with chronic leukemia or 
lymphoma had increased HMG-CoA reductase activity, 
only approximately 60% of the patients with acute 
leukemia or preleukemia exhibited increased enzyme ac- 
t ivit y. 

It is not surprising that all patients studied with chronic 
leukemia exhibited elevated enzyme activity, since malig- 
nant cells circulate in these patients even during remis- 
sion (50). Likewise, it is also predictable that only a 
portion of the patients with preleukemia and acute 
leukemia would demonstrate increased enzyme activity, 
since many were examined as outpatients with varying 
degrees of remission, in which relatively few malignant 
cells may circulate (50, 51). Increased enzyme activity in 
the malignant lymphomas, however, was an unexpected 

TABLE 7. Biphasic elevation of leukocyte HMG-CoA reductase activity in acute nonlymphocytic leukemia 

DiagnosisINumber 
HMG-CoA 

Reductase Activity 

HMG-CoA 
Reductase Protein HMG-CoA Reductase 

Concentration Catalytic Efficiency 

pmol/min/mg ug reductadmg pmol/min/mg 
reductase 

NormaU3 1 10.3 f 0.8 39 + 4 313 f 34 
Preleukemia/5 36.9 f 22' 38 f 6(NS) 794 f 348' 
ANLLl7 56.2 f 23" 67 f 15' 734 + 170" 

HMG-CoA reductase protein concentration in the leukocyte microsomes isolated as described in Table 3 was 
quantitated by noncompetitive, solid phase enzyme immunoassay as described in Methods. Purified human liver 
HMG-CoA reductase standards (29) were included on each nitrocellulose sheet to minimize interassay variation 
and permit conversion of arbitrary reflectance units into fig immunoreactive protein. HMG-CoA reductase protein 
concentration was determined in triplicate for each individual. Data for HMG-CoA reductase protein concentration 
is the mean of the average HMG-CoA reductase protein concentration obtained for each of the indicated number 
of individuals f SE. HMG-CoA reductase catalytic efficiency was calculated by dividing HMG-CoA reductase 
activity by HMG-CoA reductase protein concentration for each individual. Data for HMG-CoA reductase catalytic 
efficiency represent the mean + SE of the calculated HMG-CoA reductase catalytic efficiencies for the indicated 
number of individuals. 
'P < 0.0001; 'P < 0.01; NS, not significant. 
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finding. However, since patients with lymphomas often 
progress through a leukemic phase (52), the possibility ex- 
ists that biochemically abnormal cells with no apparent 
morphological abnormalities continually circulate in 
these patients. Recent reports have indicated the existence 
of circulating clonal B-cell populations in many, if not all, 
types of lymphomas (53, 54). In addition, the plasma lipid 
abnormalities (40, 41), which may be the result of reduced 
lipoprotein lipase activity (40), and the alterations in 
membrane fluidity (55-57; see below) noted in patients 
with leukemia are also found in patients with lymphomas 
(40, 41, 58), suggesting that similar disorders of lipid 
metabolism may occur in both classes of malignancy. 

Increased leukocyte HMG-CoA reductase activity in 
hematological malignancies was not due to nonspecific 
leukocyte stimulation, since it was not observed in pa- 
tients with viral infections. In addition, the increase in en- 
zyme activity was not the result of increased rates of cell 
division since in freshly isolated and cultured malignant 
leukocytes the increase in enzyme activity relative to that 
of quiescent freshly isolated cells (17- to 114-fold) was 
substantially greater than that previously reported during 
induction of cell division in peripheral blood mononucle- 
ar leukocytes stimulated with lectins (44-46) or in cul- 
tured cells released from mitotic arrest (47, 48). Fur- 
thermore, increased enzyme activity was not due to the 
presence of cancer per se, since HMG-CoA reductase ac- 
tivity was normal in leukocytes from patients with nonhe- 
matological tumors, thus suggesting that the increase in 
enzymatic activity is not the result of production of a fac- 
tor by tumor cells that stimulate leukocytes to increase 
their HMG-CoA reductase activity. Taken together, these 
data support the concept that increased HMG-CoA 
reductase activity may be a fundamental property of the 
malignant phenotype. 

The results from these studies also indicate that the in- 
crease in leukocyte HMG-CoA reductase activity in 
malignancy is a complex phenomenon that is manifest 
through changes in both the catalytic efficiency (specific 
activity) and concentration of the enzyme. For patients 
with acute leukemia, chronic leukemia, or non-Hodgkin’s 
lymphoma, changes in enzyme activity (4.3-fold) were 
predominately the result of an increase in enzyme cata- 
lytic efficiency (2.5-fold), with more modest increases in 
enzyme protein levels (1.6-fold). In contrast, increases in 
HMG-CoA reductase activity in patients with preleuke- 
mia (3.6-fold) were solely the result of changes in enzyme 
catalytic efficiency. 

While the reasons for these differences are not readily 
apparent, several lines of evidence support the concept 
that increased enzyme catalytic efficiency is a fundamen- 
tal property of the malignant phenotype, whereas increas- 
ed enzyme protein concentration is a secondary 
consequence of nonspecific physiological changes that oc- 
cur in an organism in the presence of malignancy. In- 

creased enzyme catalytic efficiency persists following 
long-term culture of malignant cells, suggesting that the 
stimulus resulting in the increase in enzyme catalytic effi- 
ciency is intrinsic to the malignant cell. In contrast, in- 
creased HMG-CoA reductase protein levels are not seen 
in cultured malignant cells, suggesting that the elevated 
enzyme protein levels observed in freshly isolated leuko- 
cytes may be due to a stimulus extrinsic to the malignant 
cell. Consistent with this ’hypothesis is the observation 
that feedback regulation of HMG-CoA reductase synthe- 
sis by dietary cholesterol is lost in malignant tissues (2-5), 
but regained upon subsequent culture of the malignant 
cells (3, 19). 

It has been reported that cholesterol synthesis is in- 
creased in livers of carcinogen-treated animals prior to de- 
velopment of frank hepatomas (5, 17). In our studies, 
patients with preleukemia exhibited increased HMG- 
CoA reductase activity due entirely to elevated enzyme 
catalytic efficiency, further suggesting that increased 
HMG-CoA reductase activity may be an early event in 
the development of malignancy. In contrast, patients with 
AML exhibited increased enzyme activity due to in- 
creases in both enzyme catalytic efficiency and enzyme 
protein concentration. Since a high proportion of patients 
with preleukemia progress to frank AML (49-51), it is 
possible that the increase in enzyme catalytic efficiency 
noted in preleukemia is a result of development of the 
“premalignant” state, whereas the increase in enzyme pro- 
tein levels noted in AML reflects a secondary event that 
occurs concomitant to the progression from a premalig- 
nant state to a state of overt leukemia. Taken together, 
these findings are consistent with the hypothesis that a 
biphask elevation of HMG-CoA reductase activity occurs 
during expression of malignancy, such that increased flux 
through preexisting enzyme molecules would occur early 
in the course of their disease, e.g., in the “premalignant” 
state. Subsequently, as the malignant process becomes 
overt, enzyme protein levels would increase and contri- 
bute further to the rise in enzyme activity. A more 
rigorous test of this premise, however, would require pro- 
spective evaluation of changes in leukocyte HMG-CoA 
reductase catalytic efficiency and enzyme protein concen- 
tration in patients progressing from a preleukemic to a 
frankly malignant state. 

A variety of mechanisms exist whereby a cell can alter 
the catalytic efficiency of HMG-CoA reductase. These in- 
clude covalent modification by phosphorylation (59, 60), 
enzyme thiol-disulfide reduction (61, 62), substrate- 
mediated allosteric activation (63, 64), and alterations in 
the fluidity of the microsomal membrane (65, 66). Al- 
though changes in the phosphorylation state of the en- 
zyme have been shown to occur in a variety of malig- 
nancies ( 2 2 ,  23) ,  the increases in enzyme activity noted in 
this report are not the result of changes in enzyme 
phosphorylation state. Nor are they the result of either 
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alterations in the thiol-disulfide status of the enzyme or 
substrate-mediated allosteric activation. The method of 
enzyme isolation fully activates the enzyme with respect 
to phosphorylation and thiol-disulfide reduction mecha- 
nisms of activity modulation and the concentrations of 
NADPH and HMG-CoA used in the assay fully activate 
the enzyme with regard to allosteric activation (63, 64). 
This latter point is exemplified by the observation that the 
activity of the microsomal enzyme isolated from the 
leukocytes of patient #9 (CLL) and that isolated from 
seven healthy subjects exhibited near identity with the 
V,, values calculated from the kinetic analysis repre- 
sented in Fig. 2. Finally, since differences in HMG-CoA 
reductase activity persisted through kinetic analysis even 
though K ,  values exhibited no differences between en- 
zymes isolated from normal and malignant leukocytes, it 
is unlikely that the increased enzyme activity in leukemia 
and lymphoma is the result of differences in kinetic pro- 
perties of the enzyme. 

The activity of HMG-CoA reductase has also been 
shown to be regulated by the fluidity of the microsomal 
membrane, such that enzyme activity is increased with 
increasing membrane fluidity (65, 66). It is noteworthy 
that the cholesterol content of leukemic leukocytes is 
decreased approximately 50% relative to their normal 
counterparts (58, 67). As a result, the fluidity of the 
microsomal membrane, as judged by changes in both 
cholesterol to phospholipid ratios and a variety of order 
parameters, has been shown to be markedly increased in 
leukocytes isolated from patients with leukemia (55-58, 
67). The decreased cholesterol content and increased 
microsomal membrane fluidity in leukemic leukocytes 
(55-58, 67) are both consistent with the increases we 
observed in HMG-CoA reductase catalytic efficiency, sug- 
gesting that increased HMG-CoA reductase catalytic effi- 
ciency in hematological malignancies may result from an 
alteration of microsomal membrane fluidity. In support of 
this suggestion is the observation that HMG-CoA reduc- 
tase catalytic efficiency was elevated in all subjects with 
chronic hematologic malignancies, except for the patient 
with hairy cell leukemia, a chronic leukemia for which 
membrane fluidity has been reported to be normal 
(55). In addition, it is noteworthy that the cholesterol con- 
tent and membrane fluidity of lymphoma cells are also 
decreased and increased, respectively (58), a finding con- 
sistent with the increase in HMG-CoA reductase activity 
we noted in patients with non-Hodgkin’s lymphomas. 

A variety of regulatory mechanisms also exist whereby 
a cell can affect increases in HMG-CoA reductase protein 
concentration. These include alterations in the rate of 
transcription (68, 69), translation (69, 70), mRNA half- 
life (69), and enzyme protein half-life (69, 71) that appear 
to be mediated in part by oxygenated forms of cholesterol 
(72, 73) and by nonsterol products of mevalonate metabo- 
lism (70, 74). For example, oxysterols, generated by ox- 

idation of either newly formed cholesterol, cholesterol 
precursors, or internalized cholesterol (72), have been 
shown to lower HMG-CoA reductase protein concentra- 
tion by reducing HMG-CoA reductase mRNA synthesis 
(69) and also by increasing the rate of HMG-CoA 
degradation (71). Nonsteroidal products of mevalonate 
metabolism reduce HMG-CoA reductase protein concen- 
tration by preventing HMG-CoA reductase mRNA 
translation (70) and also by increasing the rate of HMG- 
CoA reductase mRNA degradation (69). Alterations in 
any of these regulatory mechanisms in the malignant 
leukocyte could potentially result in an increase in HMG- 
CoA reductase protein concentration. 

In addition, specific genetic mutations affecting regula- 
tory regions of the genes or resultant mRNA molecules im- 
portant in conferring normal transcriptional and transla- 
tional regulation of HMG-CoA reductase production 
could affect such an increase in enzyme protein levels. In 
this regard, it is noteworthy that the chromosomal loca- 
tion of the HMG-CoA reductase gene (5q13-q23; 75, 76) 
is proximal to a region (5q13-q32) known to experience 
a high mutational frequency in a variety of hematologic 
malignancies (77-79). Whether this chromosomal abnor- 
mality is in part responsible for either a direct or indirect 
release of the HMG-CoA reductase gene from normal 
feedback regulatory mechanisms remains to be determin- 
ed. However, the ability of cultured malignant cells to re- 
gain the capacity to control HMG-CoA reductase syn- 
thesis through feedback regulation (3, 19) suggests that a 
mutational event is unlikely to fully explain the increase 
in HMG-CoA reductase protein levels or the loss of feed- 
back regulation in malignancy. Thus, alterations in meta- 
bolism that alter the concentrations of important 
regulatory molecules seems a more plausible explanation. 
Clearly, further examination of the mechanism whereby 
HMG-CoA reductase protein levels are increased in 
malignancy is necessary before a plausible explanation 
can be advanced. In addition, the consequences of the 
altered lipoprotein patterns in patients with hematologic 
malignancies on intracellular lipid metabolism and on 
HMG-CoA reductase protein levels also remain to be ex- 
amined. 

In summary, these studies indicate that increased 
HMG-CoA reductase activity in hematologic malignan- 
cies is due to abnormalities in at least two regulatory 
parameters that normally control mevalonate production: 
I )  an increase in HMG-CoA reductase catalytic efficiency 
that may reflect alterations in membrane fluidity, and 2) 
an increase in HMG-CoA reductase protein concentra- 
tion that may occur subsequent to physiological changes 
that take place in response to the malignancy. 

A number of studies have suggested that increased 
cholesterolhoprenoid synthesis may be required for 
passage of cells through G I  phase of the cell cycle (44, 80, 
81). Since a number of products of mevalonate metabo- 

- 
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lism have been implicated as potential growth regulators 
(69, 74, 80, 82-85), it is tempting to postulate that the in- 
creased HMG-CoA reductase activity and the ensuing in- 
creases in mevalonate, isoprenoid, and sterol synthesis 
may play a role in the rapid and uncontrolled growth rates 
of malignant cells. Indeed, recent reports have shown that 
the gene product of the ras oncogene, an oncogene whose 
presence has been noted in malignant and premalignant 
tissues (86), and whose overproduction has been linked to 
malignancy (87, 88), is isoprenylated (89, go), and that 
this isoprenylation (farnesylation) may be important for 
its translocation to, and association with, the plasma 
membrane (go), its site of activity (88). These observa- 
tions support the notion that the increase in mevalonate 
formation that results from increased HMG-GOA reduc- 
tase activity may play a critical role in malignancy. U n -  
doubtedly, the role of elevated HMG-GOA reductase 
activity in malignancy will become further clarified as the 
roles of isoprenoid metabolism and protein isoprenylation 
in cell growth regulation are further elucidated. I 
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