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ABSTRACT

6-Phosphofructokinase (PFK) plays a central role in the regu

lation of glycolysis in both normal and neoplastia cells. Since
PFK also mediates the Pasteur effect, it coordinates the two
modes of energy production in most cell systems, i.e., glycolysis
and respiration. The energy production in the cancer cell is
characterized by a predominance of aerobic glycolysis (the War
burg effect) and a diminution or lack of the Pasteur effect.

Previous studies from this laboratory have demonstrated that
PFK in humans and in the rat exists in multiple tetrameric
isozymic forms consisting of three unique subunits under sepa
rate genetic controls, M, L, and P types. These isozymes are
distinguishable from one another by ion-exchange chromatog-
raphy and subunit-specific antibodies. Various organs exhibit

unique isozyme distribution patterns which essentially reflect the
preferred mode of carbohydrate metabolism utilized, i.e., glycol
ysis or gluconeogenesis or both.

In order to investigate whether the high aerobic glycolysis of
the cancer cell can be explained on the basis of a lack of the
regulatory function of PFK due to an altered isozyme distribution
pattern, we compared the activity and isozymic profile of the
enzyme from malignant cells of human leukemias, lymphomas,
virus-transformed cell lines, and established malignant cell lines
of lymphoid, myeloid, erythroid, and fibroblastic origin and their
normal counterparts. The myeloid and erythroid cell lines were
also investigated after in vitro differentiation induced by dimethyl
sulfoxide, sodium butyrate, hemin, etc. Our results show that,
as is the case with hexokinase and pyruvate kinase, the other
two rate-limiting enzymes of glycolysis, PFK shows both quan

titative increases and isozymic alterations secondary to altered
gene expression during neoplastic transformation, both in vivo
and in vitro. In contradistinction to the isozymic alteration in
hexokinase and pyruvate kinase, where highly regulated liver-

type isozymes decrease or disappear and are replaced by the
nonregulated ones, in the case of PFK, the highly regulated liver-

type isozyme not only persists but actually increases, followed
by an increase in the platelet-type isozyme. These isozymic

alterations closely parallel the quantitative increases in total PFK
activity, which in turn is closely related to the rate of replication
of cancer cells and hence an increase in metabolism. Thus,
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human PFK is both a transformation- and a progression-linked

discriminant of malignancy (For definitions of these terms, see
Weber ef al., N. Engl. J. Med., 296: 486-493, 1977.). These
data, taken together with those reported in the literature, suggest
that altered regulatory properties of tumor PFKs secondary to
isozymic alteration may be partly responsible for the Warburg
effect and a weakening of the Pasteur effect in the cancer cell.

INTRODUCTION

In mammals, PFK4 (ATP:D-fructose-6-phosphate-1-phospho-

transferase, EC 2.7.1.11), one of the key regulatory enzymes of
glycolysis, is a tetrameric protein, consisting of 4 identical or
nonidentical subunits. The enzyme is regulated by several me
tabolites, hormones, and nutritional and developmental states
which alter the rates of glycolysis in accord with cellular need for
energy or glycolytic intermediates. Thus, PFK plays a critical role
in the energy metabolism of cells/organs largely or entirely de
pendent on glycolysis, i.e., mature erythrocytes, exercising mus
cle, brain under most conditions, ischemie heart, and neoplastic
cells. Previous studies from this laboratory have shown that the
human enzyme is under the control of 3 structural loci, which
code of M-, L-, and P-type subunits which are differentially

expressed by various organs (1, 2). These subunits undergo
random tetramerization to produce various homo- and hetero-

tetrameric isozymes which are distinguishable from one another
by ion-exchange chromatography and subunit-specific antibod

ies (1,3).
The carbohydrate metabolism of the cancer cell is character

ized by an increase in the rate of glycolysis and a decrease in
the rate of gluconeogenesis (for review, see Refs. 4 to 7). This
metabolic state is associated with and therefore presumably
achieved by the reciprocal alterations in the key regulatory
enzymes of these 2 opposing catabolic and synthetic pathways
(5, 6). The increase in glycolysis is associated with quantitative
and qualitative alterations in the key regulatory enzymes, i.e.,
PFK, HK (EC 2.7.1.1 ), and PK (EC 2.7.1.40) (8).

Previous studies of the experimental rodent tumors have
shown that isozymic alterations in PFK differ from those exhibited
by HK and PK. Although the non-muscle and non-liver PFK
isozyme(s) which are poorly regulated appear anew, the liver-

type PFK, a highly regulated isozyme, not only persists but
actually increases significantly (for review, see Refs. 6 and 9 to
11). In human neoplasia, PK and HK exhibit alterations analogous

4The abbreviations used are: PFK, phosphofructokinase; M, P, and L, muscle,

platelet, and liver type, respectively; PK, pyruvate kinase; HK, hexokinase; PHA,
phytohemagglutinin; FCS, fetal calf serum; DMSO, dimethyl sulfoxide; TPA, tetra-
decanoylphorbol-13-acetate; PBS, phosphate-buffered saline, pH 7.4; Slg, surface
immunoglobulin.
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to those present in rat tumors (12-18). In contrast, very limited

information is available with regard to alterations in PFK activity
and isozymes in human cancers (19-22).

In order to define such changes for human PFK, we investi
gated malignant cells from various types of leukemia, lymphoma,
and virus-transformed and established malignant cell lines for

their PFK contents as well as their isozymic profiles. Our results
demonstrate that PFK exhibits both quantitative increases and
isozymic shifts secondary to altered gene expression in neopla
sia, i.e., retention of the liver-type isozyme and increase in the
expression of both liver and platelet-type isozymes. The isozymic

alterations closely parallel the quantitative increases in total PFK
activity, which in turn is closely related to the rate of replication
and therefore metabolism of cancer cells. Thus, in accord with
the prediction of the "molecular correlation concept," human

PFK(s)/is/both/a /transformation- /and/progression-linked
discriminant5 of malignancy (5,6). The identification of the P- and

L-isozymes of PFK as essential to the survival of cancer cells

may provide sensitive targets for the design of selective cancer
chemotherapy.

MATERIALS AND METHODS

Chemicals and Reagents. Adenme nucleotides, NADH, fructose 6-
phosphate, fructose 1,6-diphosphate, and dithiothreitol were purchased
from Sigma Chemical Co., St. Louis, MO. Aldolase, Â«-glycerol-phosphate

dehydrogenase, triosephosphate isomerase, and other auxiliary enzymes
were purchased from Boehringer Mannheim Biochemicals, Indianapolis,
IN. DEAE-Sephadex A-25 came from Pharmacia, Piscataway, NJ, and
Nonidet was from Particle Data, Inc., Chicago, IL. RPMI 1640, Eagle's

minimal essential medium, PCS, and hemin were products of Grand
Island Biological Co., Grand Island, NY. Staphylococci bearing protein A
(IgGSorb) were obtained from The Enzyme Center, Inc., Boston, MA.
Isolymph, a Ficoll-Hypaque density gradient medium, was obtained from
Gallard-Schlesinger Chemical Co., Carle Place, NY. Sodium butyrate,

TPA, and DMSO came from Sigma. All other chemicals were of reagent
grade.

Normal and Malignant Human Cells and Established Cell Lines.
Cases with leukemia and lymphoma were randomly selected for PFK
studies from the patient populations attending the Hematology Services
of the Departments of Pediatrics and Internal Medicine, Columbia Uni
versity, College of Physicians and Surgeons, New York, NY, and De
partment of Basic and Clinical Research, Scripps Clinic and Research
Foundation, La Jolla, CA. Heparinized fresh bone marrow aspirates or
peripheral blood samples (10 to 100 ml) were obtained from the newly
diagnosed patients with acute lymphoblastic or myelogenous leukemia
after informed consent. Peripheral blood specimens were also obtained
from patients suffering from chronic lymphocytic or myelogenous leuke
mia who were not on any chemotherapy for at least 1 month prior to
blood sampling. Fresh biopsy specimens of lymphoma were obtained at
the initial diagnostic work up of newly diagnosed patients.

Heparinized and defibrinated peripheral blood samples (50 to 100 ml)
were freshly obtained from healthy normal volunteers to obtain normal
granulocyte and lymphocyte suspensions to serve as controls. Normal
thymic and tonsiller tissue samples were obtained at surgery. The human

5The qualifying terms "transformation-linked" and "progression-linked" are used

as defined by Weber et al. (5) when an enzymic alteration is linked to malignant
transformation per se, i.e., without any relation to the degree of malignancy,
differentiation, or growth rate, and thus discriminates between normal and neo-
plastic cells, it is termed "transformation-linked." Such an alteration will be present

in all cancers of all grades of malignancy. In contrast, when an enzymic alteration
shows a positive or negative correlation with the degree of malignancy of a given
type of cancer, it is termed "progression-linked," i.e., the higher the degree of

malignancy, the more profound will be the alteration.

malignant cell lines, HeLa, KB, K-562, HL-60, and KG-1, were obtained

through the courtesy of various investigators at Columbia University,
College of Physicians and Surgeons. Epstein-Barr virus-transformed

lymphoblastoid cell lines (GM 605, GM 558, and GM 3201) and cultured
T-cell leukemia cell lines (GM 3639 and MOLT-4) were obtained from the

Human Mutant Genetic Cell Repository, Camden, NJ. At least 3 or more
separate donors were investigated where possible. At least 3 observa
tions were made on each of the established malignant cell lines.

Cell Cultures. The HeLa and KB cells were grown in large tissue
culture flasks (Falcon; 75 sq cm) containing 20 ml of Eagle's minimal
essential medium with Earle's salts supplemented with 1% each of L-

glutamine, penicillin, streptomycin, and nonessential amino acids and
10% FCS. All other cell lines were grown in plastic flasks containing
RPMI 1640, supplemented with 1% each of L-glutamine, penicillin and
streptomycin and with 15% FCS. The flasks were incubated at 37Â°Cin

5% CO2 and 95% air. The cells were transferred when cultures became
confluent or the cell count exceeded 1 x 106/ml density by dilution with

fresh culture medium. The K-562 cell line was induced with hemin (100

JIM) and sodium butyrate (1 mw) as described previously (23), whereas
HL-60 and KG-1 cell lines were induced with DMSO (1.25%) and TPA

(150 nM), respectively. The cell suspensions were induced at a density
of 3 to 5 x 104/ml, and the exposure of various inducers was maintained

for 7 and 11 days without any change of medium. At the time of harvest,
the cultures were compared with concurrent noninduced control cultures.
Generally, the induced cultures showed a mild decrease in cell replication
and viability as compared to the control cultures. For suspension cultures,
the viable cells were counted by the trypan blue dye exclusion technique.

Preparation of Pure Cell Suspensions and Cell Extracts. Mononu-
clear cells were isolated from freshly obtained heparinized blood, from
aspirated bone marrow, and from biopsy tissues (after teasing the latter
in RPMI 1640) by Ficoll-Hypaque density gradient centrifugaton using
Isolymph according to the manufacturer's instructions. If necessary,

mononuclear cell suspensions were subjected to repeated centrifugation
steps at 600 x g to remove platelets, which do not sediment at this
centrifugal force. Mononuclear cells from normal individuals were further
separated into pure populations of T- and B-lymphocytes as follows. T-
cells were separated over Ficoll-Hypaque according to their capacity to
form rosettes with neuraminidase-treated sheep erythrocytes and were

quantified by resetting of these erythrocytes as described by Hoffman
and Kunkel (24). Monocytes were removed from the mononuclear cell
suspensions by allowing them to adhere to plastic flasks for 1 to 2 h in
RPM11640 plus 10% FCS at 37Â°Cor by a carbonyl iron (Superfine; GAF

Corp, New York, NY) method as described previously (25). B-cells
bearing surface IgM were isolated from T-cell and monocyte-depleted

peripheral blood mononuclear cell suspensions according to their capac
ity to form rosettes with bovine erythrocytes coated with purified anti-

IgM antibodies covalently linked by the CrCI3 method (26).
Immature myeloid elements (myeloblasts) were separated from either

peripheral blood or bone marrow using Isolymph. Mature polymorpho-
nuclear leukocytes were separated from defibrinated blood according to
the method described by Clark and Kimball (27). Total leukocytes were
prepared from defibrinated blood from patients with chronic myelogenous
leukemia by dextran sedimentation. The contaminating platelets were
removed by a density gradient centrifugation step using 20.6% Stractan
according to Corash ef al. (28).

Harvested cultured cells were washed 3 times with PBS, and final cell
suspensions were counted using the standard manual method; viability
was determined using the trypan blue dye exclusion technique. The
degree of contamination of final cell suspensions with other cell types
was monitored by morphological examination of the smears.

The cell extracts were prepared just prior to PFK assays and other
studies as described previously (1).

PFK Assays. PFK assays were performed using a Gilford Model 260
spectrophotometer at 26Â°C in a final volume of 1 ml as described

previously (2). One unit of enzyme is defined as that amount of enzyme
that converts 1 ^mol of fru 6-phosphate to fructose 1,6-diphosphate in
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1 min in the above system. The enzyme activity is expressed as units/
10'Â°cells.

Production of Subunit-specific Antibodies. Subunit-specific mono
clonal antibodies against M- and L-subunits of human PFK were pro
duced by the hybridoma technique. Antibody-rich ascites fluids were

raised by injecting hybridomas into the peritoneal cavities of BALB/c
xDBA/2 Ft mice. The details of the immunization protocol, techniques
of hybridization, screening of the secretory hybrids, and characterization
of the secreted antibodies are described elsewhere (3). The production
and characterization of a human P-subunit-specific mouse antiserum has

been described previously (29).
Enzyme Immunoprecipitation Studies. Cell extracts were diluted to

a final concentration of 0.06 unit/ml using the extraction buffer. Fifty-/jl
aliquots of a given extract were mixed in duplicate with 50 Â¿tlof the anti-
M or anti-L monoclonal antibody-rich diluted ascites fluids (1:200 in PBS)
or anti-P antiserum (1:64 in PBS). After incubation at 37Â°Cfor 30 min,

100 ni of a 10% suspension of freshly washed staphylococci bearing
protein A (IgGSorb) were added (30). The mixtures were incubated at
37Â°C for 30 min and centrifuged, and the supernatants were assayed

for residual enzyme activity; only tubes showing more than 7% precipi
tation in comparison with their controls were considered to be positive
(31). Each cell suspension was tested in duplicate using 3 types of
antibodies with concurrent duplicate controls.

Isozymic Complements of Various Cell Types. Chromatographie
separation of PFK isozymes was carried out at 4Â°C using DEAE-

Sephadex A-25 and a concave elution gradient of salt as described

previously (2, 32).

RESULTS

Purity of Isolated Cell Suspensions. Mononuclear Å“il sus
pensions consisting of lymphoblasts or myeloblasts were gen
erally >95% pure; the occasional contaminants were neutrophils
and erythrocytes. Normal T-lymphocytes isolated from peripheral
blood were usually very pure, i.e., >90% with 50% yield. The
thymic specimens yielded >95% pure T-cells. The composition
of non-T-cells varied with the source of the lymphoid material.
The non-T-cell fractions obtained from peripheral blood contained

20 to 60% monocytes; the remaining cells were a mixture of
Slg-positive cells (B-cells) and a heterogeneous population of la
antigen-positive cells, most of which are in the B-cell series.
Typically, >90% pure Slg-positive B-cells are obtained with

approximately 50% yield. Tonsils provided an excellent source
of B-cells; they often contained >50% non-T cells and <5%
monocytes. The tonsillar non-T-cell fraction often contained a
higher proportion of Slg-positive B-cells (>70%) than did periph

eral blood. The final polymorphonuclear cell preparations showed
95 to 98% purity. However, a high degree of purity was often
difficult to obtain with peripheral blood specimens from patients
with chronic myelogenous leukemia; the major contaminants
were lymphocytes and platelets. The use of defibrinated blood
resulted in negligible contamination with platelets; however, all
preparations studied contained 10 to 20% lymphocytes.

Characterization of the Anti-PFK Antibodies. As reported

earlier, each monoclonal antibody exhibits strict subunit specific
ity, i.e., anti-M or anti-L. Since a given antibody reacts with the
respective subunit, whether contained within a homo- or a het-
erotetramer, it precipitates all M- or L-bearing heterotetramers.
For instance, anti-M precipitates not only M4, but also M3L and
MP2L isozymes (3). The dilutions of the ascites used (1:200)
provided an antibody excess.

Similarly, the mouse anti-P antibody also shows strict reactivity

with the P-subunit only, and it precipitates not only P4 but also
P-containing heterotetramers. As reported earlier, the anti-P
antibody is not a truly "monospecific" antibody; however, it is

functionally rendered monospecific in the conditions of the active
enzyme precipitation assay (29). A 1:64 dilution of the antibody
retains full precipitating capacity, if used in conjunction with
IgGSorb (29); therefore, this dilution was used in the studies
reported in this article.

Total PFK Contents of Various Cell Types. Table 1 lists the
PFK activity levels of different types of malignant cells, expressed
both as units/1010 cells and as a percentage of the respective

normal cell type. There was no significant difference between
the total PFK contents of B- and T-lymphocytes and between

normal lymphocytes and normal granulocytes, i.e., 10 to 15
units/1010 cells. The malignant cells isolated from all leukemias

and lymphomas exhibited none to minimal increases in total PFK
activity on a per cell basis, i.e., 102 to 196% of normal. In
contrast, very high activity levels were present in all established
malignant cell lines of lymphoid, myeloid, erythroid, and fibro-

blastic origin. The highest activity levels were present in rapidly
replicating and therefore heavily glycolyzing cells, i.e., HeLa and
KB. PHA-stimulated T-cell blasts showed moderately high activ

ity levels on the third and fourth days following stimulation.
Chromatographie Studies. Charts 1 to 4 illustrate the repre

sentative isozymic profiles of PFK from native and cultured cell
lines of lymphoid (Chart 1), myeloid (Chart 2), erythroid (Chart
3), and fibroblastic (Chart 4) origins. As shown in Chart 1,
malignant cells from the cases of acute and chronic lymphocytic
leukemia did not show any significant deviation in their isozymic

Tabtel
PFK activity levels of various normal and malignant cell types and cultured

cell lines

CelltypeLymphoidNormal

lymphocytes(6)"Acute

lymphoblastic leukemia(8)Chronic
lymphocytic leukemia(27)B-cell

lymphomas(9)Epstein-Barr
virus-transformed B-cell lines(8)dT-cell

leukemia cell lines(5)dPHA-stimulated

T-cell blasts(10)MyeloidNormal

polymorphonuclear leukocytes(5)Acute
myeloblastic leukemia(11)Chronic

myelogenous leukemia(6)HL-60
cell line(3)HL-60
cell line, induced(3fKG-1

cell line(3)KG-1
cell line, induced(3)"ErythroidRBC

(6)K-562
cell line(4)K-562
cell line, induced(3)"FibroblasticFibroblast

cell lines(6)HeLa
cell line(3)KB

cell line (4)PFK

activity
(units/1010cells)11

Â±1.7Â°15.3

Â±4.117.6
Â±1116.9

Â±7.498
Â±12.761

.2Â±5.654.8
Â±9.512.4

Â±2.524.3
Â±11.212.7
Â±1.959.1
Â±10.457.2
Â±0.375.4
Â±20.650.1
Â±92.1

Â±0.185.6
Â±8.175.1
Â±5.4244.4

Â±73.3264
Â±19.5255.3

Â±30.7%

of nor
mal8100149160154893558532100196102477462608405

a Percentage of the activity of the normal counterpart, i.e., lymphocytes or

neutrophils.
b Numbers in parentheses, number of separate donors or observations on each

cell line(s) investigated.
c Mean Â±SD.
" Number of observations on 2 separate T-cell and 5 separate B-cell lines.
8 Induced with DMSO, hemin, sodium butyrate, or TPA (see text).
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Chart 1. Representative isozymic profiles of PFKs from normal and malignant

cellsof iymphoidorigin.A: normal lymphocytes.8:0, acute lymphoblasticleukemia;
â€¢,chronic lymphocytic leukemia.C: PHA-stimulatedT-cell blasts. D: Epstein-Barr
virus-transformed lymphoblastoid cell line. E: established T-cell leukemia cell line,
MOLT-4. F: B-cell lymphoma.

profiles (Chart 10) compared with normal B- or T-lymphocytes
(Chart 1A). Malignant lymphoma cells exhibit predominance of
hybrid forms (Chart 1F) as compared with L, in normal and
leukemic lymphocytes. In contrast, PHA-stimulated T-cell blasts
(Chart 1C), Epstein-Barr virus-transformed B-cell lines (Chart
10), and T-cell leukemia cell-lines (Chart 1E) exhibit dramatic
alterations in their isozyme profiles. In each case, there is a
predominance of P4- and P-containing isozymes instead of that
of U- and L-containing isozymes seen in normal lymphocytes.
In particular, MOLT-4 exhibits P4 as its predominant species
(Chart 1Â£).In B-cell lines and PHA-stimulated T-cell blasts, U
and L-containing isozymes (and occasionally M4 peak) are dis
tinctly present (Chart 1, C and D) as compared with T-cell lines,

where these species are absent.
The isozymic profile of malignant cells from the cases of acute

myelogenous leukemia (Chart 2B, closed circles) is not signifi
cantly different from that of normal polymorphonuclear leuko
cytes (Chart 2A). However, that of cells from chronic myeloge
nous leukemia consistently demonstrated a distinct P4 peak,
which could not be accounted for by the degree of platelet
contamination present (Chart 28, open circles). In cultured mye-
loid cell lines, KG-1 (Chart 2C) and HL-60 (Chart 2D) multiple
isozymes composed of all 3 subunits were present with L-

containing isozymes predominating. Both cell lines showed dis
appearance of their early-eluting hybrid isozymes following in

duction with TPA and DMSO, respectively (Chart 2, E and F);

x

S 5

CD 01
E g
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e

Â«.p.

B

30 50 70 30

Fraction

50 70

Chart 2. Representative isozymic profiles of PFKs from normal and malignant
cells of myeloid origin. A: normal polymorphonuclear leukocytes. B: O, chronic
myelogenous leukemia;â€¢,acute myelogenous leukemia.C: KG-1 cell line. D: HL-
60 cell line. E: KG-1 cell line induced with TPA. F: HL-60 cell line induced with
DMSO.

their isozymic profiles now appeared to approach that of normal
polymorphonuclear leukocytes (Chart 2A).

As shown in Chart 3, in contrast to normal erythrocytes, which
express 5-membered set composed of the M and L subunits,

i.e., M4, M3L, M2L2, MLÂ«,and L, (Chart 3A), or 8 to 10 isozymes
due to polymorphism of the M subunit6 (composed of M, M',

and L subunits (Chart 3B), the K-562 cell line exhibits multiple

species composed of all 3 subunits (Chart 3C). Hemin induction
of K-562 did not result in any significant alteration in isozymic
profile (Chart 3D), although >90% of cells exhibited hemoglobin
synthesis as indicated by benzidine positivity on Days 7 and 9
following induction. Although normal diploid fibroblasts express
a profile similar to that of the cultured Iymphoid line (P4- and P-
containing isozymes predominating) (Chart 4A), a single fibro-
blast cell line (ICT-272) was found to express an additional major

peak in the position of M4 isozyme. HeLa (Chart 4C) and KB
(Chart 40) cell lines exhibited predominantly P4species with only
a few hybrids of P+L and M+L subunits.

Immunoprecipitation Studies. Our interpretation of the Chro
matographie data were essentially confirmed by the immunopre-

' S. Vora. Genetic polymorphismof human muscle-type phosphofructokinasein
various racial groups: implication in the phenotypic expression of the erythrocyte
phosphofructokinaseisozymes, manuscript in preparation.
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Chart 3. Representative Â¡sozymicprofiles of PFKs from normal and malignant
cells of erythroid origin. A, normal erythrocytes (typical profile);B, normal erythro-
cytes (atypical profile); C, K-562 cell line; D, K-562 cell line induced with hemin or
sodium butyrate.
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Chart 4. Representative isozymic profiles of normal and malignant cells of
fibroWastic origin. A. normal diploid fibroblasts (typical profile); B, normal diptoid
fibroblasts (atypical profile);C, HeLa cell line;D, KB cell line, a derivative of HeLa.

cipitation studies. As shown in Table 2, the subunit compositions
of PFKs from leukemic cells do not differ significantly from that
of normal lymphocytes, except perhaps an increase in the L
subunit in leukemic cells. The M subunit contributes relatively
little to the PFKs from all the lymphoid cells except the Epstein-
Barr virus-transformed B-cell lines. Note that the M subunit is
almost absent in T-cell blasts and that the L subunit contributes
in a minor way to PFK of T-cell leukemia cell lines. Similarly, cells

Table 2
Immunoprecipitationvaluesof PFKfrom various cell types using subunit-specific

antibodies
% of precipitation8

Cell type Anti-M Anti-L Anti-P

Lymphoid
Normal lymphocytes (6)" 18.4Â±4.6C 62.5 Â±6.2 68.6 Â±6.7
Acute lymphoblastic teuke- 15.4 Â±2.7 92 Â±0.8 50.6 Â±9.1

mia (4)
Chronic lymphocytic teuke- 11.4Â±7.1 82.4Â±12.4 68.7 Â±9.7

mia (5)
B-cell lymphomas (3) 2 Â±2.9 89.3 Â±8.1 59.7 Â±10.1
EB virus-transformed B-cell 38.6 Â±13.4 68.9 Â±9.5 76.2 Â±5.5

lines (6)"
T-cell leukemiacell lines (5)" 2.5 Â±1.7 25.7 Â±7.5 85.7 Â±8.5
PHA-stimulatedT-cell blasts 0 71.5 Â±7.2 63.8 Â±10.9

(9)

MyeloidNormal
pc4ymorphonuclearleukocytes

(5)Acute
myeloblastic leuke

mia(3)Chronic
myelogenousleu

kemia(3)HL-60
cell line(3)HL-60
cell line, induced(3fKG-1

cell line(4)KG-1
cell line, induced(3)"ErythrokjRBC

(6)K-562
cell line(4)K-562
cell line, induced(3)FibroblasticFibroblast

cell lines(6)HeLa
cell line(3)KB

cell line (4)18.5

Â±49.5

Â±3.811.1

Â±7.17.3

Â±2.302.9

Â±4.21.4
Â±2.374.9

Â±6.143.4
Â±10.144.8
Â±12.924.3

Â±10.450.3
Â±3.325.5
Â±2.079.7

Â±7.086.6

Â±3.487.7

Â±2.291.1

Â±1.492.2
Â±3.381

.8Â±6.591.8
+9.988

Â±4.180.7
Â±5.875.1
Â±9.577

Â±4.458.5
Â±1.748.5

Â±7.156.1

Â±5.676.6

Â±3.564.8

Â±12.653.8

Â±1037.2
Â±7.155
Â±17.259.1
Â±12.11

Â±2.157.2
Â±7.664.8

Â±18.488.2

Â±11.985.3
Â±3.583.3
Â±8.0

a Percentage of the activity precipitated as compared with that of the control
under the conditions described in "Materials and Methods"; values less than 7%

precipitation are considerednot significant.
6 Numbers in parentheses,number of separate donors or observations on each

cell lme(s)investigated.
0 Mean Â±SO.
a Number of observationson 2 separate T-cell and 5 separate B-cell lines.
8 Induced with DMSO, hemin, sodium butyrate, or TPA (see text).

of myeloid origin express none or very few M subunits; their
PFKs consist predominantly of the P+L subunits, the subunits
present in the mature neutrophils. Although the differentiated
KG-1 and HL-60 cell lines exhibit profiles resembling that of

mature neutrophils, no alterations are seen in their precipitation
values because of the nature of the assay (see "Materials and
Methods"). In contrast to the near absence of the M subunit

from the cells of myeloid origin, the K-562 cell line exhibits a

substantial expression of the M subunit. However, induction with
concomitant differentiation in vitro did not result in any significant
alteration in the isozymes of this cell line. As reported previously,
PFKs from cultured fibroblasts predominantly consist of P+L
subunits with the M subunit contributing only in a minor way. In
contrast, PFKs from HeLa and KB cell lines consist predomi
nantly of P4 and of hybrid isozymes consisting of all 3 types of
subunits.

DISCUSSION

Since the initial description of the Warburg effect, i.e., the high
aerobic glycolysis of malignant tumors by Warburg (33) in 1926,
the enzymatic and/or metabolic mechanism(s) responsible for
this phenomenon have remained an enigma (for review, see
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Refs. 4 and 7). Since PFK is now known to be the primary rate-

limiting reaction of the glycolytic pathway and to mediate the
Pasteur effect (34-36), we reasoned that the alterations in the
activity and isozymes of PFK may be invoked to explain the
observed decrease or lack of Pasteur effect and high aerobic
glycolysis of cancer cells.

The total activities of PFK, PK and HK were first found to be
elevated in experimental rat hepatomas of differing growth rate
and differentiation (37-40). The PFK activity showed a 2- to 3-

fold increase in poorly differentiated (rapidly growing) tumors,
while it was normal or even diminished in well-differentiated

(slow-growing) tumors, indicating a direct correlation of the en
zyme activity with the degree of differentiation (39-43). Weber

and Lea (40) also demonstrated the close correlation between
the PFK activity (and also PK and HK activities) and the growth
rate of the tumor on the one hand and lactate production by the
tumor on the other.

Subsequent studies of rodent hepatomas and other tumors,
including Yoshida sarcomas and ascites hepatomas and Ehrlich
ascites tumor cells, revealed that HK and PK also exhibit iso-
zymic shifts which appear to facilitate glycolysis. The liver-type
high-Km (allosteric) isozymes, which are responsive to hormonal
and nutritional regulation, disappeared or decreased, whereas
the non-liver type, i.e., muscle- or kidney-type isozymes (nonal-

losteric), which are much less regulated, if at all, either appears
anew or increased (38, 44-46). In contrast, isozymic alterations
exhibited by PFK in rat neoplasia differed fundamentally from
those in HK and PK. Although the non-muscle and non-liver PFK
isozymes (most likely platelet or brain-type) appeared anew, the
liver-type PFK, a highly regulated isozyme, not only persisted
but actually increased significantly in all the rodent tumors stud
ied (10, 41, 42, 47-50). Only a single study reported on the total
loss of the U isozyme and appearance of P4 and hybrid species
of P+L in Yoshida ascites hepatomas and sarcomas (51). Our
recent studies of the well-differentiated and anaplastic medullary
thyroid carcinomas of the rat dramatically reinforce the prefer
ential expression of the liver-type isozyme by the cancer cell
(10). The rapidly growing anaplastic tumors showed an increase
in the liver-type isozyme as compared to the slow-growing

differentiated tumors. This increase in the L subunit is remarka
ble, since PFKs from both types of tumors predominantly consist
of P4 and hybrids of P+L subunits (10).

In contrast to the extensive and elegant studies of PFK in
rodent tumors, only a very few studies have attempted to inves
tigate the enzyme in human neoplasia (19-22, 52-54). This is

probably due to the recent recognition of the PFK isozymes in
humans and to the difficulties encountered in resolving and
identifying them. As a matter of fact, some of the previous
observations appear to be inaccurate in light of our present data
obtained using Chromatographie and immunochemical tech
niques discussed below. Meienhofer ef al. (21) first reported that
PFK from leukemic myeloid cells showed altered immunochemi
cal and kinetic properties consistent with an increased expres
sion of the M subunit as compared to normal leukocytes. Sub
sequent immunochemical studies by this group showed that
there were no differences in the isozymic complements of malig
nant cells from acute and chronic lymphocytic leukemia as com
pared with normal lymphocytes (22). Bennett eÃal. (19) compared
the isozymic profiles of various types of brain tumors with those
of adult and fetal brain tissue using polyacrylamide gel electro-

phoresis. Although the technique used did not resolve the mul
tiple isozymes now known to exist in adult brain (32), it clearly
demonstrated the general trend of isozyme alterations. The
isozyme pattern of the slow-growing, well-differentiated tumors
resembled that of adult brain, whereas the fast-growing undiffer-
entiated tumors exhibited liver-type isozyme, in addition to iso

zymes normally present in adult brain. Recent immunochemical
studies by Cottreau ef a/. (20) have confirmed these results and
have suggested further that the isozymic complements are cor
related with the degree of differentiation of the tumors.

We found that PFK activity is normal or only mildly elevated
(1- to 2-fold increment) in the neoplastic cells from various acute

and chronic leukemias and lymphomas, as compared with their
normal counterparts (Table 1). In contrast, all types of cultured
cell lines, irrespective of their cell types of origin, i.e., lymphoid,
myeloid, erythroid, or fibroblastic, possess very high PFK activity
levels (4- to 9-fold increment). The highest increases in the PFK
activity, /.e., 10-fold, are shown by the Epstein-Barr virus-trans
formed lymphoblastoid cell lines derived from B-lymphocytes.
Similarly, PHA-stimulated T-cell blasts or established T-cell leu
kemia cell lines show a 5- to 6-fold increase in PFK activity.
Interestingly, the established human malignant cell lines, i.e., K-
562, HL-60, KG-1, HeLa, and KB, exhibit relatively high PFK

activities, and the highest activities are shown by rapidly repli
cating and heavily glycolyzing HeLa and KB cell lines (200 to
300 units/1010 cells).

Our Chromatographie (Charts 1 to 4) and immunological data
(Table 2) illustrate the fact that in these cell types the isozymic
alterations of PFK parallel the quantitative increases in the total
enzyme activity. Various types of leukemia and lymphoma cells
exhibit no to mild increases in the activity (Table 1) and no to
minimal alterations in isozymic profiles (Charts 1 and 2). The
malignant cells from acute and chronic lymphoid leukemias and
B-cell lymphomas exhibit no alterations in isozymic profiles (Chart

1, B and F) compared with normal lymphocytes (Chart 1X\). In
contrast, those from acute and chronic myeloid leukemias exhibit
minimal increases in hybrid species of P+L and P4, respectively
(Chart 20) as compared to normal neutrophils (Chart 2A). T-cell
blasts irrespective of their origin, i.e., PHA-induced (Chart 1C) or
T-cell leukemia cell lines (Chart 1Â£),exhibit striking increases in

PFK activity (Table 1) which are associated with drastic altera
tions in their isozyme profiles. Note that U- and L-containing

isozymes predominate in normal lymphocytes (Chart 1A),
whereas P4- and P-containing Â¡sozymespredominate in T-cell
blasts (Chart 1, C and E). Although P4- and P-containing iso
zymes also predominate in Epstein-Barr virus-transformed B-cell

lines (chart 1D), these cell lines consistently exhibit a significant
expression of the M subunit (approximately 40 to 50% M-

containing species) (Table 2). It is noteworthy that neither leu
kemic nor PHA-induced T-cell blasts express the M subunit in
significant amounts (approximately 0 to 5% M-containing spe

cies) (Table 2). In fact, within hours of induction with PHA, the
normally expressed M subunit in the lymphocyte (approximately
26% precipitation) becomes undetectable (0 to 5% precipitation),
indicating a repression of the M-gene expression.7

In order to investigate whether PFK gene(s) expression is
correlated with the state of differentiation of these cell lines and
whether some of the observed isozymic alterations are related

7S. Vora, unpublished data.
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to the culture conditions rather than differentiation, we investi
gated several malignant erythroid and myeloid cell lines which
can be induced to differentiate in vitro. HL-60 and KG-1, the

human promyelocytic and granulocytic leukemia cell lines, can
be induced to terminally differentiate into morphologically and
functionally mature granulocytes by a wide variety of compounds
including DMSO and TPA. Prior to induction, KG-1 and HL-60

cell lines express all 3 PFK subunits with P+L subunits predom
inating (Chart 2, C and D, respectively; Table 2); again, the M
subunit is almost absent. Concomitant with differentiation, how
ever, the total PFK activity does not show any decrement, the
hybrid isozymes of P+L decrease or disappear in both cell lines,
and the isozymic profile now approaches that of mature neutro-

phils; the minimal expression of the M subunit is also lost.
In contrast, K-562, a myeloid leukemia cell line (55) possesses

a number of phenotypic properties of embryonic erythroid pro
genitor cells including embryonic-fetal hemoglobin synthesis

when induced with hemin and sodium butyrate (23, 56). The
uninduced K-562 cell line showed a simultaneous expression of

all 3 subunits with the P and L subunits predominating (Chart
3C). However, unlike the myeloid cell lines, the K-562 cell line

expresses the M subunit in significant amounts (approximately
40 to 50% precipitation; Table 2). However, despite differentia
tion with hemin and DMSO as indicated by hemoglobinization,
this cell line did not alter its total PFK activity (Table 1) or isozymic
profile (Chart 3D). Chart 3 compares the isozyme complements
of both uninduced and induced K-562 cell line with those of

mature erythrocytes. The normal erythrocyte PFK consists of 5
isozymes composed of the M and L subunits, M4, M3L, M2L2,
ML3, and U (2). Among certain ethnic groups, a "fibroblastic"

pattern (Chart 3B) is prevalent which most probably results from
a genetic polymorphism of the M subunit.6

The observed lack of isozymic alterations in PFK despite
differentiation of K-562 is consistent with those reported for

other glycolytic enzymes, lactate dehydrogenase (23), PK (57,
58), and HK (57). Neither the total activities (57) nor the isozymic
profiles of these enzymes showed any significant alterations.
Although these data have been interpreted to indicate a non-
coordinate regulation of mature erythrocyte-specific proteins, it

is generally forgotten that fetal and not adult hemoglobins are
synthesized by these cells. It is conceivable that the erythrocyte-

specific glycolytic isozyme expression may be manifested by
these cells, if these cells were to express adult genetic program
as indicated by the expression of adult hemoglobins. However,
it is noteworthy that mature erythrocyte-specific isozymes of

HK, PFK, PK, and lactic acid dehydrogenase are expressed
although in variable amounts by both uninduced and induced K-

562 cells.
As reported previously, fibroblast cell lines were found to

exhibit very high PFK activity levels and a simultaneous expres
sion of all 3 PFK subunits (1). The latter should theoretically
result in 15 distinct isozymic species. However, due to the
unavoidable overlap of some heterotetramers during gradient
elution, only 8 to 10 species are chromatographically distinguish
able (Chart 4, A and ÃŸ).Most fibroblast cell lines exhibit an
isozyme pattern similar to that illustrated in Chart 4A, where P4
isozyme predominates with hybrids of P+L and M+L constituting
the less abundant species. However, in an occasional cell line,
M4 isozyme predominates as determined both chromatographi
cally (Chart 10) and immunologically (approximately 50% precip

itation). As reported previously, the expression of the M subunit
is variable in cultured human fibroblasts and the reasons for this
variability are not entirely clear (31). Two permanent malignant
cell lines, HeLa and KB, which are known to glycolyze very
actively also exhibit PFK activity levels comparable to cultured
fibroblasts (Table 1). However, Chromatographie results indicate
that their PFKs consist primarily of P4 and hybrids of P+L and
M+L subunits (Chart 4, C and D). Immunological data confirm
the predominance of the P subunit (approximately 85% precipi
tation) over the L (50 to 60% precipitation) and M subunits (25
to 50% precipitation) (Table 2).

Our results taken together with those in the literature indicate
that human PFK undergoes quantitative increases and isozymic
shifts during neoplastic transformation both in vivo and in vitro.
These changes are apparently not correlated with the type of
cell from which cancer originated but rather the rate of growth
and concomitant increase in metabolism. The isozymic altera
tions seem to parallel the quantitative increases in total enzyme
activity; the higher the increment, the more dramatic are the
isozymic changes. Considering the expression of PFK in human
cancers, in virus-transformed and permanent malignant cell lines,
and in PHA-induced blasts, a unifying feature emerges; i.e.,

whenever there is an extra demand for glycolysis, the relative
expression of the L subunit increases first, followed by that in
the P subunit, whereas the expression of the M subunit is
variable; the latter may decrease, increase, or remain unchanged.

The preferred expression of the L and P subunits may be
explained in terms of the biochemical and metabolic advantages
they may confer upon the cancer cell because of their unique
kinetic and regulatory properties. Tanaka er al. (50) found that
the P4 isozyme isolated from the rat hepatomas was the least
allosteric among the 3 isozymes. Sumi and Ui (48) also reported
on the novel regulatory properties (K+ inhibition and pH inde

pendence of ATP inhibition) of the Ehrlich ascites tumor cell PFK
which appears to be of U type (50). Rat hepatoma PFKs (mainly
liver type) are also reported to be relatively insensitive to inhibition
by ATP and citrate (42, 59). Our recent studies also demonstrate
the desensitization of the enzyme from undifferentiated thyroid
tumors to potent inhibitors (ATP and citrate) and increased
sensitivity to the activator (fructose 2,6-diphosphate) (10), which
most probably reflect the increase of the liver-type subunit (60).

The available metabolic studies also point to the dysfunction of
tumor PFK with the loss of its regulatory activity on tumor
glycolysis which again most probably reflects its altered isozymic
composition, i.e., an increased expression of the L subunit (61-

63).
It is now generally accepted that the Pasteur effect, i.e.,

inhibition of glycolysis during active respiration, is mediated via
an inhibition of PFK by ATP, citrate, and other inhibitory metab
olites. Considering the known kinetic and regulatory properties
of liver PFK, it is conceivable that an increase in this subunit may
result in the weakening of the Pasteur effect, since ATP and
citrate are unable to exercise a negative feedback inhibition of
the enzyme.

It is of interest to note that a minor increase in the L subunit
may suffice to alter the regulatory properties of the total tumor
PFK since the former can tetramerize with the non-L subunits to

alter the overall isozymic composition. It is well established that
the kinetic properties of a given hybrid isozyme, e.g., M2L2 or
M3L, are not an arithmetic average of those of M4 and U
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Â¡sozymes,but unique to the hybrid per se (64). It is conceivable
that a reduction in the rate-limiting activity of PFK in concert with

similar changes for PK (44, 50) and HK (45) account for the
observed high rate of aerobic glycolysis of tumors as suggested
previously (50).

In summary, these studies show that PFK is both a transfor
mation- and progression-linked discriminant of malignancy and

that the reprogramming of PFK genes occurring during malignant
transformation proceeds in an orderly fashion. The available data
on the regulatory properties of the P and L isozymes implicate
them in the mediation of the Warburg effect exhibited by the
cancer cell. Detailed analyses of the contribution of different PFK
isozymes to the regulation of glycolysis and respiration mani
fested as the Pasteur effect and the Crabtree effect, respectively,
may assist toward the elucidation of the mechanism(s) of the
Warburg effect. Moreover, if L and P isozymes of PFK are
essential to the survival of cancer cells, they may provide sensi
tive targets for the design of selective cancer chemotherapy.
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