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Phosphoglycerate mutase, 2,3-bisphosphoglycerate
phosphatase, creatine kinase and enolase activity and
isoenzymes in breast carcinoma
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Summary We have compared the levels of phosphoglycerate mutase (EC 5.4.2.1), 2,3-bisphosphoglycerate phosphatase (EC 3.1.3.13),
creatine kinase (EC 2.7.3.2) and enolase (EC 4.2.1.11) activities and the distribution of their isoenzymes in normal breast tissue and in breast
carcinoma. Tumour tissue had higher phosphoglycerate mutase and enolase activity than normal tissue. Creatine kinase activity was higher
in seven out of 12 tumours. In contrast 2,3-bisphosphoglycerate phosphatase activity was lower. Phosphoglycerate mutase, enolase and 2,3-
bisphosphoglycerate phosphatase presented greater changes in the oestrogen receptor-negative/progesterone receptor-negative breast
carcinomas than in the steroid receptor-positive tumours. Determined by electrophoresis, type BB phosphoglycerate mutase, type BB
creatine kinase and aa-enolase were the major isoenzymes detected in normal breast tissue. Types ay and yy enolase, types MB and MM
phosphoglycerate mutase were detected in much lower proportions. In tumours a decrease of phosphoglycerate mutase isoenzymes
possessing M-type subunit and some increase of enolase isoenzymes possessing y-type subunit was observed. No detectable change was
observed in the creatine kinase phenotype. © 2000 Cancer Research Campaign
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Phosphoglycerate mutase (PGM) (D-Phosphoglycerate 2,3brupt changes in workload, to provide appropriate local
phosphomutase, EC 5.4.2.1), and enolase (2-phospho-D-glycera&@&P/ADP ratios at subcellullar sites and to act as protfietig
hydrolyase, EC 4.2.11) are glycolytic enzymes that catalyse system (reviewed ikValliman et al, 1992\\Vyss et al, 1992).
consecutive reversible reactions connecting the AlB-gener- All these enzymes possess tissue-specific isoenzymes. In
ating reactions in the glycolytic pathwaPGM catalyses the mammalian tissues, there are three isoenzymes of PGM and three
conversion of 3-phosphoglycerate, product of the fiid2-gener-  cytosolic isoenzymes of CK which result, in both cases, from the
ating reaction, into 2-phosphoglycerate, in the presence of the chomodimeric and the heterodimeric combinations of tfeidint
factor 2,3-bisphosphoglycerate. In addition to the main mutassubunits coded by separate genes and designated M (muscle) and
activity, PGM possesses collateral 2,3-bisphosphoglycerate pho8- (brain). In early fetal life, type BB-PGM and type BB-CK are
phatase (BPGP; EC 3.1.3.13) activity which is stimulated by 2the only present forms. During myogenesis the isoenzyme pheno-
phosphoglycolate (reviewed in Fotg#l-Gilmore and Watson, types undgyo transition, type BB-PGM and type BB-CK being
1989). Enolase catalyses the conversion of 2-phosphoglycerateplaced by the MM forms through the MB isoenzymes. In adult
into phosphoenolpyruvate, substrate of the seédittgenerating mammals, skeletal muscle contain almost exclusively type MM-
glycolytic reaction (reviewed inWold, 1971). Creatine kinase PGM and type MM-CK, whereas type BB-PGM and type BB-CK
(CK) (ATP: creatine N-phosphotransferase, EC 2.7.3.2) is an ubigare found in most other tissues. Only in heart are the three PGM
uitous enzyme that catalyses the reversible transphosphorylati@and CK isoenzymes present in substantial amounts. In addition to
reaction betweeATP and creatine, generating ADP and phospho+the cytosolic CK subunits, mammalian tissues express two mito-
creatine. It has a key role in the ememetabolism of cells with chondrial CK subunits (‘ubiquitous’ Mt-CK and ‘sarcomeric’
high and fluctuating emgy demands, where it develops two main Mt-CK subunits) that form octameric and dimeric molecules
primary functions: to constitute a temporal gyebufer and a  (reviewed inWallimann et al, 1992)\yss et al, 1992; Carreras and
spatial enggy buffer or enegy transport system between intracel- Gallego, 1993; Durany and Carreras, 1996). In addition to PGM
lular sites of ATP production and sites &TP consumption. In  isoenzymes, in mammalian tissues there are other enzymes that
addition, CK develops other secondary functions: to prevent a rideave 2-phosphoglycolate-stimulated BPGP agtivine of them
in intracellular ADP avoiding an inactivation AT Pases, to avoid is the 2,3-bisphosphoglycerate synthase-phosphatase or 2,3-
oscillations in the concentration of high-eme phosphates upon bisphosphoglycerate mutase (BPGM; EC 5.4.2.4), which is a
homodimer of a subunit that possesses great homology with PGM
) subunits.Two other enzymes are heterodimers resulting from the
gzize"?”zégﬁ/‘,]:”‘l";%wgg combination of a BPGM subunit with a PGM subunit either type
d M or type B (reviewed in Carreras and Gallego, 1993). Enolase
Accepted 7 July 1999 . . .
molecules are dimers composed of three distinct subunits coded by
Correspondence to: J Carreras separate genes and designatgtiver), B (muscle) andy (brain).
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The aa isoenzyme exists in all fetal tissues and most adulTable 1 Levels of PGM activity in breast normal tissue and carcinomas
mammalian tissuegp- andyf-enolase are found predominantly

. . Normal tissue Tumour tissue
in skeletal and heart muscigr anday-enolase are present mainly
in nervous tissue and in tissues with neuroendocrine cells. Thicase no. Ug- Umg- Ugt Umg
have been frequently designated as neuron-specific enolase (N¢
(Schmechel et al, 1978; Kato et al, 1983; Haimoto et al, 1985). 1! 2.4 0.18 3.9 0.24
As a first step to investigate the alterations of the expression g ;f g'ig S'g g'gg
the enzymes of energy metabolism in neoplastic tissues, in order, 57 030 15.9 080
explain the underlying metabolic changes and to validate tumois 1.8 0.08 16.8 0.65
marker enzymes and prognostic factors, we have studied the disi6 0.5 0.03 4.2 0.33
bution of PGM, enolase, cytosolic CK and BPGP activities an(’ 0.6 0.05 6.8 0.50
. . . . .8 0.8 0.04 9.6 0.48
isoenzymes in several human tumours. There is a wealth of infcg 1.0 0.05 0.6 0.38
mation concerning the expression of CK and enolase activity arig 05 0.03 39 0.20
isoenzymes in neoplastic tissues. However, most data have beil 0.5 0.05 3.4 0.23
obtained by inmunohistochemical and inmunoassay techniquel? 0.4 0.04 3.1 0.23
Mean+sem. 1504 0.1+0.02 76+13 0.4 +0.05

and only a few reports have been published on the distribution |

CK (reviewed in Foreback and Chu, 1981; Bais and Edward:

1982; Griffiths, 1982; Nanji, 1983; Kanemitsu and Okigaki, 1984}T o . ) .
. L . . he activity is expressed as units per g wet tissue and as units per mg of

and enolase isoenzyme proteins in tumours (reviewed in Taylor extracted protein. The comparisons are as follows: U g-*: control vs

aI, 1983; Royds et al, 1985; Schmechel, 1985; Gerbitz et aI, 198(;arcinoma, P < 0.0005; U mg: control vs carcinoma, P < 0.0005.

Marangos and Schmechel, 1987; Kaiser et al, 1989). Concerning

the distribution of PGM isoenzymes in neoplastic tissues, only

some data on brain tumours were available (Omenn and CheuiTable 2 Levels of creatine kinase activity in breast normal tissue and

1974; Omenn and Hermodson, 1975). We have already publishcarcinomas

data concerning brain, lung, colon and liver tumours (Joseph et

Median (range) 0.9 (0.4-5.7) 0.05 (0.03-0.3) 6.4 (3.1-16.8) 0.37 (0.2-0.8)

Normal tissue Tumour tissue
1996, 1997; Durany et al, 1987199D). In the present study we
present the results concerning normal breast and breast caicase no. ug U mg ug U mg
nomas, which largely confirm the findings from the other cance
types 1 2.10 0.16 0.60 0.04
) 2 1.50 0.12 0.92 0.06
3 1.60 0.14 3.86 0.09
4 3.50 0.16 2.20 0.10
MATERIALS AND METHODS s 0.85 0.03 120 0.0
_ 6 2.40 0.16 8.06 0.37
Materials 7 0.88 0.07 0.60 0.04
) ) 8 1.90 0.07 1.12 0.04
Enzymes, substrates, co-factors and biochemicals were purchayg 2.00 0.09 6.10 0.19
from either Boehringer (Mannheim, Germany) or Sigma (St Louis10 1.30 0.07 3.10 0.18
MO, USA). B-Mercaptoethanol was from Merck (Darmstadt, 11 0.84 0.09 2.30 0.13
Germany) and bovine serum albumin was from Calbiochem (L'%/IZean ceem 1 71':‘%) . o 1040501 ) 83;78 s o 1342?) o
Jolla, CA, USA). Other chemicals were reagent grade. Agar nobyegian (range) 16 0.09 29 0.09
was obtained from Difco Laboratories (Detroit, MI, USA). (0.84-3.5)  (0.03-0.16) (0.6-8.06)  (0.04-0.37)

Cellulose acetate strips were from Helena Laboratorie,
(Beaumont, TX, USA) and agarose gels were from Ciba-Corninthe activity is expressed as units per g wet tissue and as units per mg of

(Palo Alto, CA, USA). extracted protein. The comparisons are as follows: U g-: control vs
carcinoma, non-significant; U mg-: control vs carcinoma, non-significant.

Tissue samples

nzyme and protein assays

Twenty-five breast carcinoma specimens were obtained fror%
surgical resection. In 12 cases samples were available from no
neoplastic areas of the tissue. Samples were snap-frozen in liquRGM, BPGP, CK and enolase activities were determined as previ-
nitrogen and stored at —8D. The specimens were provided by the ously described (Durany and Carreras, 1996; Joseph et al, 1996
Tissue Bank and by the Hormonal Laboratory of the Hospital Clinid997). Enzyme activities were expressed as'uet tissue and as

i Provincial, with the approval of the Hospital Ethics Committee. U mg™* protein (1 Unit = lumol substrate converted per min).
Protein was determined by the method of Bradford (1976), using
Tissue extraction bovine serum albumin as a standard.

Tissue extracts were prepared by homogenization in 3 vol (w/v) olf Vsi
cold 20 mu Tris—HCI buffer, pH 7.5, containing 1MnEDTA and soenzyme analysis

1 mm B-mercaptoethanol with a Polytron homogenizer (Luzern,The methods previously described were used to evaluate PGM
Switzerland) (position 5, 20 s). Cellular debris were removed bysoenzymes by cellulose acetate electrophoresis (Durany and
centrifugation at 2C for 30 min at 12 509 and the supernatants Carreras, 1996) and CK and enolase isoenzymes by agarose ge
were used for the assay of enzyme activities and isoenzymes. electrophoresis (Joseph et al, 1996, 1997).

© 2000 Cancer Research Campaign British Journal of Cancer (2000) 82(1), 20-27
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Table 3 Levels of enolase activity in breast normal tissue and carcinomas antibodies were replaced by unrelated monoclonal antibodies and
by phosphate-buffered saline (PBS).
Normal tissue Tumour tissue yp P ( )
1 -1 -1 -1 .. .
Case no. vg Y mg vg Y mg Statistical analysis
1 0.95 0.07 16 0.10 For statistical evaluation, the WilcoxoM-test was used to
2 110 0.09 45 029 compare enzyme activities in tumour and control tissue. The
3 1.10 0.10 10.0 0.26 p Yy _ _ ! :
4 8.30 0.38 74 0.36 Kruskal-Wallis test (non-parametric analysis of variance) was
5 0.90 0.04 33 0.10 employed to compare enzyme activity levels among different
6 1.03 0.07 4.4 0.20 tumour groups and control. The differences between groups were
; 2‘33 8'83 g; 8'% located using the Mann-Whitndy-test. All P-values are two-
9 3.30 016 148 0.47 tailed. Values are reported as meas.e.m. _and as median and
10 1.25 0.07 47 0.27 range. Data were analysed by Instat statistical software.
1 0.71 0.07 4.6 0.25
12 1.26 0.06 4.4 0.32
Mean+s.em. 1.9%0.6 0.1+0.026  551+1.05 0.25+0.03 RESULTS AND DISCUSSION
Median (range) 11 0.07 4.5 0.26
(06-83)  (004-0.38)  (16-148)  (0.1-047) Distribution of PGM, CK, enolase and BPGP activities
The activity is expressed as units per g wet tissue and as units per mg of Tables 1__4 _Sum_marize the levels _Of total PGM, CK, en_0|ase and
extracted protein. The comparisons are as follows: U g control vs BPGP activities in breast normal tissue and tumours. Figures 1-3
carcinoma, P < 0.002; U mg™*: control vs carcinoma, P < 0.001. present some of the isoenzyme patterns determined by elec-

trophoresis, and Tables 5 and 6 summarize the distribution of the

isoenzymes in normal and tumour tissues. Opinions differ widely
Table 4 Levels of BPGP activity in breast normal tissue and carcinomas as to how is the most useful way to express the enzyme activity in
tissue when diverse tissues are being compared (Crabtree et al,
Normal tissue Tumour tissue 1979). Changes in tissue structure, in the proportion of
parenchymal cells and in the active metabolic mass of tissue in

Case no. mUg? mU mg muU g mU mg

tumours could mask the intracellular levels of enzyme activity
1 60.5 45 50.1 3.2 when the activity is expressed as a function of the wet tissue mass.
2 57.0 4.2 39.9 3.1 Changes in the total amount of extractable protein resulting from
i gg:g i:; 2‘512 ;; the neoplastic transformation could mask the levels of enzyme
5 79.9 3.6 60.1 2.4 activity when it is expressed as a function of the extracted protein.
6 64.8 43 39.9 3.1 Therefore we have determined the enzyme activities as a function
7 14.9 13 10.2 0.8 of both wet tissue mass and extracted protein.
g 191373) gg gz-g ;Z As shown, normal breast tissue possesses similar levels of
10 324 29 249 15 PGM, CK and enolase activities, and much lower levels of 2-phos-
1 74.7 8.0 71.4 48 phoglycolate-stimulated BPGP activity, which is in agreement
12 19.8 21 12.3 1.2 with the different functions of these enzymes. Whereas PGM and
Meantsem. 63286 42205 42558 24203 enolase are enzymes of the main glycolytic pathway and CK is

Median (range) 63 (15-117) 4.3(1.3-8.0)  45(10-71) 25(08-48) directly involved in energy metabolism, BPGP participates in the

2,3-bisphosphoglycerate bypass (or Rapoport-Luebering shunt), a
The activity is expressed as units per g wet tissue and as units per mg of

i . © collateral deviation of glycolysis (Rapoport, 1968).
extracted protein. The comparisons are as follows: U g*: control vs N .
carcinoma, P < 0.0005; U mg-: control vs carcinoma, P < 0.0015. Breast tumours have significantly higher PGM (Table 1) and

enolase (Table 3) activity levels than the corresponding normal
tissues, which agree with data reported on other glycolytic
enzymes. It was found that enolase, hexokinase, phosphofructo-
kinase, pyruvate kinase and aldolase activities were elevated in
Inhibition of M-CK subunit by M-CK antibodies was performed as breast carcinoma in comparison to benign breast diseases and
previously described (Joseph et al, 1997). normal breast tissue, although great intratumoural and inter-
tumoural heterogeneity was observed (Hennipman et al, 1987,
1988).

It has been reported (Meyer et al, 1980; Tsung, 1983; Lakatua et
Oestrogen receptor (ER) and progesterone receptor (PR) weag 1986) that the levels of CK activity in breast carcinoma are
immunohistochemically analysed by the stretavidin—biotin—alkaigher than in normal breast tissue. As shown in Table 2, we have
line phosphatase method as previously reported (Jares et al, 199f6und higher CK activity in only seven out of 12 cases. In one of
Cases were evaluated with a modified HSCORE system (McCarthese cases (no. 3), CK activity in neoplastic tissue was lower than
et al, 1985) by multiplying the stratified percentage of positivein normal tissue when the activity was reported as a function of the
cells (1-33% = 1; 34-66% = 2; 67-100% = 3) by the averagextracted protein. However, in this case the extracted protein from
intensity of each case (1 to 3). A case was considered R-positithe tumour tissue was abnormally high (3.6-fold that of the normal
when the score was 1 or higher. Normal glands and ducts wetissue). In all other cases, although the extracted protein from
used as internal positive controls. As a negative control, primarjumoural tissue was higher than the extracted protein from normal

Inhibition of M-CK subunit

Oestrogen and progesterone receptor analysis

British Journal of Cancer (2000) 82(1), 20-27 © 2000 Cancer Research Campaign
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Table 5 Distribution of PGM isoenzymes in breast normal tissue and carcinomas

Normal tissue Tumour tissue
Case no. MM MB BB MM MB BB
1 1 11 88 0 0 100
2 0 9 91 0 0 100
3 0 0 100 0 2 98
4 0 4 96 0 0 100
5 0 0 100 0 0 100
6 0 2 98 0 0 100
7 0 4 96 0 1 99
8 0 2 98 0 0 100
9 0 4 96 0 0 100
10 0 3 97 0 0 100
11 0 9 91 0 0 100
12 0 0 100 0 0 100
Mean + s.e.m. 0.08 +0.08 4+1.0 959+1.1 0£0 0.25+0.1 99.7+0.1
Median (range) 0 (0-1) 3.5(0-11) 96.5(88-100) 0 (0-0) 0(0-2) 100 (98-100)

The results are expressed as percentage of the total PGM activity on electrophoresis. No statistical significant differences were observed.

Table 6 Distribution of enolase isoenzymes in breast normal tissue and carcinomas

Normal tissue Tumour tissue

Case no. oo ay vy aa ay W

1 86 12 2 76 20 1

2 89 9 2 82 15 3

3 90 9 1 67 29 4

4 83 16 1 81 18 1

5 88 12 0 90 10 0

6 85 13 2 54 35 11

7 97 2 1 85 13 2

8 83 14 3 79 18 3

9 85 13 2 81 16 3

10 89 10 1 84 15 1

11 90 10 0 88 11 1

12 86 13 1 80 18 2
Mean £ s.e.m. 875+1.1 11.1+1.0 1.3+0.25 789+28 18.1+2.8 26+0.8
Median (range) 87.0 (83-97) 12.0 (2-16) 1.0 (0-3) 81.0 (54-90) 17.0 (10-35) 2.0 (0-11)

The results are expressed as percentage of the total enolase activity on electrophoresis. The comparisons are as follows: aa-enolase: control
vs carcinoma, P < 0.0015; ay-enolase: control vs carcinoma, P < 0.0015; yy-enolase: control vs carcinoma, P < 0.05.

tissue, it did not surmount a 1.5-fold increase. Distribution of PGM, CK and enolase isoenzymes

I trast to PGM I d CK, the levels of 2-phospho- . . . .
n contrast fo , enoase an , e JeVe's Of ~-Phosphag, previous data exist on the distribution of PGM isoenzymes in

lycolate-stimulated BPGP activity in breast tumours are lowe . :
glyco . Y E)reast normal tissue and tumours. Our results (Table 5 and Figure
than in normal breast tissue (Table 4). The fact that breast carci- show that in normal breast tissue type BB-PGM is the major

nomas present opposite changes in the levels of PGM activity al . ; .
) ot T . PGM isoenzyme. Type MB-PGM is present in very small propor-
of 2-phosphoglycolate-stimulated BPGP activity indicates that 'r{ion (mean value: 4% of the total PGM activity) and type MM-

tumoural tissue change both the concentration of PGM and t . .
9 r§GM is generally not detected. In breast carcinomas a decrease o

concentration of the other enzymes that also have BPGP activi GM isoenzymes possessing M-type subunit is observed: in most
BPGM and BPGM-PGM hybrid). Simil Its h b . i . i
( an ybrid). Similar results have eenspemments of breast tumours only type BB-PGM is detected. As

found in lung, colon and liver carcinomas (Durany et al, 1997); " ° . . . o
which indicates that in all these tumours could decrease the metig\_dlcated in the Introduction, in mammals, type B subunit is the

. . only PGM subunit expressed in early fetal life. During develop-
bolic flux through the 2,3-bisphosphoglycerate shunt, and changr%ei/]t in muscle braif)] and sperm cZIIs a switch fron% type Bpto

the intracellular concentration of 2,3-bisphosphoglycerate. It I%ype M PGM subunit occurs, but only in skeletal muscle and

known that this metabolite, in addition to act as cofactor of PGM o .
5perm cells a complete transition takes place. As a consequence, il

‘in vitro’ inhibits several enzymes involved in the carbohydrate .

. A . . . e}dult mammals, skeletal muscle and sperm cells contain almost
and adenine nucleotide metabolism, although the physmlogmaexclusivel tvpe MM-PGM. whereas in heart and in some brain
significance of these inhibitory effects is uncertain (reviewed inareas ; )(;syl\aB and BB-P’GM are present in substantial amounts
Carreras et al, 1986). P P '

© 2000 Cancer Research Campaign British Journal of Cancer (2000) 82(1), 20-27
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Table 7 CK, PGM, enolase and BPGP activities as a function of receptor status

Activity Tissue Receptor status No. Ug tissue U mg ~* protein
Mean *s.e.m. Median (range) Mean *s.e.m. Median (range)
CK Normal 12 1.70+0.22 1.50 (0.84-3.5) 0.10 + 0.013 0.09 (0.03-0.16)
Tumoural ER+ PR+ 12 2.32+0.47 2.15 (0.6-6.7) 0.12 + 0.026 0.085 (0.04-0.34)
Tumoural ER- PR- 10 1.93+0.52 1.30 (0.6-6.1) 0.08 +0.018 0.064 (0.04-0.19)
PGM Normal 12 1.50+0.43 0.90 (0.4-5.7) 0.10 + 0.025 0.05 (0.03-0.30)
Tumoural ER+ PR+ 10 5.44 +1.02 3.85 (2.6-11.9) 0.26 +0.038 0.23 (0.10-0.46)
Tumoural ER- PR- 13 9.36 +1.18 9.60 (3.4-16.8) 0.43 +0.050 0.44 (0.18-0.80)
Enolase Normal 12 1.87 £ 0.62 1.10 (0.62-8.3) 0.10 £ 0.027 0.07 (0.04-0.38)
Tumoural ER+ PR+ 10 4.20 £ 0.60 4.45 (1.6-8.1) 0.20 + 0.027 0.20 (0.09-0.32)
Tumoural ER- PR- 10 7.38+1.36 6.33 (2.7-14.8) 0.32 £0.043 0.34 (0.10-0.47)
BPGP Normal 12 63.3+8.61 64.0 (14.9-117) 4.23 £0.52 4.35 (1.30-8.0)
Tumoural ER+ PR+ 7 60.5 + 11.08 63.0 (12.3-97) 3.24 +0.46 3.20 (1.20-4.8)
Tumoural ER- PR- 7 41.7 +7.86 50.0 (10.2-64.8) 2.00 + 0.297 2.40 (0.80-2.80)

The comparisons are as follows. CK, U g*: ER+PR+ vs normal, ER—-PR- vs normal, and ER+PR+ vs ER-PR—, not significant. U mg*: ER+PR+ vs normal,
ER-PR- vs normal, and ER+PR+ vs ER-PR—, not significant. PGM, U g*: ER+PR+ vs normal, P < 0.0001; ER-PR- vs normal, P < 0.0001; ER+PR+ vs
ER-PR—, P<0.05. U mg™: ER+PR+ vs normal, P < 0.05; ER-PR- vs normal, P < 0.0001; ER+PR+ vs ER-PR—, P < 0.05. Enolase, U g*: ER+PR+ vs normal,
P < 0.05; ER-PR-vs normal, P < 0.05; ER+PR+ vs ER— PR—, not significant. U mg: ER+PR+ vs normal, P < 0.05; ER-PR- vs normal, P < 0.05; ER+ PR+ vs
ER-PR—, P <0.05. BPGP, mU g*: ER+PR+ vs normal, ER-PR- vs normal, and ER+PR+ vs ER—-PR- not significant. mU mg: ER-PR- vs normal, P < 0.05;
ER+PR+ vs normal and ER+PR+ vs ER-PR—, not significant.

BB »
MB &
MM

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8
Figure 1  Electrophoretograms of PGM isoenzymes in extracts of human Figure 2 Electrophoretograms of CK isoenzymes in extracts of human
breast normal tissue and carcinomas. Lanes 1 and 2, case no. 1; lanes 3 and breast normal tissue and carcinomas. Lane 1, heart; lane 8, brain; lanes 2
4, case no. 3; lanes 5 and 6, case no. 4; lanes 7 and 8, case no. 5. Uneven and 3, case no. 3; lanes 4 and 5, case no. 4; lanes 6 and 7, case no. 5. Even
lanes, tumour tissue; even lanes, normal tissue. Experimental conditions lanes, tumour tissue; uneven lanes, normal tissue. Experimental conditions
were those described in Material and Methods were those described in Material and Methods

The expression of type M-PGM subunit is almost null in the othebreast carcinomas, determined by electrophoresis (Tsung, 1983), by
adult mammalian tissues, although in some of them the hybritbn-exchange chromatography (Kaye et al, 1981; 1986; Tsung,
type MB-PGM is detected in small proportion (Durany and1983; Lakatua et al, 1986; Scambia et al, b)&Hd by immuno-
Carreras, 1996; Durany et al, 1997199h). Therefore, the reactivity (Zarghami et al, 1995) has been found to vary greatly
decrease in the expression of type M-PGM subunit in breagfrom 100% BB-CK to 100% MM-CK), although most tumours
neoplastic cells now reported can be interpreted as a return toshowed preponderance of the BB-CK form.
more undifferentiated isoenzyme pattern. This fact probably does As shown in Figure 2, we have detected only type BB-CK in
not have any physiological meaning, since the proportion of PGNMnost specimens of both normal and tumour breast tissue. Neither
isoenzymes containing type M subunit in normal breast tissue I8IM-CK nor MB-CK were detected, but it has to be noted that
very low and all PGM isoenzymes possess similar kinetic propeery low levels of CK (less than 5% of the total CK activity) would
ties (Bartrons and Carreras, 1982). not be detected in our electrophoretic analysis. In some cases, in
By immunoperoxidase staining (Wold et al, 1981) only type B-overloaded and overstained electrophoretograms, it was found a
CK subunit has been detected in normal breast ductal epitheliumathodic band migrated as Mt-CK and was not affected by incuba-
and by electrophoresis (Tsung, 1983) and ion-exchange chromataipn with anti M-CK antibodies (not shown). Mt-CK is known to
raphy (Lakatua et al, 1986) it has been found that BB-CK was thstrongly bind to the outer face of the inner mitochondrial
predominant CK isoenzyme present in normal breast tissuenembrane. To be quantitatively detached requires phosphate
although MB- and MM-CK isoenzymes were found, at much lowetbuffer, high molarity and high pH (Wiss et al, 1982). Our extrac-
proportion, in some specimens. The CK isoenzyme pattern dfon procedure (low buffer strength, no salt, neutral pH) was

British Journal of Cancer (2000) 82(1), 20-27 © 2000 Cancer Research Campaign
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1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 3  Electrophoretograms of enolase isoenzymes in extracts of human breast normal tissue and carcinomas. Lane 1, brain; lanes 2 and 3, case no. 1;
lanes 4 and 5, case no. 2; lanes 6 and 7, case no. 3; lanes 8 and 9, case no. 9, lanes 10 and 11, case no. 12; lanes 12 and 13, case no. 6. Even lines, tumour
tissue; uneven lines, normal tissue. Experimental conditions were those described in Material and Methods

selected to extract only the CK cytosolic isoenzymes but, as wegenolase was also detected in breast carcinoma cell lines (Reeve
have previously verified (Durany et al, 1$97oseph et al, 1997), et al, 1986; Zeltzer et al, 1986). We have previously found in carci-
it extracts also some Mt-CK. noid tumours of the lung a change of enolase phenotype similar to
Some of the conflicting results on the distribution of CK iso-that now reported in breast carcinoma, in contrast to colon, liver
enzymes in breast could be explained by the confusion created lbypd non-endocrine lung tumours, in which a decrease of the
adenylate kinase, Mt-CK or BB-CK. Adenylate kinase and Mt-CKexpression of-type enolase subunit was observed (Durany et al,
can contaminate the MM-CK electrophoretic band and by ion1997a).
exchange chromatography co-elute with MM-CK (Klein and
Jeunelot, 1978; Lindsey et al, 1978; Desjardins, 1982; Urdal et a&orrelation of the enz | . dth id
1983). From BB-CK may appear an artefactual band with an yme alterations and the sterol
electrophoretic mobility similar to that of MB-CK (Chastian et al, feceptor status
1988). Moreover, by electrophoresis (Meyer et al, 1980) in brea®B-CK, which is a major oestrogen-regulated enzyme, has been
tumours a variant of CK-isoenzymes has been found whicliound to be oestrogen-responsive in experimental mammary
migrated anodal to MM-CK. This variant, that was present only inrumours (Kaye et al, 1981, 1986) as well as in human breast cancel
small quantities in normal breast tissue, was unaffected by ant{Kaye, 1983; Scambia et al, 1386.986). However, the litera-
bodies specific for both the M- and B-CK subunits (Meyer et alture data on the correlation between the levels of CK and the ER
1980). status of the breast neoplastic tissue is controversial. Two researct
As shown in Figure 3 and summarized in Table 6, in normagroups (Kaye et al, 1981, 1986; Lakatua and Mohammed, 1986)
breast tissu@a-enolase is the predominant enolase isoenzymereported lack of correlation between total CK activity or BB-CK
ay-enolase is present in much lower proportion (2—16%) and thactivity and the concentration of either ER or PR in human breast
levels ofyy-enolase are very low (0-3%). Breast tumours possesstamour samples. Scambia et al (188®und total CK activity to
distribution of enolase isoenzymes similar to that of normal tissueqe significantly higher in ER-positive/PR-positive and ER-
although the proportion of the isoenzymes possessing \type negative/PR-positive tumours, although no correlation was found
subunit is highery- andyy-enolase represent 8-35% and 0—-11%between ER or PR content and total CK or BB-CK activity. The
of the total enolase activity respectively. No additional correlatiorsame group in a second report (Scambia et al, 1988) showed &
is observed between activity changes and changes of thmositive relationship between BB-CK positivity and ER content in
isoenzyme pattern when single cases are analysed. These res@R-rich breast tumours. Winstend and Hopps (1995) reported
agree with data published by others. By cellulose acetateorrelation between high levels of total CK activity and positive
electrophoresispa-enolase was found to be the major enolaseER levels. Zarghami et al (1995, 1996) reported association
isoenzyme in normal breast tissue and in breast carcinomdmetween BB-CK and ER but not PR, although in only one of the
(Hennipman et al, 1987). By ion-exchange chromatography NSEeports (Zarghami et al, 1995) did this association reach statistical
was found to represent 4-10% of the total enolase activity in fousignificance.
breast carcinomas (Pahlman et al, 1986). By immunohistochem- As shown in Table 7, our results indicate no correlation between
istry no positive staining foy-enolase was found in normal breast total CK activity and the ER-positive or PR-positive status of the
tissue (Vinores et al, 1984; Nesland et al, 198®87, 1988), but  breast tumours. Discrepancies in the reported data on correlation
a high proportion of-enolase was detected in breast carcinomebetween enzymatic activity and steroid receptor status of breast
(Vinores et al, 1984; Haimoto et al, 1985; Nesland et al, 1985arcinomas do not only exist in the case of CK (Messeri et al,
1986, 1986, 1988, 1994, 199b; Wilander et al, 1987; Erikstein 1983, and references therein). They could derive from the different
et al, 1988; Ingelman-Sundberg et al, 1989; Lilleng et al, 1992number of patients studied and from the different methods used to
Scopsi et al, 1992; Matsushima et al, 1994). By radioimmunoassassay the receptors (Zarghami et al, 1996) and the enzyme activity
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(Messeri et al, 1983). An additional factor of discrepancy could by cKNOWLEDGEMENTS
the great intratumoural heterogeneity existent in breast neoplastic
tissue. Immunohistochemical localization of BB-CK have demon-This work was supported by FIS (Grant 93/0573), by the
strated the frequent presence of positive and negative cells in clo§eneralitat de Catalunya (Grant GRQ 94-1036) and the Marato6
proximity (Scambia et al, 1988). Biochemical determination of thel V3 (Grant 38/95s2).
activities and of the isoenzyme patterns of several glycolytic
enzymes have shown regional heterogeneity (Hennipman et al,
1988). Heterogeneity has been reported also in receptor status frerences
breast tumours (Klinga et al, 1982; Osborne, 1985; Pertschuk et al,
1985). Bais R and Edwards J (1982) Creatine kin@s#.Rev Clin Lab Scl6: 291-335

PGM has not been proved to be regulated by steroid hormone%a}rtrons R and Carreras J (198_2) Purification and F:hargcte!'izatipn of
However, as summarized in Table 7, a correlation appears to exist phosphoglycerate mutase isoenzymes from pig faxthim Biophys Acta

' - ' : 708 167-177

between the total PGM activity and the steroid receptor status @fadford M (1976) A rapid and sensitive method for the quantification of microgram
the breast carcinomas. The ER-negative/PR-negative carcinomas quantities of protein utilizing the principle of protein-dye bindiAgal

possess significantly higher PGM activity than the ER-  Biochem72 248-254
positive/PR-positive tumours Carreras J and Gallego C (1993) Metabolism of 2,3-bisphosphoglyceric acid in

. . erythroid cells and tissues of vertebrafeends Comp Biochem Physiol
The mean value of total enolase activity of ER-negative/PR- 42y1 _450 P Y

negative breast carcinomas is higher than that of ER-positive/PRuarreras J, Bartrons R, Climent F and Cussé R (1986) Bisphosphorylated
positive breast tumours, although the difference between both metabolites of glycerate, glucose and fructose: functions, metabolism and
groups of tumours only reach statistical significance when the  molecular patholgyClin Biocheml9: 348-358 ‘

activity is expressed a function of the extracted protein (Table 7). &haﬁam S, Ketchum C and Grizzle W (1988) Stability and electrophoretic )

. o . characteristics of creatine kinase BB extracted from human brain and intestine.
is known that the majority of tumours possessing NSE have cjin chem334 489-492

immunoreactivity for several hormone receptors. Among thecrabtree B, Leech A and Newsholme A (1979) Measurement of enzyme activities in
breast tumours, it was found that NSE-positive carcinomas were ~ crude extracts of tissues. fechniques in the Live Sciencés| B2/1,

P . Kornberg HL, Metcalfe JC, Northcote DH, Pogson CI and Tipton KF (eds),
more frequently ER-POSItIV.e than the NSE.-.negatlve ones, and that pp. 8213/1—8211/37. Elservier/North HoIIanngiomedicaI Prsss: Ams(terd)am
the ER levels were hlgher in the NSE-posmve samples (NeS|and SEsjardins P (1982) Characterization of an atypical creatine kinase from human
al, 1985; Erikstein et al, 1988). Although the number of tumours  heart tissue, with properties similar to those of mitochondrial creatine kinase.
studied by us is small, our results agree with this finding. As  Clin Chim Actal2l 67-78
shown in Table 6, four out of the five ER-positive/PR-positive Durany N and Carreras J (1996) Distribution of phosphoglycerate mutase isozymes

. . in rat, rabbit and human tissu€omp Biochem Physidll3 217-223
tumours (Cases 1,2, 3, 11 and 12) are included in the group BLrany N, Joseph J, Campo E, Molina R and Carreras JdLB®dsphoglycerate

tumours with higher proportion of NSE. mutase, 2,3-bisphosphoglycerate phosphatase and enolase activity and

As indicated above (Table 4), in contrast to the PGM and the isoenzymes in lung, colon and liver carcinonts) Cancer76; 969-977
enolase activity, the 2-phosphoglycolate-stimulated BPGP activitpurany N, Joseph J, Cruz-Sanchez F and Carreras JofI98gsphoglycerate
in breast carcinomas is lower than in the Corresponding normal mutase, 2,3-plsphosphoglycerate phosphatase and creatine kinase activity and
b . h h id f th isoenzymes in human brain tumouss.J Cancer76: 1139-1149

reast t's_sue' W en the steroi _re_ceptc_)r status of the tUMOWfgtein B, Nesland J, Ottestad L, Lund E, Johannessen J (1988) Neuron-specific
samples is considered (Table 7), it is evident than only the ER-  enolase-positive breast carcinomistol Histopathof3: 97-102
negative/PR-negative group of carcinomas possesses statisticaHgreback C and Chu J (1981) Creatine kinase isoenzymes: electrophoretic and

significant lower BPGP activity than the group of normal tissues.  9uantitative measuremengrit Rev Clin Lab Scl5: 187-230
Fothergill-Gilmore L and Watson H (1989) The phosphoglycerate mutades.

Enzymolb2: 227-313
CONCLUSION Gerbitz K, Summer J and Schumacher | (1986) Enolase isoenzymes as tumour
markersJ Clin Chem Clin Biocher24: 1009-1016
It is concluded that PGM, enolase, CK and BPGP activities arériffiths J (1982) Creatine kinase isoenzym€lin Lab Med2: 493-506
differently affected in breast carcinomas. Whereas the PGM;ametoJ. Takanashi Y, Koshikawa T, Nagura H and Kato K (1985)
Lo . . .. Immunohistochemical localization gfenolase in normal human tissues other
enolase and CK activities increase in tumours, the BPGP activity .1 nervous and neuroendocrine tissLab. Inves62: 257—263
decreases. A correlation appears to exist between the steraidnnipman A, Smits J, Van Oirschot B, Van Houwelingen J, Rijksen G, Neyt J, Van
receptor status of the carcinomas and the changes of PGM, enolase Unnik J and Staal G (1987) Glycolitic enzymes in breast cancer, benign breast
and BPGP activities. These three enzymatic activities present disease and normal breast tisslimor Biol8: 251-263 _
greater changes in the ER-negative/PR-negative carcinomas thgtﬁnnlpman A, Yan QOirschot Il3,'Sm|ts J Rijksen G and §taal G (1988) Hgteroggnelty
h . . X of glycolytic enzyme activity and isozyme composition of pyruvate kinase in
in the ER-positive/PR-positive tumours. No correlation has been  preast cancefumor Biol9: 178-189
found between the receptor status of the carcinomas and the levéigeiman-Sundberg H, Wikstrém B, Stormby N, Sundelin P and Hjerpe A (1989)
of CK activity. Immunocytochemical reactivity of breast cancer tissue with antibodies to

: : ; neuron-specific enolase and an adenocarcinoma-associated glycolipid antigen.
Tumoural breast tissue shows minor changes in the PGM and Virchows Archiv A Pathol Anstls 539544

enolase |sogyme patterns._ In the PGM phe”OIYpe W_e hf"we d_etect%qes P, Rey M, Fernandez P, Campo E, Nadal A, Mufioz M, Mallofré C, Muntané J,
a decrease in the expression of M-type subunit, which is typical of  Nayach I, Estapé J and Cardesa A (1997) Cyclin D1 and retinoblastoma gene
differentiated muscle and sperm cells, and which is present in very expression in human breast carcinoma: correlation with tumor proliferation and
low levels in normal breast tissue. In the enolase phenotype we €sirogen receptor statusPathol182 160-166

. . . Joseph J, Cardesa A and Carreras J (1997) Creatine kinase activity and isoenzymes
have observed some increase of the ISoenzymes possesaney in lung, colon and liver carcinomaBt J Cancer76: 100-105

subunit, Whi?h is mainly expressed in nervous tis;ue and iBoseph J, Cruz-Sanchez F and Carreras J (1996) Enolase activity and isoenzyme
neuroendocrine cells. No change has been observed in CK pheno- distribution in human brain regions and tumdrleurochent6; 24842490
type. None of the changes detected in breast tumours is grelgﬂiser E, Kuzmits R, Pregant P, Burghuber O and Worofka W (1989) Clinical
enough to be used as good breast tumour marker. biochemistry of neuron specific enolagdin Chim Actal83 13-32
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