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Dosage Effects for Superoxide Dismutase-1 in Nucleated Cells
Aneuploid for Chromosome 21

WILLIAM W. FEASTER,1"2 LILLIAN W. KWOK,1 AND CHARLES J. EPSTEIN'

INTRODUCTION

Despite the frequency of aneuploidy in man, little is known about the mechanisms by
which chromosome imbalance results in reduced viability and abnormalities of
morphogenesis and mental function [1]. Although several explanations have been
suggested, there is still little firm evidence relating to the direct effects of the
imbalance. It is generally assumed that the presence of an extra chromosome will result
in the production of commensurately increased amounts of the gene products
controlled by that chromosome (to 150% of the normal amount) and that absence of a
chromosome will result in commensurately less (50%). However, this gene dosage
supposition has yet to be rigorously established in man and other mammals.

There are many reports concerning increased activities of various enzymes in the
cells of patients with trisomy 21, often to the expected 150% of normal (see [2] for
review). However, the relevance of many of these findings to any type of gene dosage
effect has been negated by the realization that such activity changes do not occur in all
cell types and that they may occur even when the enzyme in question is not controlled
by chromosome 21. In general, the offending cell has been the erythrocyte, and
evidence for a gene dosage effect obtained with red cells must be viewed with caution.

In 1973 Tan et al. [3], using mouse-human somatic cell hybrids, presented evidence
assigning the locus for indophenol oxidase-B (IPO-B) to human chromosome 21.
IPO-B was later found to be equivalent to the cytoplasmic superoxide dismutase
(SOD-1, E.C. 1.15.1.1). Subsequent studies [4-8] demonstrated a 50% increase in
SOD-I activity in erythrocytes and platelets from Down syndrome patients, and the
amount of SOD-I protein present in erythrocytes was similarly increased [9]. In
associated investigations, Sinet et al. [10] also detected a 55% increase in the activity
of glutathione peroxidase in erythrocytes from subjects with trisomy 21.

In view of the earlier difficulties with the interpretation of enzyme activities in
trisomy 21 erythrocytes, we felt that further dosage studies in nucleated cells were
important. This report presents the results of our work with SOD-1 in fibroblasts,
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lymphocytes, and polymorphonuclear leukocytes and with glutathione peroxidase in
fibroblasts.

MATERIALS AND METHODS

Isolation ofLeukocytes

Fresh heparinized blood (5-10 ml) from noninstitutionalized individuals with trisomy 21 and
from normal controls was mixed 1:1 with phosphate buffered saline (PBS), layered on
Hypaque-Ficoll gradients, and centrifuged following the procedure of B6yum [11]. The
lymphocyte rich mononuclear layer and the polymorphonuclear containing buffy coat layer were
obtained, washed twice in PBS, and twice in Hank's balanced salt solution (BSS) with 15% fetal
calf serum (FCS) and 5 U heparin/ml. The lymphocytes were washed one additional time in PBS
and the pellet collected. The red cells in the granulocyte-containing buffy coat layer were lysed
twice with 0.83% ammonium chloride in 0.05 M Tris, pH 7.67, for 10 min at 37TC. The
remaining polymorphonuclear cells were then washed twice with Hank's BSS-FCS and once
with PBS and the pellet collected. Total yield varied from 2 to 16 x 106 cells per sample. The
lymphocytes were judged to be over 90% pure, and the polymorphonuclear granulocytes, 99%
pure by examination of stained smears.

Fibroblast Cultures

Normal and trisomic cell lines were initiated from gluteal skin punch biopsies. Other normal
and trisomic lines were obtained from Drs. E. Schneider and R. Summitt, and two monosomic
lines (GM-137 and GM-230) from the Human Genetic Mutant Cell Repository, Camden, N.J.
The cells were grown in plastic T-flasks in Eagle's minimal essential medium containing 20%
FCS, penicillin, streptomycin, and L-glutamine. All cultures were screened and found to be
negative for mycoplasma contamination prior to assay. The cells used for analysis were
harvested with 0.2% Pronase at the fourth to seventh passage. The cells were washed three times
in PBS and the final pellets were resuspended in 200-600 ,A PBS and lysed by three cycles of
freeze-thawing. After centrifugation at 15,000 g for 30 min, the supernatants were collected and
stored at -60°C until assayed.

Superoxide Dismutase-J Assay
SOD- 1 was assayed for its ability to inhibit the superoxide mediated reduction of nitroblue

tetrazolium (NBT). The assay, similar to those previously described [12, 13], was adapted to a
total volume of 300 ,l to accommodate small amounts of cell supernatant. Assays were run at 22°C
in matched microcuvettes in a Gilford 2,000 recording spectrophotometer. The reaction
mixture, in a final volume of 300 ,u, consisted of 0.02 M sodium bicarbonate, pH 10; 0.1 mM
EDTA; 0.013 mM xanthine; 3 ,uM phenazine methosulfate; 27 ,uM nitroblue tetrazolium; and
from 2 to 30 ,u of cell supematant. The assay was started by adding 10 ,u1 of xanthine oxidase at
an appropriate dilution to yield a change in absorbance at 418 nm of 0.024 to 0.036 OD U/min.
In each set of assays, normal and aneuploid samples were intermixed, and their identity was not
known until after completion of the calculations.
One unit of enzyme activity is defined as that amount which causes a 50% inhibition of the rate

of NBT reduction. Protein determinations were done by a micromodification of the Lowry
technique. Glutathione peroxidase in fibroblast extracts was assayed as described by Beutler
[14].

RESULTS

Inhibition ofSOD Activity by Cyanide

Superoxide dismutase exists in two forms, the cyanide-sensitive soluble cupro-zinc
SOD- I and the cyanide resistant mitochondrial manganese-containing SOD-2. Studies
were performed to determine whether any SOD-2 was represented in the SOD activity
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being measured. Sodium cyanide at a concentration of 0.01 M was added to assays of
leukocyte and fibroblast supernatants, and SOD activity was completely inhibited in all
instances. Therefore, it was concluded that the mitochondrial SOD-2 is inactive under
the assay conditions being used and that the measured activity represents SOD- 1. This
was not unexpected since the high pH of 10 was chosen for the assay because of its
known inhibitory effect on SOD-2 activity. As a result of this outcome, it was not
considered necessary to add cyanide to subsequent assay mixtures.

SOD-I Activity in Leukocytes
The SOD-1 activities of polymorphonuclear granulocytes and lymphocytes are

shown in table 1; the activity of SOD- I in lymphocytes is about three times that of the
granulocytes. In each case, the differences between the mean activities of trisomic and
normal cells are statistically significant (P < .005 with one-tailed Student's t test, or
<.01 with the Wilcoxon rank sum test). The ratios of mean trisomic to normal
activities are 1.38 and 1.40 for the granulocytes and lymphocytes, respectively.

SOD-I Activity in Fibroblasts
The data from the fibroblast studies are shown in table 2. There is no overlap

between the trisomic and normal and the normal and monosomic groups, and the mean
SOD-I activities are statistically different at the P < .005 and < .01 confidence levels,
respectively. The ratios of mean trisomic to normal and of mean monosomic to normal
activities are 1.8 and 0.6, respectively.
The trisomic and monosomic cell lines were assayed several months apart, and as

can be seen from the data, the normal control values were different at the two times.
However, since each set of control cells was assayed at the same time as the respective
aneuploid set and the identities of the individual samples were not known during the
assay, the observed activity and ratio differences between aneuploid and normal are
considered valid.

TABLE 1

ACTIVITY OF SUPEROXIDE DISMUTASE- 1 IN TRiSOMIC AND NORMAL LEUKOCYTES

POLYMORPHONUCLEAR LEUKOCYTES LYMPHOCYTES

Trisomy 21 Control Trisomy 21 Control

0.077 0.048 0.172 0.118
0.060 0.043 0.244 0.169
0.051 0.058 0.149 0.147
0.078 0.043 0.172 0.112
0.070 0.062 0.175 0.127
0.061 0.049 ... 0.137

0.033 ... 0.099

Mean +SD ..... 0.066 0.011 0.048 ± 0.010 0.182 0.036 0.130 0.023
P ........... <.005,* Olt <.005,* .005t
Ratio .......... 1.38 1.40

NOTE. -Enzyme activity = U/mg protein.
* One-tailed Student's t test.
t Wilcoxon rank sum test.
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TABLE 2

ACTIVITY OF SUPEROXIDE DISMUTASE- 1 IN NORMAL, TRisoMic, AND MONOsOMIC FIBROBLASTS

Trisomy 21 Control Monosomy 21 Control

0.121 0.062 0.089 0.122
0.144 0.069 0.037 0.097
0.095 0.057 0.067 0.093
0.090 0.059 0.063 0.128
0.112 0.058 * 0.094
*] 0.067

Mean ± SD .... 0.112 0.022 0.062 ± 0.005 0.054 ± 0.021 0.107 ± 0.017
P .<.005,* <.005t <.01,* .Olt

Ratio 1.81 0.60

NOTE.- Enzyme activity = U/mg protein.
* One-tailed Student's t test.
t Wilcoxon rank sum test.

Glutathione Peroxidase Activity in Fibroblasts

The same samples used for the comparison of SOD-I activities in normal and
trisomic fibroblasts were also used for the assay of glutathione peroxidase activity. The
activity of this enzyme in trisomic fibroblasts was 9.49 ± 2.32 (SD) /Imol NADPH
oxidized per hour/mg protein and in control fibroblasts, 8.46 + 1.55 ,umol per hour/mg
protein. The difference between these means is not significant. Furthermore, when
glutathione peroxidase and SOD- I activities in individual cell lines are compared with
one another (fig. 1), no correlation between the two can be detected (r = .07).

DISCUSSION

If gene dosage is indeed the primary determinant of the amount of a gene product
contained within a cell, it would be expected that the ratios of the amounts of the
product will be 0.5:1.0:1.5 when cells monosomic, disomic (normal), and trisomic for
the chromosome carrying the locus in question are compared. The results obtained in
the present studies with SOD- I in cells aneuploid for chromosome 21 are in. reasonable
agreement with this expectation. As previously found by others with non-nucleated red
cells and platelets [4- 8], trisomy 21 results in a significant increase in SOD-I activity,
to between 1.4 and 1.8 times that found in control cells, in lymphocytes, granulocytes,
and fibroblasts. Conversely, monosomy 21 results in a decrease to 0.6 of that in control
fibroblasts. The fact that the observed ratios are not precisely 1.5 and 0. 5, respectively,
is not unexpected in view of the impossibility of controlling all possible relevant
factors. With regard to the fibroblasts, these factors may include the age of the donor,
the site of the biopsy, the actual number of replications in vitro, and the donor's overall
genotype. For the leukocytes, the genotype, as well as exposure to infections and to
other agents which may affect leukocyte proliferation and activity, must be considered.
As with red cells, caution is necessary in using the results obtained with the

lymphocytes and granulocytes as proof of a true dosage effect. Although we did not
measure the activities of enzymes controlled by other chromosomes, the studies of
Nadler et al. [15] demonstrated that nonspecific increases in the activities of several
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FIG. 1.-Relationship between glutathione peroxidase and superoxide dismutase-I activities in trisomy
21 (open circles) and control (closed circles) fibroblasts. No significant correlation (r = .07) is present.

enzymes are found in trisomic lymphocytes and polymorphonuclear leukocytes
purified on glass fiber columns. On the other hand, availasble evidence indicates that
cultured fibroblasts do not share the difficulties of erythrocytes and leukocytes [2], and
nonspecific elevations in enzyme activity have not been reported. Furthermore,
utilization of fibroblasts permits the analysis of monosomic as well as trisomic cells.
We feel, therefore, that our fibroblast data provide strong evidence for a true dosage
effect for SOD-I in chromosome 21 aneuploidy. Since platelets may also be free of
such nonspecific alterations [2], the earlier data on their SOD- I activities [8] can also
be considered as valid evidence for gene dosage. With these results in hand, it is now
possible to consider seriously the tentative localization of SOD-I to band 2 1q22. 1 as
proposed by Sinet et al.[16].

In contrast to the results with SOD-1, the measurement of glutathione peroxidase
activity in fibroblasts does not support a dosage effect related to chromosome 21, one
of two possible interpretations to explain the elevated activity in erythrocytes [10]. As
mentioned previously, there is considerable precedent for not accepting apparent
enzyme dosage effects in trisomy 21 erythrocytes [2, 17] as indicating localization of
the gene to this chromosome, and in general, it does not appear wise to attempt to map
genes by dosage studies in erythrocytes alone. If such an attempt is made, as it has
been successfully done with erythrocyte acid phosphatase in partial trisomy for part of
the short arm of chromosome 2 [18], then it is essential to show that nonspecific
changes do not occur in the activities of enzymes known to be governed by other
chromosomes.

There is a considerable body of literature relating to the existence of gene dosage
effects in cells from diploid individuals heterozygous for various enzyme deficiency
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states (see Hsia et al. [19] for review) or for surface antigens such as Rho(D) [20], HLA
[21], and H-2 (in the mouse) [22]. Similarly, proportional changes in enzyme activities
have been found in various heteroploid [23] and polyploid [24] animal cell lines.
However, our results with SOD-1 in human cells allow this locus to be added to a
relatively small list of others for which exact and specific gene dosage effects have
been demonstrated in aneuploid situations in man and other mammals. In cultured cells
derived from human fetuses with trisomy 16, the activity of adenine phosphoribosyl-
transferase was found to be 1.69 times that of control cells [25]. Mouse embryos
trisomic for chromosome 1, which carries the Id-l locus, have 1.53 times the amount
of isocitrate dehydrogenase found in control embryos [26]. Eggs and very early
embryos derived from normal 40,XX female mice have twice the activity of the
X-linked enzymes, glucose-6-phosphate dehydrogenase, hypoxanthine-guanine phos-
phoribosyltransferase, and phosphoglycerate kinase, as do eggs derived from 39,XO
females [27, 28]. Leukocytes from humans with an XXYY or XYY chromosome
constitution may have about twice the amount of Y antigen on their surfaces than do
cells of XY individuals [29].

Another locus known to be present on human chromosome 21 is AVG, (antiviral
gene), which controls the ability of a cell to respond to interferon [3]. When aneuploid
and normal cells were studied, it was found that the trisomy 21 fibroblasts are three to
seven times more sensitive to the protective effects of interferon against viral infection
[30, 31], while monosomic fibroblasts are only 0.2 to 0.5 times as sensitive [31]. The
most likely explanation of the departure of these results from the expected ratios is the
fact that the response being measured is several steps removed from the primary action
of the AVG product. Recent evidence suggests that this product is a surface receptor to
which interferon must bind and the concentration of which is related to the number of
chromosome 21s in the cell [32].

SUMMARY

Assays of the activity of chromosome 21 determined superoxide dismutase- 1
(SOD- 1) in lymphocytes and polymorphonuclear granulocytes have demonstrated 38%
and 40% increases, respectively, in cells from individuals with trisomy 21. Similarly,
SOD-I activity in trisomic fibroblasts is increased by 81%, while cells monosomic for
chromosome 21 have only 60% of normal activity. Taken together with the data on
SOD-I activities in trisomic erythrocytes and platelets, the present results firmly
confirm the existence of a true dosage effect for this enzyme in cells aneuploid for
chromosome 21. However, the results of assays of the activity of glutathione
peroxidase in trisomic fibroblasts did not confirm the possibility previously reported of
a chromosome 21 related dosage effect for this enzyme.
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INTERNATIONAL SYMPOSIUM ON GENETIC DISEASES
AMONG ASHKENAZI JEWS

The First International Symposium on Genetic Diseases among Ashkenazi Jews, spon-
sored by the National Foundation for Jewish Genetic Diseases, will be held at the
Barbizon Plaza Hotel, New York City, on December 12-14, 1977. Cochairmen of the
symposium are: Drs. R. M. Goodman, Chaim Sheba Medical Center, Tel Hashomer,
Israel, and A. G. Motulsky, University of Washington, Seattle, Washington. Attend-
ance is limited to 300. For further information, contact Ms. Joan Samsen, Executive
Director, NFJGD, Room 702, 608 Fifth Avenue, New York, N. Y. 10020. Phone:
212-247-7130.
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