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A gene dosage study was conducted on a rare complete

trisomy 22 human fibroblast cell line utilizing three lyso-

somal enzymes, --iduronidase, ,-galactosidase B, and aryl-

sulfatase A, whose genes are located on chromosome 22 and

two control enzymes, ,3-hexosaminidase A and -- fucosidase,

with genes not on chromosome 22. A gene dosage effect was

clearly demonstrated for an early passage number of the

fibroblasts; however, later passage numbers gave inconclu-

sive results. This study suggests that gene dosage studies

must be carefully designed to be conducted only on early,

matched passage number cells. =<-fucosidase gave anomalous

results most likely due to pleiotropic effects. The present

gene dosage study confirmed the trisomic nature of the cell

line studied and suggests that this type of study may be a

useful diagnostic tool for small deletions, additions, or

unbalanced translocations.
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CHAPTER I

INTRODUCTION

Ever since the one-gene one-enzyme theory was postu-

lated, researchers have been interested in determining the

precise location of these genes, and thus, the enzymes that

are encoded. The development of gene dosage studies was to

play an important part in early mapping attempts and later

in localization of these mapped genes. By the early 1960's,

many human inherited disorders were known; however, there

were few genes that had been mapped to a specific locus on

any chromosome. A small number of genes such as those re-

sponsible for glucose-6-phosphate dehydrogenase deficiency

(Zinkham et al., 1958), the blood group Xga, color blind-

ness, hemophilia A and B, and Duchenne type of muscular dys-

trophy (Mann et al., 1962) had all been mapped to the X

chromosome by observing their sex-linked inheritance pat-

tern. While a gene could be classified as either autosoma-

lly dominant or autosomally recessive in transmission by ob-

serving the gene's inheritance pattern, mapping genes to

specific autosomes was precluded because there were twenty-

two paired autosomes. Therefore, a new method would have to

be found to map autosomal genes.

1
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In 1959, an extra, small acrocentric chromosome was ob-

served in the cells of children with Down's syndrome (Jacobs

et al., 1959; Lejeune et al., 1959). It seemed likely that

the extra chromosome was an autosomal chromosome rather than

a Y chromosome. Otherwise, females with Down's syndrome

would have an XXY genotype, a condition that was known to be

associated with Klinefelter's syndrome (Jacobs and Strong,

1959). About this time, cases of abnormal chromosome num-

bers in acute leukemia were also reported (Ford et al.,

1958; Baikie et al., 1959; Jacobs et al., 1959). Soon to

follow these observations was the discovery of an abnormally

small acrocentric chromosome, presumably number 21 or 22, in

the cells of patients with chronic myeloid leukemia (Nowell

and Hungerford, 1960; Baikie et al., 1960; Tough et al.,

1961). In addition, Down's syndrome patients had previously

been shown to have an increased probability of developing

childhood leukemia (Carter, 1956; Krivit and Good, 1956;

Carter, 1958; Stewart, 1958). Mittwoch (1957) demonstrated

that as a group, Down's syndrome patients exhibited a defi-

ciency in nuclear lobulation in their polymorphonuclear leu-

cocytes.

This evidence taken altogether led Baikie et al. (1960)

to postulate that the autosome involved in Down's syndrome,

for purposes of argument number 21 (Tough et al., 1961),

might contain a locus concerned with some aspect of



3

leucopoeisis. Furthermore, triplication of this locus would

then be associated with an increased liability toward acute

leukemia while a deletion or translocation involving the

same locus would be associated with chronic myeloid leukemia

(Baikie et al., 1960; Tough et al., 1961). Although seem-

ingly no closer to mapping a specific gene, this hypothesis

along with some earlier observations and with some new find-

ings, immediately suggested another avenue of approach for

mapping genes.

The amounts of at least some enzymes were known to be

quantitatively related to the number of chromosomes carrying

the appropriate gene (Lancet, 1962b). For example, carriers

for galactosemia could be detected almost invariably by di-

rect estimation of the enzyme galactose-1-phosphate uridyl

transferase, which was found to have half of the normal

amount of activity (Lancet, 1962a). Biochemical genetics

was therefore based on the idea that both chromosomes of

each autosomal pair worked together to produce the enzyme at

its normal level. A heterozygote carrying one gene for the

normal enzyme and one gene for a modified, inactive form of

the enzyme would be expected to produce active enzyme and

inactive enzyme in equal amounts or doses. Thus, each gene

present that coded for an enzyme would produce 50 per cent

of the normal enzyme concentration, a phenomenon termed gene

dosage. Extending the idea a little further, an individual

carrying one normal gene on a chromosome and a deletion of
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that same gene on the other chromosome of the pair should

produce only one dose of the active enzyme (Lancet, 1962a).

One observation that supported this idea was that the activ-

ity of leucocyte alkaline phosphatase was shown to be lower

than normal in the neutrophils of patients with chronic mye-

loid leukemia suggesting that the locus for this enzyme was

on the missing part of chromosome 21 (Valentine and Beck,

1951; Wiltshaw and Moloney, 1955; Tanaka et al., 1960).

On the other hand, if three chromosomes were carrying

the gene for an enzyme, the enzyme would be present in one

and one half times the normal amount (Lancet, 1962b). Many

investigators soon began research in which they attempted to

associate increased activities of certain enzymes with spe-

cific loci located on the extra chromosome found in Down's

syndrome patients. In 1962, an increase of leucocyte alka-

line phosphatase activity in the neutrophils of patients

with Down's syndrome was demonstrated by several groups

(Alter et al., 1962; King et al., 1962; Lennox et al., 1962;

Trubowitz et al., 1962). Although the activity was shown to

approximate the theoretical 3/2 ratio expected for a gene

dosage effect, there was also a considerable amount of vari-

ation in the enzyme activity of both control subjects and of

those patients with Down's syndrome. The amount of varia-

tion observed suggested that the control of enzyme activity

was probably multifactorial (King et al., 1962; O'Sullivan

and Pryles, 1963).
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In addition to new reports of increased levels of leu-

cocyte alkaline phosphatase (Alter et al, 1963; Rosner et

al., 1965; Nadler et al., 1967b), levels of whole blood leu-

cocyte and erythrocyte galactose-1-phosphate uridyl trans-

ferase (Brandt, 1962; Hsia et al., 1964; Mellman et al.,

1964; Rosner et al., 1965), erythrocyte galactokinase (Krone

et al., 1964; Donnell et al., 1965), leucocyte and erythro-

cyte glucose-6-phosphate dehydrogenase (Mellman et al.,

1964; Rosner et al., 1965; Shih et al., 1965; Nadler et al.,

1967b), leucocyte acid phosphatase (Mellman et al., 1964;

Rosner et al., 1965; Nadler et al., 1967b), erythrocyte

phosphohexokinase (Baikie et al., 1965), and leucocyte 5-nu-

cleosidase (Rosner et al., 1965) were all reported to have

increased activity in patients with Down's syndrome.

However, it was difficult to interpret the cause of the

increase in these enzymes for several reasons. First, there

were also instances in which normal enzyme levels were de-

tected in patients with Down's syndrome. These could be

separated into two groups: (1) the normal enzyme level was

found in the same cell type(s) in which the increased enzyme

level was found (Hsia et al., 1964; Baikie et al., 1965); or

(2) the normal enzyme level was found in a different cell

type(s) than that in which the increase was found (Demars,

1964; Cox, 1965; Nadler et al., 1967a). Second, the activ-

ity of glucose-6-phosphate dehydrogenase, which was shown to

increase in Down's patients, was known to be controlled by a
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locus on the X chromosome (Zinkham et al., 1958). Finally,

certain physiological conditions such as the cell age of red

blood cells (Hook and Engel, 1964) or the increased likeli-

hood of infections associated with Down's syndrome (Trubo-

witz et al., 1962) might possibly influence the level of

certain enzymes.

Despite these and other difficulties, a number of ex-

planations were offered. The possibility that a structural

gene for certain enzymes was located on chromosome 21 was

one explanation (Brandt, 1962; Alter et al., 1963; Baikie et

al., 1965). This would be important in gene mapping since

linkage studies could be performed to map other markers once

one marker was established (Alter et al., 1963). Another

explanation was that the locus on chromosome 21 contained

the "regulatory" gene for certain specific enzymes (Mellman

et al., 1964; Rosen and Nishiyama, 1965; Rosner et al.,

1965). There might also be tissue specific enzymes that

control levels within a range coded for by a "basic" deter-

minant gene (King et al., 1962; Alter et al., 1963; Cox,

1965) . The increased levels of certain enzymes might re-

flect physiological conditions such as increased infections

(Trubowitz et al., 1962). In addition, cell life-span may

be a cause of abnormal enzyme levels. Finally, the chromo-

somal abnormality might cause an overall disturbance of

metabolism of leucocytes (Hook and Engel, 1964; Hsia et al.,

1964; Mellman et al., 1964), erythrocytes (Hook and Engel,
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1964; Naiman et al., 1965), or of circulating blood cells in

general (Nadler et al., 1967b).

In the early 1970's, advances were made in somatic cell

hybridization that allowed the assignment of specific loci

on specific chromosomes (Ruddle, 1972). Many of the early

biochemical studies of enzyme activity that seemed to corre-

late enzyme activity with the chromosomal aberration inves-

tigated did not allow any conclusion with regard to gene lo-

calization. A more appropriate approach for investigating

the consequence of chromosomal imbalance was to use the

products of genes that had been definitely assigned to chro-

mosomes. In this case, Francke et al. (1977) stated that

regional mapping of genes was possible by demonstration of:

(1) a quantitative increase of gene product in cases of

chromosomal duplications, (2) a quantitative decrease of

gene product in cases of chromosomal deletions, and (3) non-

expression of a parental allele in cases of deletions.

Krone and Wolf (1977) gave a summary of twelve enzymes that

had previously been mapped to autosomal chromosomes in which

a gene dosage effect was reported. In addition to those en-

zymes reported by Krone and Wolf, there were at least nine

more enzymes for which a gene dosage was reported by the end

of the 1970's (Kedziora et al., 1976; Francke et al., 1977;

Dallapiccola et al., 1979; Francke and Thompson, 1979; Fryns

et al., 1979; Junien et al., 1980; Magenis et al., 1979;

Sparkes et al., 1979; Spritz et al., 1979).
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More recently, a gene dosage effect has been demon-

strated for glycinamide ribonucleotide synthetase (Bartley

and Epstein, 1980), steroid sulfatase (Muller et al., 1980),

/9-glucuronidase (Danesino et al., 1981), erythrocyte cata-

lase (Ferrell and Riccardi, 1981), inorganic pyrophosphatase

(Baeteman et al., 1982), malate dehydrogenase (Larson et

al., 1982), -<-glucosidase (Sandison et al., 1982), peptidase

S (Schmutz and Simpson, 1983), x-galactosidase A (Vogel et

al., 1983), phosphoribosylglycinamide (Chadefaux et al.,

1984), (-L-iduronidase (Schuchman et al., 1984), cystathio-

nine beta synthase (Chadefaux et al., 1985), and isocitrate

dehydrogenase (Narahara et al., 1985). This brings the

total number of enzymes for which a gene dosage effect has

been demonstrated to a total of at least thirty-four. The

main focus of all of these studies can be divided into three

somewhat overlapping topics: (1) mapping, confirmation of

mapping, or further localization of enzymes to specific loci

on chromosomes; (2) confirmation of, elucidation of, or use

in clinical diagnoses; and (3) confirmation or study of a

gene dosage effect for an enzyme or enzymes.

Since 1979, there have been only two reports of a gene

dosage effect for enzymes that were localized on chromosome

22. Fryns et al. (1979) reported an arylsulfatase A activ-

ity of approximately 1.5 times the normal value in a patient

with a 22q trisomy, and Schuchman et al. (1984) reported a

gene dosage effect for -<-L-iduronidase in fibroblast lines

,,-- -i 4 A,- -- ".. 7 .,-v, , .1, -1,- , ., ,,, _ w
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that were partially monosomic or trisomic for the chromoso-

mal region 22pter-qll. One probable reason for this low

number of reports is that early conventional banding tech-

niques were unable to distinguish between chromosomes 21 and

22 (Begleiter et al., 1976; Emanuel et al., 1976). Cytoge-

netic confirmation of trisomy 22 by banding technique was

first made by Punnett et al. (1973). Therefore, many early

cases of trisomy 22 had to be diagnosed by both the presence

of an extra, small acrocentric chromosome and the absence of

Down's syndrome (Emanuel et al., 1976; Garlinger et al.,

1977). Another reason might be the low incidence of trisomy

22. Punnett et al. (1973) estimated that trisomy 22 occurs

once in every 30,000 to 50,000 live births; however, the in-

cidence of complete trisomy 22 without mosaicism is likely

to be much lower.

At this point it is not possible to completely exclude

mosaicism from any reported case of complete trisomy 22. In

fact, there is a controversy as to whether complete trisomy

22 is compatible with life (Schinzel, 1981b). The best that

can be done is to report the types of cells for which mo-

saicism has been eliminated. Trisomy 22 is not uncommon in

spontaneous abortions (Creasy et al., 1976); however, there

have only been three previous cases in which complete tri-

somy 22 was likely (Schinzel, 1981b). Schinzel et al.

(1981b) point out that if trisomy 22 exists in full-term

human beings, it is probably very rare with most cases not
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surviving very long. It is important that any new opportu-

nities to study trisomy 22 are not wasted.

Recently, a suspected case of trisomy 22 was detected

in a patient at the Genetics Screening and Counseling Ser-

vice in Denton, Texas. Giemsa banding in both lymphocytes

and skin fibroblasts was consistent with the diagnosis. The

extra chromosome was confirmed to be a complete chromosome

22 in these cells by the use of reverse banding. This

brings the total number of complete trisomy 22 in which

mosaicism could not be detected to four (Schinzel, 1981b).

The present case was a white male born to a thirty-five

year old mother and thirty-eight year old father. The in-

fant weighed 1560 grams and was 44.5 cm in length. The oc-

ciput was prominent, and the profile was flat. The eyes

tended to bulge with asymmetrical unequal pupils and epican-

thal folds. The ears were low-set and had superior ear

pits, creased lobes, and severe overfolding of the helical

region. The nose had a flat bridge. The philtrum was long,

and the upper lip was thin. A cleft of the hard and soft

palate was present. The chin was receding and possibly mi-

crognathic. Cardiovascular examination revealed a low-

pitched second sound with a murmur. The kidneys were non-

palpable. The infant had unpalpable testes with small hy-

poplastic scrotal sacs. The hands exhibited hypoplastic

fingernails, tapering of the distal phalanges, and

clinodactyly of the fifth finger bilaterally. The feet had
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hypoplastic nails and a short first toe. Cytologic investi-

gation of the parents revealed normal karyotypes suggesting

the occurence of a nondisjunction in the infant.

Despite the development of better chromosomal banding

techniques, it still remains difficult to determine the

presence of small deletions, additions, or translocations of

chromosome 22 (Schinzel et al., 1981; Schinzel, 1981a; An-

neren et al., 1984). In fact, part of the controversy sur-

rounding complete trisomy 22 is that these anomalies are not

easily detectable when chromosome 22 is involved. It is

possible that the cases of complete trisomy 22 previously

reported in the literature may have contained one of these

anomalies that remained undetected (Schinzel, 1981b). In

addition, because the area of chromosome 22 that is trisomic

cannot always be accurately determined, comparing the clini-

cal features of patients with partial trisomy is difficult

if not impossible (Schinzel, 1981a). Therefore, it would be

useful if there was some method to detect these small aber-

rations. One possible method would be using a gene dosage

study.

A fibroblast cell line was started from a skin biopsy

sample of the present infant with trisomy 22, and a gene

dosage study was undertaken. Three lysosomal enzymes;

--L-iduronidase (EC 3.2.1.76), o-galactosidase B (EC

3.2.1.49), and arylsulfatase A (EC 3.1.6.1), that had been

previously assigned to chromosome 22 were utilized for the
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study (Bruns et al., 1978; de Groot et al., 1978; Hors-Cayla

et al., 1979; Schuchman et al., 1984). A normal cell line

matched as closely as possible for passage number was used

as a control for normal enzyme levels. In addition, two

other enzymes, f3-hexosaminidase A (EC 3.2.1.52) and

.-fucosidase (EC 3.2.1.51), were assayed to insure that high

enzyme levels were due to three gene copies rather than an

artifact of the assays. These enzymes were previously

assigned to chromosome 15 (Kucherlapati and Ruddle, 1975;

Magenis et al., 1979) and chromosome 1 (Turner et al.,

1975c) respectively.

The enzymes selected for this study are particularly

useful for determining small aberrations of chromosome 22

that cannot be detected by conventional banding technique.

The use of gene dosage studies for this purpose has been

demonstrated for genes on chromosomes other than chromosome

22 (Sandison et al., 1982; Tomkins et al., 1983). For one

thing, --iduronidase, <-galactosidase B, and arylsulfatase

A, are fairly spread out on the chromosome. They are locat-

ed at 22p12-q11, 22q13, and 2 2 ql3.31-qter respectively (Mc-

Kusick, 1986). One benefit of their widespread location is

that many different aberrations might be detected by either

the presence or absence of a gene dosage effect. For exam-

ple, Schinzel et al. (1981) has reported a syndrome in a

balanced 11/22 translocation that is most likely due to a

trisomic segment of both chromosome 22 (22q-) and a distal
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segment of 11q. However, determination of the exact break

point was not possible due to the similar banding patterns

of the two segments involved. A gene dosage study might

allow the segment of chromosome 22 that is involved to be

determined. In addition, the segment of chromosome 11 might

also be determined upon combining the gene dosage effects

that were observed.

There are also several other useful purposes once that

a gene dosage effect has been proven. First, the enzymes

used can be further mapped on the chromosome by using cell

lines containing different deleted segments of the chromo-

some. This has been successfully done for enzymes on other

chromosomes that exhibited a gene dosage effect (Rivera et

al., 1981; Snyder et al., 1984; Chadefaux et al., 1985). In

addition, any other genes that have been closely linked to

one of these enzymes could also be mapped more precisely. A

gene dosage effect can also be used to confirm the location

of an enzyme that has been previously mapped (Bartley and

Epstein, 1980) . Finally, a gene dosage effect might help to

determine the cause of disorders associated with these en-

zymes. Therefore, elucidation of a gene dosage effect for

these enzymes on chromosome 22 would provide a useful cyto-

logic and metabolic tool.



CHAPTER II

MATERIALS AND METHODS

Establishment of Primary Skin Culture

A skin biopsy was obtained and placed in a sterile

large petri dish (Falcon 100 mm x 15 mm). The biopsy was

serially washed through three small petri dishes (Falcon 35

mm x 10 mm) that each contained 5 ml of 1X Hank's Balanced

Salt Solution (HBSS), without calcium or magnesium, treated

with antibiotic. Antibiotic treatment consisted of the ad-

dition of 6 ml of gentamicin sulfate at 10 mg/ml (Schering

Corporation) to the 500 ml bottle of HBSS. The biopsy was

then transferred to a fourth small petri dish containing

1.5-2.0 ml of culture media. To 500 ml of 1X Minimum Essen-

tial Media (MEM) with Earls salts and without L-glutamine;

100 ml non-heated fetal bovine serum, 5 ml of lypholized 200

mM (10OX) L-glutamine, 6 ml of gentamycin sulfate at 10

mg/ml , 10.0 ml of 50X MEM amino acids without L-glutamine,

5.0 ml of 10 mM (10OX) MEM non-essential amino acids, and

5.0 ml of 10OX MEM vitamin solution were added. All of the

culture media supplies were obtained from Gibco except where

noted otherwise. After mincing the biopsy as fine as possi-

ble, the biopsy and media were redistributed equally into

6-8 additional small petri dishes, and each biopsy was

14
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immobilized under a sterile cover slip. About 6 drops of

culture mediawas added to the top of each cover slip and

they were incubated overnight in a 3% CO2 atmosphere at

37 0C. The next day, 2 ml of culture media were gently

added to the top of each cover slip and the petri dishes

were reincubated for seven days. The plates were checked

for growth at day 4-5 during this period. When colonies ap-

peared, the cover slip was turned over onto a fresh petri

dish and 2 ml of culture media were added. The medium in

the bottom of the old petri dish was also replaced since the

cells stuck to it. When large confluent areas of cells were

observed in the petri dishes, the confluent cells from 2-3

of the petri dishes were transferred into a 25 cm2 flask

(Corning T-30).

Subculture of Skin Fibroblasts

When a monolayer of cells was obtained in a flask, the

medium was poured off, and the cells were washed twice for

one minute with 5 ml of calcium and magnesium free HBSS.

Three milliliters of 0.25% trypsin were added to each flask,

and the flask was incubated at 37 OC for seven minutes. Af-

ter the incubation, the trypsin was rinsed against the flask

surface with a bent Pasteur pipet, and any remaining cells

were scraped off with a sterile rubber policeman. The cell

suspension was transferred to a centrifuge tube, and the

flask was rinsed with 3 ml of culture medium which was then



added to the same centrifuge tube. The suspension was cen-

trifuged for six to eight minutes at 100 x g, and the super-

natant was discarded. The pellet was resuspended in 3 ml of

culture medium (for a 3:1 subculture ratio) and distributed

equally to three 75 cm2 flasks (Corning T-75). Culture me-

dium was added to bring each flask to 10 ml total volume,

and the flasks were incubated in a 3% CO2 atmosphere at

37 OC. Passage numbers were determined with the transfer of

cells from the first T-30 flask as passage #1 and with each

additional subculture as a new passage number.

Harvesting and Preparation of Cells for Assays

The old culture medium was replaced with fresh culture

medium one day prior to harvesting. In order to harvest the

cells for assays, the procedure for subculturing the cells

was followed up to and including the centrifugation. The

pellet was then resuspended in 3 ml of phosphate buffered

saline (0.12 M NaCl, 27mM KCl, and 10mM phosphate buffer,

final pH 7.4). The suspension was recentrifuged, and the

supernatant was discarded. The pellet obtained was stored

in a -60 0C freezer until used for an assay. Frozen pellets

were sonicated for three 10 s intervals in 1.2 ml of dis-

tilled H2 0 at 30 watts on an Ultrasonics, Inc., model W-220F

cell disruptor. The sonicate was then centrifuged for 10

minutes at 200 x g on a Beckman model TJ-6 centrifuge. The

resulting supernatant was used for all assays.



17

Assay Techniques

The substrates were prepared fresh for each assay. Ac-

tivities for individual pellets were the average of two sep-

arate determinations. Absorbance was measured on a Gilford

model 2400-2 spectrophotometer. Fluoresence was measured on

a Perkin-Elmer model 650-10S fluoresence spectrophotometer

against a 1-8 nmol 4-methylumbelliferone standard curve (100

nmol/ml 4-methylumbelliferone in 0.17 M glycine-carbonate

buffer, pH 10.0); excitation was at 365 nm, and emission was

at 450 nm. All assays were modified from previous methods

to accommodate a micro-assay method utilizing minimal

amounts of cell lysate. Protein was determined as described

by Lowry et al. (1951).

Arylsulfatase A

The assay was a slight modification of a previously re-

ported method (Baum et al., 1959; Galjaard et al., 1974b).

Duplicate tubes were used for both the assay and for the

blanks. Fifty microliters of pellet supernatant were added

to each tube, and all tubes and the substrate were equili-

brated in a 37 OC shaker water bath for 15 minutes. The re-

action was initiated by the addition of 200 ul of buffered

substrate [15 mM p-nitrocatechol sulfate (Sigma) in (0.5 M

sodium acetate buffer, with 0.5 mM sodium pyrophosphate and

0.85 M sodium chloride, final pH 4.9)], added at timed in-

tervals. The tubes were incubated for 1 hour in a 37 OC
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shaker water bath. The reaction was stopped by the addition

of 0.75 ml of 1 N NaOH. Two hundred microliters of buffered

substrate was added to the blanks which were then immedi-

ately stopped. The standard curve consisted of duplicate

tubes with 0, 12.5, 25, 37.5, and 50 nmol of p-nitrocatechol

brought to a total volume of 250 ul with distilled water.

0.75 ml of 1 N NaOH was also added to the standard tubes.

The absorbance was measured at 515 nm visible light. Activ-

ity was calculated as nmol p-nitrocatechol formed per mg of

protein per hour.

o-Iduronidase

A modified version of a method reported by Weissman and

Santiago (1972) was used for the assay. Duplicate tubes

were used for both the assay and the blanks. Fifty micro-

liters of pellet supernatant and 20 ul of buffer [0.4 M

sodium formate with 0.15 M sodium chloride and 0.1% w/v

sodium azide, final pH 3.5] was added to each tube. The re-

action was initiated by the addition of 10 ul of 0.01 M

phenyl-A-L-iduronide (Calbiochem-Behring Corporation) at

timed intervals to the assay tubes, and all tubes were cen-

trifuged for 2 minutes at 200 x g. The tubes were incubated

at room temperature for 18 hours. The reaction was stopped

by the addition of 540 ul of a working Folin reagent, one

part Folin reagent diluted with two parts of distilled wa-

ter. Ten microliters of substrate was added to the blanks
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which were immediately stopped by the addition of 540 ul of

the working Folin reagent. The standard curve was prepared

immediately before reading the tubes and consisted of dupli-

cate tubes with 0, 53, and 106 nmol of 0.25 mg/ml phenol

brought to a total of 80 ul with distilled water. Five hun-

dred forty milliliters of the working Folin reagent was also

added to the standard tubes. The tubes were all centrifuged

for 15 minutes at 1300 x g, and 400 ul of supernatant was

transferred to another tube. Three hundred milliliters of

12% w/v sodium carbonate was then added to each tube, and

the tubes were incubated for 20 minutes in a 37 0C shaker

water bath. The absorbance was measured at 660 nm visible

light. Activity was calculated as nmol phenol formed per mg

protein per hour.

,-Hexosaminidase A

,-Hexosaminidase was assayed according to the procedure

of the International Tay-Sachs and Allied Disease Quality

Control Program (O'Brien et al., 1970; Kaback, 1972). Four

tubes each were used for the assay and for the blank. The

pellet supernatant was diluted (1/20-1/40) in a freshly pre-

pared solution of 0.003 M citrate-phosphate buffer, pH 4.4,

containing 0.6% w/v Calbiochem BSA. Fifty milliliters of

this dilution was added to each tube. Two assay tubes and

two blanks were put on ice, and the other tubes were incu-

bated in a 52 0C Lab-Live/Dubnoff No. 3375 incu-shaker water
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bath for 3 hours. The heated tubes were cooled on ice for

15 minutes, and all tubes were then centrifuged for 2 min-

utes at 200 x g. The tubes and substrate were equilibrated

for 15 minutes in a 37 0C shaker water bath. The reaction

was initiated by the addition of 100 ul of buffered sub-

strate [3 mM 4 -methylumbelliferone-N-acetyl-/3-D-glu-

cosaminide (Sigma) in (0.003 M citrate-phosphate buffer, fi-

nal pH 4.4)1 added at timed intervals to the assay tubes.

The tubes were incubated for 30 minutes in a 37 0C shaker

water bath, and the reaction was stopped by the addition of

4.85 ml of 0.17 M glycine-carbonate buffer, pH 10.0. One

hundred milliliters of buffered substrate was added to the

blanks which were immediately stopped by the addition of

4.85 ml of 0.17 M glycine-carbonate buffer, pH 10.0, and

fluorescence was measured. The total activity (/3-hex-

osaminidase A + /-hexosaminidase B) and the activity after

heat inactivation (Q-hexosaminidase B) were calculated and

expressed as nmol 4-methylumbelliferone formed per mg pro-

tein per hour. The percent of /3-hexosaminidase A activity

was then determined.

--Galactosidase B

The assay was a slight modification of a previously re-

ported method (Galjaard et al., 1974a). Four tubes were

used for the assay and two tubes for the blank. Fifty

milliliters of pellet supernatant was added to each tube.
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Two assay tubes were put on ice, and the rest of the tubes

were incubated in a 52 C shaker water bath for 1 hour. The

heated tubes were cooled on ice for 15 minutes and all tubes

were then centrifuged for 2 minutes at 200 x g. The tubes

and substrate were equilibrated for 15 minutes in a 37 0C

shaker water bath. The reaction was initiated by the addi-

tion of 100 ul of buffered substrate [10 mM 4-methylumbel-

iiferone-o-D-galactopyranoside (Koch-Light Laboratories,

Ltd.) in (0.1 M citrate-phosphate buffer, final pH 4.6)]

added at timed intervals to the assay tubes. The tubes were

incubated for 2 hours in a 37 0C shaker water bath, and the

reaction was stopped by the addition of 4.85 ml of 0.17 M

glycine-carbonate buffer, pH 10.0. One hundred milliliters

of buffered substrate was added to the blanks which were im-

mediately stopped by the addition of 4.85 ml of 0.17 M

glycine-carbonate buffer, pH 10.0. Fluorescence was mea-

sured. The total activity (o-galactosidase A + t<-galactosi-

dase B) and activity after heat inactivation ('<-galactosi-

dase B) were calculated and expressed as nmol 4-methylum-

belliferone formed per mg protein per hour. The per cent of

o-galactosidase B activity was then determined.

o-Fucosidase

A slight adaptation in the technique described by

Robinson and Thorpe (1974) was used to assay K-fucosidase.

Duplicate tubes were used for both the assay and for the
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blanks. Fifty milliliters of pellet supernatant was added

to each tube, and all tubes and substrate were equilibrated

in a 37 OC shaker water bath for 15 minutes. The reaction

was initiated by the addition of 100 ul of buffered sub-

strate [1 mM 4 -methylumbelliferone---L-fucopyranoside

(Koch-Light Laboratories, Ltd.) in (0.1 M sodium acetate

buffer, final pH 5.7)] added to the assay tubes at timed in-

tervals. The tubes were incubated for 1 hour in a 37 0C

shaker water bath, and the reaction was then stopped by the

addition of 4.85 ml of 0.17 M glycine-carbonate buffer, pH

10.0. One hundred milliliters of buffered substrate was

added to the blanks which were immediately stopped by the

addition of 4.85 ml of 0.17 M glycine-carbonate buffer, pH

10.0. Fluorescence was measured, and activity was expressed

as nmol 4-methylumbelliferone formed per mg protein per

hour.



CHAPTER III

RESULTS AND DISCUSSION

Early enzyme studies indicated that many chromosomal

abnormalities can cause changes in the level of gene prod-

ucts whose gene is not contained in the affected chromosomal

segment (Nadler et al., 1967b; Krone and Wolf, 1977). The

pleiotropic actions that are exhibited in many chromosomal

anomalies precludes localizing a gene to a chromosome on the

basis of gene dosage alone (Braunger et al., 1977; Dallapic-

cola et al., 1981). However, gene dosage studies are still

useful for regional mapping of genes that have previously

been mapped to a specific chromosome (Francke et al., 1977).

The present gene dosage study was performed on three lysoso-

mal enzymes, A-galactosidase B, o-iduronidase, and arylsul-

fatase A, known to be located on chromosome 22 (Bruns et

al., 1978, de Groot et al., 1978, Hors-Cayla et al., 1979;

Schuchman et al., 1984).

Comparisons of enzyme activity between trisomic cells

and normal (diploid) cells were performed on matching pas-

sage numbers. The results for passage number five are shown

in Table 1. There was a statistically significant increase

in the activity of all three enzymes with genes located on

chromosome 22 in trisomic cells when compared to the diploid

cells. The activity of A-hexosaminidase A, which is located

23
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Table 1. Activity of five lysosomal enzymes in passage num-
ber five of human fibroblasts trisomic and non-
trisomic (controls) for chromosome 22. Mean-
standard deviation and sample size (parenthesis)
are listed. Significant results of a one-tailed
independent t test5 (o=0.05) comparing trisomic
and control means for each enzyme are indicated.
(** highly significantly greater, p<0.01).
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Enzyme Passage Control Trisomic
Number Cells Cells

Arylsulfatase Al 5 277 8 (3) 396 16 (6)**

o-galactosidase B2  5 5.2 0.9 (3) 12.4 1.8 (4)**

-<-iduronidase3  5 22.4 0.5 (3) 37.5 3.5 (6)**

g-fucosidase4  5 26.5 0.2 (3) 37.1 2.8 (6) **

/3-hexosaminidase A2 5 54.1 0.8 (3) 53.3 1.3 (6)

1 Activity measured as
2 Percentage activity
3 Activity measured as
4 Activity measured as

mg protein/hr
5 Statistical Analysis

nmol p-nitrocatechol/mg protein/hr

nmol phenol/mg protein/hr
nmol 4-methylumbelliferone/

Systems (1985)
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on chromosome 15, was not found to be statistically signif-

icantly different in trisomic cells from the activity in

diploid cells. The mean ratio of activity in trisomy 22

cells to activity in normal diploid cells (T22 /N) for

/3-hexosaminidase was 0.99. The mean ratio was 1.43, 2.38,

and 1.67 for arylsulfatase A, a-galactosidase B, and

.<-iduronidase respectively.

On a strict basis of gene dosage the mean ratio of the

enzymes with loci on chromosome 22 would be expected to be

1.5 whereas the mean ratio of enzymes with loci on chromo-

somes other than chromosome 22 would be expected to be 1.0

(Alter et al., 1962; Trubowitz et al., 1962; Epstein et al.,

1982). The ratios of both arylsulfatase A and o-iduronidase

closely approximate the expected value. Although -- galac-

tosidase exhibited a somewhat increased ratio of 2.38, Fea-

ster et al. (1977) points out that this is not unexpected

due to the impossibility of controlling all of the possible

relevant factors. Many gene dosage studies show an in-

creased ratio in trisomic cells and thus seem to support

this observation (Crosti et al., 1981; Wisniewski et al.,

1983; Chadefaux et al., 1985). The ratio is also probably

somewhat exaggerated by the overall low percentage of activ-

ity exhibited by --galactosidase. Absence of an overlap in

the enzyme activity range between the trisomic cells and the

diploid cells indicates that the increased activity observed
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in the trisomic cells can be regarded as a gene dosage ef-

fect rather than a manifestation of the upper range of ac-

tivity observed in the diploid cells (Francke et al., 1977).

Another piece of evidence that supports a gene dosage effect

is that the mean ratio of the control enzyme 4-hexosaminid-

ase was almost exactly the expected value of 1.0 (Braunger

et al., 1977). These findings confirm the presence of a

locus for all three enzymes studied, e-iduronidase, :K-galac-

tosidase B, and arylsulfatase A, on chromosome 22 as well as

confirm a gene dosage effect for both arylsulfatase A (Fryns

et al., 1979) and ,-iduronidase (Schuchman et al., 1984).

As far as known, this is the first reported gene dosage ef-

fect for -<-galactosidase.

Since a gene coding for --fucosidase is known to be

located on chromosome 1, the result obtained for this en-

zyme, as seen in Table 1, is a little more difficult to ex-

plain. The activity of ,-fucosidase in trisomic cells was

found to be statistically significantly greater than the ac-

tivity in diploid cells with a mean ratio of 1.40. There

was no observed overlap between the activity in trisomic

cells and the activity in diploid cells. One possible ex-

planation is that the increase is the result of a pleio-

tropic action that has been observed in many chromosomal

anomalies (Nadler et al., 1967b; Braunger et al., 1977;

Krone and Wolf et al., 1977; Dallapiccola et al., 1981).
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Another possibility is that the increase in activity is due

to a gene dosage effect exhibited by this enzyme.

Although there can be no doubt that a locus that codes

for --fucosidase is present on chromosome 1 (Turner et al.,

1975c; Corney et al., 1977; Koch et al., 1978) this does not

preclude the possibility of an isozyme that is coded for by

a locus on another chromosome. Some lysosomal enzymes that

exhibit both an A and B form whose genes have been mapped to

different chromosomes include arylsulfatase (Bruns et al.,

1978; Hellkuhl and Grzeschik, 1978), -"-galactosidase (de

Groot et al., 1978; Hors-Cayla et al., 1979; Vogel et al.,

1983), and 4-hexosaminidase (Van Cong et al., 1975). -- fu-

cosidase is composed of a single catalytic subunit, mole-

cular weight 50,000, which is coded for by the locus on

chromosome 1 (Turner et al., 1978), and the enzyme has been

shown to exist as a tetramer (Alhadeff et al., 1975). There

is also evidence that there may be a second subunit that as-

sociates with the catalytic subunit to generate higher mole-

cular weight forms of the enzyme (Turner et al., 1978).

There are up to six discrete isozymes of human --fucos-

idase that are detectable in leucocytes and long-term lymph-

oid cells using horizontal gel electrophoresis (Turner et

al., 1974). After treatment with neuraminidase, isoelectric

focusing in thin layer acrylamide gel distinguishes three

distinct phenotypes designated Fu 1, Fu 2-1, and Fu 2 that
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are attributable to the two common alleles eFuci and ,Fuc2

(Turner et al., 1975b). A third rare allele, ,Fuc 0, causes

severe deficiency of the enzyme in homozygotes and is the

most likely cause of the lysosomal storage disorder fucosid-

osis (Turner et al., 1975a). The genetic polymorphism of

o-fucosidase has also been established in both plasma and

fibroblasts (Gatti et al., 1979; Van Elsen et al., 1983).

Gatti et al. (1979) reported a deficiency of -- fucosid-

ase in plasma that failed to correlate with either <Fuc or

oFuc2 . They concluded that the mutations responsible for

the electrophoretic polymorphism demonstrated in leucocytes

and the deficiency of plasma -- fucosidase were located in

either different genes or in different sites of the same

gene. The existence of phenotypically normal individuals

with a low level of plasma o-fucosidase but normal activity

in leucocytes is an autosomally recessive human variant

trait (Ng et al., 1976). Van Elsen et al. (1983) demons-

trated that the low activity rate in variants is correlated

with specific features of the -- fucosidase in their fibro-

blasts.

These observations taken together indicate that a dif-

ferent gene codes for the variant form of -- fucosidase.

Since there is a relationship between activity in plasma and

activity in fibroblasts it does not seem unreasonable to

suggest that the activity for both is coded for by the same
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locus. By considering allele frequencies, segregation

ratios, and linkage relationships, Eiberg et al. (1984)

found plasma --fucosidase to be genetically independent of

leucocyte a-fucosidase and that plasma --fucosidase was

genetically linked to the plasminogen gene. The plasminogen

gene has recently been assigned to chromosome 6 and the gene

for plasma -<-fucosidase was tentatively mapped to chromosome

6 also (Murray et al., 1985; Swisshelm et al., 1985). In

addition, Eiberg et al. (1986) have failed to find any link-

age between plasma -fucosidase and the gene for TC2, which

has been mapped to chromosome 22. However, this cannot be

taken as conclusive evidence as any two genes separated by a

great distance are likely to segregate individually and thus

would not seem to be linked.

The results for passages eight, nine, and ten are shown

in Table 2. As can be seen, the gene dosage effect exhib-

ited by passage number five is not present in these passage

numbers. In fact, there is a statistically significant in-

crease in the mean activity of control cells when compared

to trisomic cells in passage number ten for each of the five

enzymes and for passage number nine for each enzymes except

for ,&hexosaminidase. There was not as consistent an effect

for passage number eight. However, the overall trend was

that the mean activity of the five enzymes was greater in

the control cells than in the trisomic cells for all three

of these passage numbers. This was confirmed by the mean
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Table 2. Activity of five lysosomal enzymes in three dif-
ferent passage numbers of human fibroblasts tri-
somic and non-trisomic (controls) for chromosome
22. Mean standard deviation and sample size
(parenthesis) are listed. Significant results of
a one-tailed independent t test5 (o'=0.05) compar-
ing trisomic and control means for the different
passage numbers of each enzyme are indicated
(* significantly greater, 0.01<p<0.05; ** highly
significantly greater, p<0.01).
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Enzyme Passage Control Trisomic Mean

Number Cells Cells Ratio6

Arylsulfatase Al 8 238 32 (10) 232 26 (8) 0.97

9 350 43 (9)* 311 29 (9) 0.89
10 353 10 (9)** 299 12 (9) 0.85

--galactosidase B2  8 9.0 7.0 (7) 5.4 4.7 (5) 0.60

9 12.2 3.5 (9)** 5.7 1.5 (9) 0.46

10 15.7 1.6 (9)** 8.2 1.1 (8) 0.52

c<-iduronidase3  8 29.7 3.4 (10)** 18.2 1.5 (9) 0.61

9 39.7 9.0 (9)** 27.4 5.7 (9) 0.69
10 33.6 1.9 (9)** 25.8 1.7 (9) 0.76

o(-fucosidase4  8 16.7 1.2 (10)** 10.5 2.2 (8) 0.63

9 19.9 6.9 (9)** 13.0 1.6 (9) 0.65
10 16.5 0.9 (9)** 13.0 0.9 (9) 0.79

/3-hexosaminidase A2  8 57.2 2.1 (10) ** 48.7 5.0 (8) 0.85
9 53.0 2.9 (9) 51.0 2.1 (9) 0.96

10 55.3 1.9 (9)** 52.3 1.7 (9) 0.95

1 Activity measured as nmol p-nitrocatechol/mg protein/hr
2 Percentage activity
3 Activity measured as nmol phenol/mg protein/hr
4 Activity measured as nmol 4 -methylumbelliferone/mg protein/hr
5 Statistical Analysis Systems (1985)
6 Activity in trisomic cells/activity in normal cells (T22 /N)
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ratios (T2 2/N) as shown in Table 2. Despite the statisti-

cally significant increase shown for 1-hexosaminidase, the

mean ratios (T2 2/N) of 0.85, 0.96, and 0.95 for passage

numbers eight, nine, and ten respectively indicate that the

increase is probably not biologically significant. It is

more difficult to interpret the increased activity in the

control cells for the other four enzymes.

The effect of passage number on enzyme activity was

quite evident in the present study. The results of a com-

parison of the mean activity between passage numbers for a

given enzyme are shown in Table 3. It can be seen that the

mean activity is greatest in passage number five of the tri-

somic cells and tends to decrease as the passage number in-

creases. In contrast, the mean activity of the normal cells

was generally lowest in passage number five and increased

with passage number. Although this general trend seems to

hold for all five enzymes there is still considerable varia-

tion in the order of mean activities even though the stan-

dard deviations for the enzymes are relatively small. An-

other interesting observation is that passage number five

was almost invariably grouped by itself while passage num-

bers nine and ten were grouped together. Passage number

eight was often intermediate between these groups, sometimes

being grouped with passage five and sometimes being grouped

with passage numbers nine and ten. These results indicate
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Table 3. Results of Duncan's multiple range testing' of en-
zyme activity in four passage numbers of human fi-
broblasts trisomic (T) and non-trisomic (N) for
chromosome 22. Lines underneath indicate statis-
tically significant groups of the cell passage
numbers indicated (o<=0.05), and passage numbers
are arranged from largest to smallest mean enzyme
activity.



Fibroblast
Type

Arylsulfatase A

o<-galactosidase B

+-iduronidase

,o-fucosidase

N

T

N

T

N

T

N

T

/-hexosaminidase A

10 9

5

5 8

9 10 8

10 9 8 5

5 10 9 8

9 10 8 5

5 9 10 8

5 9 8 10

5 9 10 8

8 10 5 9

5 10 9 8

N

T

1 Statistical Analysis Systems (1985)
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that there is a biologically significant difference in ac-

tivities between passage numbers.

There are many possible explanations for the variation

in enzyme activity that has been observed in cultured human

fibroblasts. Variables in the tissue culture system used,

such as type of medium (Butterworth et al., 1974; Ryan et

al., 1972), the pH of the medium (Eagle, 1973; Lie et al.,

1973), the concentration of fetal calf serum (Kittlick et

al., 1973; Milunsky et al., 1972), and other culture materi-

als (Young et al., 1975) have all been shown to influence

the levels of enzymatic activity of cultured cells. Enzy-

matic activities are also influenced by the state of the

cultures at the time they are harvested for assay. These

include cell density (Ryan et al., 1972; Heukels-Dully and

Niermeijer, 1976), time after feeding (Ryan et al., 1972),

subculture shock (Heukels-Dully and Niermeijer, 1976), age

of the culture (Holliday, 1972; Butterworth et al., 1973),

and phase of growth (Pan and Krooth, 1968). In addition,

passage number has also been shown to effect the activity of

some enzymes in fibroblast cultures (Heukels-Dully and Nier-

meijer, 1976; Schmutz and Simpson, 1983).

Since all passages were cultivated according to the

same procedure, it seems unlikely that the variables in the

tissue culture system that were mentioned above, type of

medium, pH of medium, and concentration of fetal calf serum,
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are responsible for the results obtained for passages eight,

nine, and ten. Cell cultures have a limited in vitro life-

span, 30-60 passages, after which they fail to divide and

generally die (Hayflick, 1965). This phase is termed phase

III. As even passage ten is a relatively young culture, the

early passage numbers used in the present study indicate

that any phase III effect can be ruled out. Subculture

shock results in a decrease in the specific activity of some

lysosomal hydrolases and is due to the effect of treatment

of the culture with trypsin shortly before subculture

(Heukels-Dully and Niermeijer, 1976). This can be excluded

in the present study also as the cells were not treated with

trypsin except during the subculture procedure. As all

cells were treated identically with trypsin, the effect

would be minimal anyway. The effects due to different cell

densities were also minimized by harvesting the cells at

confluency. However it is likely that some variation was

due to different cell densities as cell confluency is a

somewhat relative term. Finally, the cells were always fed

by giving them fresh culture media 24 hours before harvest;

therefore, the nutritional state of the cells should have

been the same.

The most plausible explanation for the results ob-

served in the present study is that the cells in the later

passages have somehow adapted to the artificial environment

that is imposed on them by the in vitro cell culture condi-
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tions (Cristofalo et al., 1967b; Cristofalo et al., 1967a;

Nadler et al., 1967a). Thus, the early passages would bet-

ter reflect the enzyme activities that are present in vivo,

in as much that any in vitro conditions parallel conditions

in vivo. In fact, there have been morphological changes ob-

served in the lysosomes of cultured human fibroblast cells

(Robbins et al., 1970). This morphological change was seen

as early as passage number six and was characterized by pe-

ripheral accumulation of unidentified electron-dense mate-

rial and a significant increase in size in the multivesicu-

lar bodies. By passage number fifteen, the cells studied

showed an increased number of lysosomes which had taken over

much of the cytoplasmic space. The conclusion of this re-

port was that although turnover of lysosomes and their con-

tents appeared to be impaired, nascent lysosomes continued

to be formed. Since all of the enzymes in the present study

are lysosomal, this study on lysosome structure is of inter-

est. Changes in the number of lysosomes or in the lysosomal

structure could significantly alter the amount of lysosomal

enzymes and thus the activity of the enzymes. However,

these changes would not necessarily be quantitatively re-

lated to the number of genes coding for these enzymes. Un-

fortunately, the structure of the lysosomes was not studied

in the present report, so it remains unknown as to whether a

morphological change in the cells is typical of all cultured

cells. A change in lysosome structure does not explain the
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different response to increasing passage number of the nor-

mal cell line and the trisomy 22 cell line one with in-

creased activity and the other with decreased activity.

These results would seem to indicate that only very early

passage numbers are likely to reflect in vivo conditions,

thus care must be taken in future gene dosage studies to as-

say enzymes activities in several passage numbers.

In conclusion, a gene dosage effect was observed for

a+-galactosidase B, oe-iduronidase, and arylsulfatase A in

cultured fibroblasts trisomic for chromosome 22. It was

necessary to use only early passage numbers in the study and

to compare activity of trisomic cells and normal cells in

matched passage numbers only. However, there was a high de-

gree of reproducibility of the assays. Thus, demonstration

of a the gene dosage effect may be a useful diagnostic tool

for the detection or confirmation of small deletions of

chromosome 22 or to determine the extent of the trisomy. In

the case of the Genetics Screening and Counseling trisomy 22

case, this study confirmed the trisomic nature of the cells.
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