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ABSTRACT

A form of familial sex—-linked mental retardation has
been associated with the expression of a fragile site near
the terminal end of the long arm of the X chromosome. Pre-
vious reports on the fragile X chromosome showed expression
of the fragile site to be limited to chromosome preparations
from peripheral blood lymphocytes of mentally retarded males
and their female relatives in familieé in which the disorder
was.segregéting. Fragile site expression has also been shown
to be a function of the medium employed in cell culture. The
fragile X chromosome could: only be demonstrated in lymphocytes
cultured in medium 199 or media deprived of folic acid.

This study was.undertéken to develop a method for
demonstrating the:fragile X chromosome in cultured skin
fibroblasts. Fibroblast cell lines from five patients (two
mentally retaraed males, two obligate carrier females, and
a potential carrier female) from a family in which familial
sex-linked mental retardation was known to be'segregating were
established and routinely maintained in a complete culture
medium. Forty-three hours prior to chromosome harvest, cells
from each patient were transferred to media deficient in folic
acid. Under conditions.of folic acid deprivation, it was
possible to elicit expression of the fragile X chromosome
in skin fibroblasts from all five patients studied. No fra-
gile X chromosomes were detected in fibroblasts from three

normal control subjects.
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In a preliminary assessment of the reliability of the
fibroblast method, three patients (two mentally retarded males
and a potential carrier female) from a second unrelated family
in which the disorder is known to be segregating were studied
with this method. The fragile X chromosome could be demonstra-
ted in fibroblasts from both of the retarded male patients but
could not be. demonstrated in fibroblast chromosome prepara-
tions from the potential carrier female.

Lymphocytes for all patients studied were grown under
similar folate deprived-conditiéns for the purpose of com-
paring the effectiveness of fibroblast culture .with lympho-
cyte culture in'demonstrating the expression of the fragile
X chromosome. Neither tissue was shown to consistently
provide a higher frequency of expression of the fragile X
chromosome.

In addition to folate deprivation, it was shown that
two. other features of the fibroblast method influenced the
frequency of expression of the fragile X chroﬁosome; The
fragile site was expressed at a significantly higher fre-
gquency in chromosome preparations in which the chromosomes
were not.severely contracted. The frequency 6f expression
in fibroblasts was also shown to be significantly higher with
a hypotonic treatment. at chromosome harvest using 1% NaCitrate
rather than 0.075M KC1.

Because fragile site expression was. shown to be a func-
tion of the degree of chromosome condensation, two agents,

5-BrdU and actinomycin-D, were studied to examine their
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decondensation effects on the frequency of expressibn.
Neither BrdU nor actinomycin D proved effective in accentu-
ating the frequency of expression. |

Since fibroblasts behave much like amniocytes in terms
of cell culture and chromosome harvest, the development of
a method for demonstrating the fragile'X chromosome in
cultured skin fibroblasts is a step toward the prospect of
reliable antenatal diagnosis of familial sex-linked mental

retardation associated with a fragile X chromosome.



TABLE OF CONTENTS

ABSTRACT - « e v et etemeeeeeeeemaneeaeans e e
LIST OF TABLES .+« eeeeve e ereseeeeeeneeseeeeenaeneanns
LIST OF FIGURES. .« v cuv e eeee e emeeee e e eaaaannan.
ABBREVIATIONS . « vt v e evvvmevenennnanennennaneanaanns
ACKNOWLEDGEMENTS « « « e vt v e s evvvenennennnnns .
CHAPTER 1: INTRODUCTION. .« v vueneeeneeeraeneeeeeenns

1.1 Familial sex-linked mental retardation.....

1.11 Prevalence.

1.12 Association with a
fragile X chromosome.

1.13 Clinjical manifestations of familial
sex-linked mental retardation associa-

, ted with a fragile X chromosome.

1.14 Fragile X expression in mentally re-
tarded males and their female
relatives.

1.2 Heritable fragile siteS..c.ceceeeceecnecnnnns

1.21 Distribution.

1.22 Cytogenetics.

1.23 Tissue origin and culture conditions.

1.3 Rationale for the present study......c.c...

CHAPTER 2: MATERIALS AND METHODS. .::ceeeeoccocacsans

2.1 Sources . of tissue samples and tissue
culture Mmedid@...iveeeeeceosennsosensonocsnnnos
2.11 Subjects.
2.12 Tissue culture media..
2.2 Demonstration of the fragile X chromosome
in cultured skin fibroblasts...............
2.21 Rationale for the procedure.
2.22 Procedure for establishing fibroblast
cell lines.
2.23 " Procedure for chromosome preparation
from fibroblasts.
2.3 Procedure for peripheral blood lymphocyte
culture and chromosome preparation.........
2.4 Examination of supplemental media
factors in tissue cUltUre....viveeeeoscnans
2.41 Rationale for the procedure.
2.42 Modification of the fibroblast
culture procedure.

Page
ii
viii

ix

xii

11

19

22

22

26

29

31



3.3 Factors that influence the frequency of expres-

2.43 Modification of the lymphocyte

culture procedure.
- 2.5 Chromosome staining procedure.........ceee..
- 2.6 Methods of observation and
tabulation of 'data..ciiiieeeeeeeereenennnns
‘CHAPTER. 3: RESUL DS . tt ettt neeceeenooennosaccsssnosessa
3.1 Demonstration of the fragile X chromo-
some in cultured skin fibroblasts..........
3.11 Expression in fibroblasts from
. patients- from Family No. 1.

3.12 Expression in fibroblasts from
patients from Family No. 2.

3.13 Comparison of the frequency of
expression in fibroblasts and
lymphocytes..

3.2 Factors affecting a reliable determination
of the frequency of expression.............

3.21 Condensation criterion..

3.22 Variable appearance of the fragile
X chromosome.

3.23 Definitive association of the
fragile site with the X chromosome
by G-banding.

3.24 Autosomal chromosome markers ex-

pressed under folate deprivation.

sion of the fragile X chromosome...........

3.

31

3.32

CHAPTER 4:

Culturing factors: MEM-Ad, BrduU,

"and. actinomycin-D.
Hypotonic effects at chromosome harvest.

DISCUSSION. e ittt tnnteseessnsseesscncannnns

4.1 Fragile X expression in fibroblasts from men-
tally retarded males and their female.
relativeS. oo ittt teeeesoeeenenennnoenanans

4.2 Expression of the fragile X chromosome in
cultured skin fibroblasts: culturing and
chromosome harvesting factors ..............
4.21 Folate deprivationin cell

4.22

culture.
Hypotonlc effects at chromosome har-
vest.

4.3 Reliable determination of the frequency of
expression of the fragile X chromosome in

B o) o) o 31 = =T o = O
4.31 Variable appearance of the fragile
X chromosome.
.4.32 Condensation.
4.33 Autosomal telomeric markers.

35

36

38

38

45

54

63

63

65

71

vi



4.4 Conclusions and future prospectsS...........
REFERENCES. .. .cc.ce. e s e s s s esssssssesess s et e s s aaae e e
APPENDICES .ttt toetsssssssssssssssssesseasesssssssascss

A Consent form. and certificate of approval

for clinical research and other studies
involving human subjects........ciiiiieeennnn

B Formulations of tissue culture media.........

. C Folate determination on various

laboratory lots of fetal serum and Medium
199 with and without a serum supplement..

e s o

79

82

89

89
91

93

vii



Table

IT

IIT

Iv

Vi

VII

VIIT

IX

LIST OF TABLES

Expression of the. fragile X chromosome
in members of families reported in the
literature.

Patients studied from Family No. 1 and
Family No. 2 and matched controls. .

Expression of the fragile X chromosome in
cultured skin fibroblasts from patients of
Family No. 1 and normal controls: compari-
son of wvarious growth media.

Expression of the fragile X chromosome in
cultured skin fibroblasts from patients
of Family No. 2 and a normal control.

Expression of the fragile X chromosome in
peripheral blood lymphocytes from patients
of both families and normal controls.

Expression of the fragile X chromosome as
a function of the degree of chromosome con-
densation. '

Expression of autosomal telomeric markers
in cultured skin fibroblasts from patients
and normal contrels.

Effects of 5-BrdU and actinomycin-D on the
frequency of expression of the fragile X
chromosome in lymphocytes and fibroblasts.

Effects of different hypotonic treatments
at chromosome harvest on the frequency of
expression of the fragile X chromosome in
fibroblasts. ’ :

Page

25

40

43

44

47

55

57

60

viii



Figure

LIST OF FIGURES

Fragile X chromosome 0of a mentally
retarded male patient from a family in
which: familial sex-linked mental re-
tardation is segregating.

Pedigrees of Family No. 1 (Patients A - E)

-and Family No. 2 (Patients F. - H) showing

segregation of familial sex-linked mental
retardation, e.g. transmission of the dis-
order through normal heterozygous females
to affected sons. The pedigree presented
for Family No. 1 is reduced in part from
the original report on the family (Dunn

et al., 1963).

Variable expression of the fragile X chromo-
some: aceto-orcein staining.

Detached satellite-like piece of chromatin
unassociated with the X chromosome.

Variable expression of the fragile X chromo-
some: trypsin G-banding. Comparison to the
standard banding pattern of the X chromo-
some (Paris Conference, 1971).

Autosomal telomeric markers expressed under
folate deprivation in cell culture.

Extended chromosomes and gaps and breaks pro
duced by actinomycin-D in' combination with

folate deprivation in cell culture. The chr
some at the ypper left may be the fragile X.

Effects of different hypotonic treatments at

chromosome harvest on . chromosome morphology.

Page

23

49

.50

51

‘53

- .58

omo-

62

Lix



ABBREVIATIONS

Tissue culture media:

MEM -Eagle's Minimal Essential Medium. Complete tissue
culture medium containing 15% fetal calf serum.
M199 -Medium 199. Tissue culture medium containing 5%

fetal calf serum and low in folic acid (0.01 mg/L).
MEM-FA -Eagle's Minimal Essential Medium without folic acid.
Tissue culture medium containing 5% fetal calf serum
and no folic acid. ‘
MEM-Ad -Eagle's Minimal Essential Medium without adenine.
Tissue culture medium containing 5% fetal calf serum
and- deficient in adenine.

A detailed description of the various tissue culture media is
presented in section 2.12 and Appendix ITI.

Chromosome banding methods:

AgNOR-banding -Sat-banding or silver nucleolar organizer-
banding. Ammoniacal-silver staining of the
satellite regions of the D and G group acro-
centric chromosomes, and generally thought
to be specific for the rDNA sequences asso-

. ciated with nucleolar organizer activity.

C-banding -Constitutive heterochromatin banding. A
chromosome banding method employing giemsa
staining following denaturation pretreat-
ments in acid and alkaline and a period of
renaturation in 2xSSC. Specifically stains
centromeric heterochromatin and the para-
centromeric heterochromatic regions on
chromosomes 1, 9, 16, and the long arm of
the Y chromosome.

G-banding -Giemsa banding. Chromosome banding accom-
plished with a variety of methods, belonging
to two major technical categories. 1. GTG
G~banding, giemsa staining after pretreat-
ment with a proteolytic enzyme (pronase or
trypsin). 2. ASG G-banding, giemsa staining
after pretreatment with acid or alkaline
followed by saline.

R-banding -Reverse banding.. A chromosome banding me-

: thod employing giemsa staining following
denaturation pretreatment with heat and
weak acid, or acridine orange staining
following the incorporation of BrdU during
cell culture. Banding pattern is essential-
ly the reverse of the G-banding pattern.

continued...
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Other abbreviations:

Brdu

EDTA

EGTA

FCS

HBSS

PHA

5-Bromo-2'-Deoxyuridine. A base analog of thymidine.

Ethylene-Diamine-Tetra-Acetic acid (disodium salt).
A chelating agent of calcium. (Cat2) and magnesium
(Mgt2).

Ethylene Glycol-bis-{(f-amino-ethyl ether)N,N'-Tetra-
Acetic acid. A chelating agent useful in the deter-
mination of calcium (Ca%t4). in the presense of magne-
sium (Mg+2).

Fetal Calf Serum.

Hank's Balanced Salt Solution. A standard saline
solution.

Phytohemoglutinin (M Form). Plant lectin used for
mitogenic stimulation of lymphycytes in cell culture.
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CHAPTER 1

INTRODUCTION

1.1 Familial sex-linked mental retardation.

Mental retardation is included in the diagnosis of some
40 different sex-linked genetic diseases (McKusick, 1978;
Jennings et al., 1980). Many-of these disorders are dis-
tinguishable on the basis of physical and biochemical ab-
normalities. However, until recently, one of the most common
forms of familial sex-linked mental retardation, the Martin-
Bell syndrome (Martin and Bell, 1943), has lacked any clearly
definable physical or biochemical. abnormality. Since 1943,
several large pedigrees have been reported documenting the
segregation of this non-specific form of familial sex-linked
sex-linked mental retardation (Renpenning et al., 1962;
Dunn et al., 1963; Opitz et al., 1965; Lehrke, 1974; Deroover
et al., 1977; Ruvalcaba et al., 1977).

1.11 Prevalence. Non-specific sex-linked mental re-

- tardation represents about 70% of all diagnosed sex-linked
mental retardation and is thought to.be responsible for the
documented excess of males. in the mentélly.retarded popula-
tion (reviewed by Herbst, 1980). Turner and Turner (1974)
proposed that this non-specific form of familial sex-linked
mental retardation probably .accounts for one in five insti-
tutionalized mantally retarded males with IQ's between 30
and 55. On an overall population base, they calculated a -
frequency of 0.74/1000 males. A recent study has indicated

that the prevalence of this disorder may be higher; using



data from the British Columbia Health Surveillance Registry,
Herbst (1980) calculated a prevalence of 1.83/1000 males.

1.12 Association with a fragile X chromosome. Lubs

(1969) first reported the presence of a fragile X chromosome
in .a family’in which non-specific familial sex—linked mental
retardation was seéregating. He observed the fragile X
chromosome in four mentally retarded males and two normal fe-
‘males in three generations of the family. .The fragile X
chremosome appeared to have a constriction, dr,fragilé site,
near the terminal end of the long arm of the chromosome.

(Fig. 1) and was .expressed in only a portion of the cells exa-
mined from a patient. Since the first report, the association
of a fragile X chromosome with familial sex-linked mental re-
tardation has been documented by a number of other investiga-
tors (Giraud et al., 1976; Harvey et al., 1977; Howard-Peebles
et al., 1979; Sutherland and Ashforth, 1979; Turner et al.,
1980).

In 1977, Sutherland showed that expression of the fragile
site on the X chromosome in peripheral blood lymphocytes was
dependent on the medium used. in cell culture. Only in Medium
199, of the tissuejculture media examined, was the demonstra-
tion of the fragile X chromosome possible.. This finding
prompted a number of investigators to re—study the chromosomes
of members. of several families in which the disorder was
known'td be segregating in order to look for the presence
of the fragile X chromosome. Inseveral of these families

the fragile X chromosome was found (Dunn et al., 1963, re-



FIGURE 1

Fragile X chromosome (arrow) of a mentally retarded
male patient from a family in which familial sex-
linked mental retardation is segregating.



studied by Dunn et.al., 1980, 'and Jacobs et al., 1980;
Ruvalcaba et al., 1977, restudied by Jennings et al., 1980;
Bowen et al., 1978, restudied by Martin et al., 1980).
Sutherland's discovery also encouraged a number of
investigators to re-examine their clinical files for case
reports of non-specific familial sex-linked mental retarda-
tion, and to study the chromosomes of these families using
.the appropriate. culturing conditions. Soudek et al. (1980)
found that 10 of 22 families restudied exhibited the fragile
X chromosome. Turner et al. (1980) found +the fragile X chrom-
osoméfto:be’Segfegating‘in,Seveniof?23yfamilies, and, -
in another“recent'study, Jacobs et al. (1980) found the fra-
gile X in six of seven families. The one family-that did not
exhibit the marker in the Jacobs et al. study was thée:family
originally reported by Renpenning et al. (1962). Because
non-specific familial sex-linked menﬁal retardation has fre-
quently been referred to- as "Renpenning syndrome" and taken
as synonymous with "Martin-Bell syndrome", it is important
now that the distinction be made between Renpenning syndrome
and "familial sex-linked mental retardation associated with
the fragile X chromosome".

1.13 Clinical manifestations of familial sex-linked

mental retardation. The need for a distinction between famil-

ial sex-linked mental retardation associated with the fragile
X chromosome and other forms of non-specific sex-linked men-
tal retardation has been underscored by the recent association
of some phenotypic abnormalities with the fragile X chromo—

some. In general, these phenotypic abnormalities occur



irregularly among patients. While no" clinical feature can
as yet be considered : pathognomonic for sex-linked mental
retardation associated with the fragile X chromosome, some
characteristics have been noted by an increasing number of
investigators and are clinically significant. Among them
“are ; macro8rchidism, prognathism and prominent ears, high
arched palate, éhd speéch impairment incompatible with the
degree of intellectual deficit (Herbst, 1980; Jacobs et alf,
1980; Jennings et al., 1980; Soudek et al;, 1980). Other
features, occurring less frequehtly, includéfdermatoglyphic
and CNS irregularities and forms of psychosis.
“"Macro8rchidism, or megalotestes, associated with the
segregation of familial sex-linked mental retardation has
received the attention of a number of investigators (Ruvalcaba
et al., 1977; Bowen et al., 1978; Cantu et al., 1978; Turner
et al., 1978; Howafd—Peebles and Stoddard, 1979, 1980; Jacobs et-
al,1979,1980; Sutherland and Ashforth, 1979). While it appears
that patients suffering from familial sex-linked méntal re-
tardation .associated with the fragile X chromosome may or may
not exhibit ﬂmabrobrchidism, very few, if any, mentally re-
tarded patients with ® macrodrchidism have been reported in
whom the fragile X chromosome is not present (Sutherland and
Ashforth, 1979; Howard-Peebles and Stoddard, 1980; Jacobs et
al., 1980; Jennings et al., 1980). Further documentation will
be necessary before “macro®rchidism can.be used as a consis-
tent morphological indicator for chromosome studies, but at

present it is being used successfully as a pre-screening test



for re-examining institutionalized mentally retarded males
for the fragile X chromosome - (Howard-Peebles, personal com-
munication; -Soudek and Partington, personal communication).

On the basis of the re-examination of clinical case files

and previously reported families, with familial sex-linked
mental retardation, for the presence of the fragile X chromo-
some, 52 of 86 families have demonstrated the marker X chromo-
some (Table I). Although this frequency may reflect some
ascertainment. bias, it appears that the fragile X chromosome
isﬁségregatipguiﬁLat-least_SO%-ofucaSes'originallyﬁcafeéofized
.asnen<specific familial séx-linked mental-retardation.- -
This frequency suggests that familial sex-linked mental retar-
dation associated with the fragile X chromosome may be second
only to Down syndrome as a form of mental retardation associ-
ated with a specific chromosome abnormality.

1.14 Fragile X expression in mentally retarded males

and their female relatives. Table I shows. the number of

mentally retarded males, obligate carrier females, and po-
tential carrier femaiés, having a 50% risk of carrying the
disorder, who have been reported in the literature as
deﬁonstrating the fragile X chromosome in chromosome studies
of cultured peripheral blood lymphocytes. While it

éppears that analysis of peripheral blood lymphocytes cul-
.tured in M199 provides a reliable and satisfactory method
for determining if a mentally retarded male is carrying the
fragile X chromosome, it has proven less satisfactory in

determining female carrier status. In the original report



No.

TABLE I
Expression of the fragile X chromo-
some in members of families reported
in the literature.

Families Marker Positive. No. Patients Marker Positive

No. Families Studied No. Patients Studied

(Ffequency Range)

Mentally Obligate Potential

Retarded Males Carrier Females Carrier Females

(50% risk)

Reference

6/6 5/5 ' 2/2 1/1
(18-50%) (? (20%)

4/4 ' 14/14 4/6 2/2
(8-41%) (2-24%) (7%,17%)

3/6 9/9 1/2 —
(4-33%) (15%)

6/7 36/36 4/17 6/20
(7-50%) (3-12.9%) (1.5-21.4%)

2/3 8/8 1+32/6 2/3?+

(1.5-18%) (0.5-4.5%) (1.5%,8.5%)

continued...

Giraud et al.
(1976)

Harvey et al.
(1977)

Howard—-Peebles
et al. (1979)
Howard—-Peebles

& Stoddard (1979,
1980)

Jacobs et al.
(1980)

Jennings et al.
(1980)



No. Families Marker Positive

No. Patients Marker Positive

No. Families Studied

No. Patients Studied

(Frequency Range)

Reference

Mentally Obligate Potential
Retarded Males Carrier Females . Carrier Females
(50% risk)
1/1 4/4 1/2 1/5 Lubs (1969)
(12-33%) (28%) (3%)
1/1 2/2 3/3 3/3 Martin et al.
(3.0%,15.5%) (0.5-1.5%) (0.5-6.5%) (1980)
1/1 1/1 . 0/1 0/1 Turleau et al.
(7%) (1979)
7/23 25/25 4/12 8/20 Turner et al.
(24-45%) (?)* (?)* (1980)
9/22 27/29 2/4 2/5 Soudek et al.
. (2-29%) (?2)* (2)* (1980)
12/12 21/21 5/13 9/17 Sutherland
(4-44%) (2.5-19.5%). (6~26%) (1979c¢)
52/86 152/154 29/68 34/77 TOTALS

+ unclear status in manuscript
* frequencies not given in manuscript



of the fragile X chromosome by Lubs (1969), all four
affected males expressed the fragile X chromosome, at fre-
guencies of 12 - 33% of the cells examined, Lymphocytes
from a 59 year old obligate carrier female did not exhibit
the fragile X chromosome, while those from another carrier,
aged 24, exhibited the marker in 28% of the cells. 1In the
22 yvear old sister of the latter patient, the fragile X
chromosome was present in only 3% of the cells.

In the study of lymphocytes from six obligate carrier
females from three families, Harvey et al., (1977) were able
to demonstrate the marker -in all but two at frequencies
ranging from 2%'t6 24%. All 14 mentally retarded males
studied demonstrated the fragile X at frequencies between
8 and 41%. |

In the 11 studies of 86 families feported in Table I,
virtually all of the affected males studied demonstrated
the fragile X,chromosome. The frequency of expression fell
within a wide range: 1.5 - 50%. The fragile X chromosome
has not been demonstrated in any normai related male controls
(brothers and uncles) when they have been studied (Jacobs et
al., 1980; Soudek et al., 1980; Turner et al., 1980).

However, it seems that treliable determination of female
éarrier status by the use of the fragile X chromosome is not
possible. Less than half of the older age obligate carrier
females demonstrated the fragile X chromosome in the studies
reported in Table I. About half of the potential carrier

females demonstrated it. The latter observation is consis-



tent with the proportion expected from Mendeliah transmission
of a sex-linked abnormality to daughters of obligate carrier
females. The freguencies of expression of the fragile X
chromosome in obligate and potential carrier females are

~generally much lower than those obtained in related mentally

retarded males. Fragile X expression in females also appears

to show an age dependency. In his study of 30 carrier fe= . -

males, Sutherland (1979c¢) concluded that the frequency of

marker expression in carriers rapidly declines in females

over the age of 25 yrs., and that the marker is frequently

not observed in older obligate carrier females (30+ yrs.).
One interesting aspect of these families is that oc-

casionally the pedigrees will contain a female who is of low

normal intelligence, and who also carries the fragile X chromo-

some (Giraud et al., 1976; Howard-Peebles et al., 1979;
Sutherland, 1979c; Jacobs et al., 1980). Only a few of
these females have been .studied in detail, but the limited -
evidence suggests that there may be a positive correlation
between the frequency of expression of the marker chromosome
and the degree of their intellectual deficit; the lower
the intelligence of the heterozygous female, the greater 1is
the frequency of expression of the fragile X chromosome: ob-
served (Jacobs et al., 1980; Soudek et al,, persohal communi-
cation).

An explanation for the occurrence of heterozygous
females. with low intelligence may be that these particular

individuals represent an extreme in the distribution of

10



paternal and maternal X chromosome inactivation. In these
females, the X chromosome carrying the fragile site, and
therefore theithe abnormal genes responsible for :mental re-
ftardation,ﬁﬁbeéféCtive'in a high proportion of cells.

In an attempt to determine if the pattern of X chromo-
some inactivation in such females was unusual, Uchida (person-
al communication) examined the late replication patterns of
X chromosomes in two carrier females with normal intelligence
who exhibited the marker and compared them to the patterns in
two low intelligence carrier females who.also exhibited the
marker. She determined that both the normal X and the fragile
X were late replicating in an equal'proportion‘of cells in
the normal female carriers. ﬁhis pattern of random inactiva-
tion has also been reported by Martin et al. (1980)J In the
two dull carrier females, the normal X was preferentially
inactivated about three times more frequently than the
fragile X.

While low intelligence carrier females have been reported
infrequently in the literature, and the precise etiology of
their low intelligence remains obscure, further studies may
clarify the relation between the expression of the fragile~X
chromosome in carrier females, X chromosome . inactivation,
and the infrequent manifestation in some female patients of

a degree of mental deficiency.

1.2 Heritable fragile sites.

1.21 Distribution. In addition to the fragile X chromo-

11
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some, heritable fragile sites on human chromosomes 2, 9, 10,
11, 12, 16, 17, and 20 have been reported (reviewed 5&
Sutherland, 1979b). The fragile sites on chromosome No.'s

2, 10, 16, and 20 have been shown to be inherited in simple
Mendelian fashion. The autosomal fragile sites have been
demonstrated in phenotypically normal individuals as well as
abnormal ihdividuals, but they have not been associated solely
with any specific phenotypic disorder (Schmid and:Vischér,; :
1969, Btihler et al., 1970; Magenis et al., 1970; Reeves and
Lawler, 1970; Fraccaro .et al., 1972; Ferguson-Smith, 1973;
Oliver et al., 1978; Sgrensen et al., 1979). Therefore, they
have generally been regarded as normal chromosome variants.
The estimated frequency of occurrence of heritable fragile
sites in the population is 1 in 444 or 0.2% (Hecht and
Kaiser-McCaw, 1979).

These fragile sites usualiy appear as achromatic discon-
tinuities traveréing both chromatids of one of the arms of a
metaphase chromosome. They are generally located at a median
interstitial position on the chromosome arm and appear very
much like secondary constrictions that have been associated
with nucleolar organizer activity in classical plant and ani-
mél cytogenetics. Fragile sites, as distinct from secondary
constrictions, have not been described in any other mammalian
species (Sutherland, 1979b).

1.22 Cytogenetics. While research on heritable fragile

sites other than the one on the X have not yielded any in-
formation of direct practical applicability in genetic or

reproductive counseling, it has resulted in better under-
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standing of the fragile site in relation to irregular chromo-
some structure and behavior.

Heritable fragile sites occur, not randomly, but at
particular regions on ~ - chromosomes (Giraud et al., 1976;
Sutherland, 1979b). Chromosome banding studies have permitted
assignment of ‘each of the fragile sites to a particular re-
gion on a chromosome arm. The reported sites are: 2qll, 9gl2,
10923, 11g23, 12913, 16922, 17pl2, 20pll, and Xg27-28. The
best documented of these are the sites at 2qll, 104923, 16922,
and Xg27-28. (Sutherland, 1979b).

Minor discrepancies in the precise location of some
fragilé sites have been reported. For instance, Sutherland
(1979b) reported. the locus of the fragile site on chromo- .
some No. 10 as 10g23 on the basis of G-banding. Using R-
banding, Giraud et al. (1976) reported the locus as 10g242.
Discrepancies in the lbcation of a discontinuity seem to
be a function of the different banding methods employed
(Ssavage, 1977). Precise location of the fragile site on
the X chromosomeihas been impeded by the fact that the
fragile site is located very near the terminal end of the
long arm of the chromosome, and conventional G-banding does
not clearly distinguish the G-negative band at Xg28 from
the G-positive band at Xg27. R-banding results seem to
indicate that.the fragile site is located in the proximal
portion of band g28 (Turleau et al., 1979).

There is evidence to suggest that expression of the
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fragile site on the X chromosome is due-in part to an
abnormality in the chromosome condensation process at mitosis
and not due to a structural alteration:. of the X chromosome
such as a translocation. Banding studies of chromosomes

with fragile sites have shown that the banding patterns'of
the-chromosome'armS'adjacent to the fragile sites are con-
sistent With the normal banding patterns for that chromo-
some. 'R and G-banding studies have shown that the banding
pattern of the fragile X chromosome is consistent with the
banding pattern of the normal X (Harvey et al., 1977;
Sutherland, 1979a; Turleau et al., 1979;>Howard—Peebles and
Stoddard, 1980). Because of the striking similarity in
appearance betweeh'the satellites on the terminal end of

the fragile X chromosome and the short arm satellites on the
D and G group chromosomes, it could be suggested that the
satellite is translocated from one of these chromosomes.
However, a study by Turleau et al. (1979) showed the Xg27-28
fragile site to be C-band negative, or lacking any trans-
located centromeric heterochromatin. In addition, studies
using silver staining, which is specific for nucleolar regions
(AgNOR banding), did not reveal any nucleolar organizer ac-
tiyity at. the Xg27-28 fragile site (Sutherland‘and Leonard,
1979; Howard—Peebles.and Howell, 1979; Turleau et al., 1979).
The fact that satéllite stalks from acrocentric chromosomes
known. to be involved in translocation are still stainable with
this technique (Neu et al., 1976), suggests. that it is un-

likely that the fragile X includes material translocated from



one of the D or G group chromosomes.

DNA replication studies have provided more direct evi-
dence that the constriction in the chromosome arm character-
istic of a fragile site may indeed be the result of abnormal
chromosomé condensation. All of the known heritable fragile
sites occur in régions that are normally late replicating,
i.e., replication occurs within the last five hours of DNA
synthesis (Kondra and Ray, 1978). Abnormally late replica=
tive behavior has been reported in connection with the
expression of the 2ql2 fragile site. In experiments using
tritiated thymidine, Blihler et al. (1970) found that the
2gql2 fragile region was replicated later than normal.

The 9912 fragile region has also been shown to be abnormally
late replicating (Schmid and Visher, 1969). Since incomplete
condensation has been shown to parallel late replication
(Stubblefield, 1964; Zakharov and Egolina, 1968), it can

be concluded that defective condensation. is responsible, at
least in part, for the expression of some of the heritable
fragile sites.

Recent work by Sutherland (1979a) on. specific tissue
culture requirements for heritable fragile site expression
suggests that the commitment to fragile site expression is
more likely due to.cellular events prior to, or early . in,
the replicative period of the cell cycle. This will be
discussed further:in.the.following section.

1.23 Tissue origin and culture conditions. Virtually

all observations of heritable fragile sites have been confined
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to Studies,of peripheral blood lymphocytes. At the inception
of this study, none of the heritable fragile sites had been
demonstrated in cultured skin fibroblasts, with the exception
of the fragile site at 2gl2 (Fraccaro et al., 1972; Ferguson-
Smith, 1973; Sutherland, 1979b). 1In £he few instances where
bone marrow cells have been studied} fragile sites were de-
monstrable only at 16g22 and Xg27-28 (Magenis et al., 1970;
Sutherland, 1979b). However, the frequencies of expression
of these fragile sites in fibroblasts and bone marrow
preparations were frequently lower than those found in lympho-
cytenculture for the same patient.(Sutherland, 1979Db).

Some significant work on the influence of different
tissue cultuge media .on the expression. of fragile sites in
peripheral blood. lymphocytes has recently been reported by
Sutherland (1977, 1979a). Preliminary studies.j(Sutherland,
1977) had shown. that the frequency of expression of the
fragile sites at 2921, 10923, and Xg27-28 was substantially
higher if the cells were cultured in Medium 199 rather than
other tissue culture media such as Eagle's MEM, RPMI 1640,
Ham's F10, or CMRL 1969. The Xg27-28 fragile site could
only be aemonstrated in M199. More recently, Sutherland (19793
suggested that it is the relatively low level (0.01 mg/L)
of folic acid in Medium.199 that is responsible for the ;n—
crease in the frequency of expression of some fragile sites.
He showed that if parallel lymphocyte cultures were es-
tablished in media containing graduated concentrations of

folic acid (0.0 to 0.5 mg/L folic acid), the frequency of

16
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expression rapidly decreased as the concentration of folic
acid increased. Some fragile sites, namely 2gl2, 10923, and
Xq27-28, were particularly sensitive to altered concentrations
of folate, while the frequency of expression of the fragile
site-at 16922 was not affected at all.

Increasing concentrations of thymidine or 5-BrdU, a base
analog of thymidine, (0:0 to 3.0 mg/L) produced results compar-
able to those observed with increasing concentrations of fo-.
late for the fragile sites at 2gl2, 10923, and Xg27-28.
Thymidine and BrdUlwere;whowever, less effective than folic
acid at inhibiting expression of the fragile sites.

Further evidence in support'of a. hypothesis that it is
the low folate level in M199 that is responsible for the in-
creased frequency of fragile site expression came from ex-
periments in which lymphocytes were cultured in media con-
taining normal levels .of folate plus the folic acid anta-
~gonist, methotrexate (Sutherland, 1979a). Under these culture
conditions the frequency of expression increased.

Sutherland postulated that the metabolic mode of
action of folate deprivation on fragile site expression was
through pyrimidine biosynthesis, specifically in the conver-
sion of AUMP to. dATMP mediated by the coenzyme 5,10-meTHFA:
uridine monophosphate (dUMPH5,10-methylene tetrahydrofolate
(5,10-meTHFA)—>thymidine monophosphate (dTMP)+dihydrofolate
(DHFA). If this reaction is inhibited mildly, the resulting
deficiency in 4dTMP, thymidylate, would restrict DNA synthesis

and potentially lead to lesions in the chromosomes. That this
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reaction may be the area. of metabolism.involved in fragile
site expression'haS‘beeh supported by the expression enhancing
effects of the folate antagonist methotrexate (Sutherland,
1979a). Methotrexate blocks the conversion reaction of DHFA
to THFA.by inhibition of dihydrofolate.reductase (Erbe, 1975).
This reaction is tightly integrated with the production of

the coenzyme, 5,10-meTHFA.

Sutherland (1979a) showed that the time of adding either
folic acid or thymidine to the lymphocyte cultures also
affected the frequency of fragile site expression. Both folic
acid and thymidine were most effective in inhibiting expres-
sion if they were added at least 24 hrs. prior to chromosome
harvest. The inhibitory effects subétantially decreased when
either factor was added closer to chromosome‘harvest. These
findings seem to indicate that culture media influences on
fragile site expression are most effective prior to, or early
in, the S-phase of the cell cycle preceeding chromosome harvest.
This timing effect is consistent with the postulated mode of
action of folate deprivation, namely, reduced pyrimidine
biosynthesis. Low folate levels could lead to substantially
reduced levels of thymidylate available for DNA synthesis.

Sutherland further suggested that extending the culture
period in media low in folic acid from 72 to 96 hrs. for
those fragile sites sensitive’ to folate deprivation (2gl2,
10g23, Xg27-28)" improves the frequency of expression of the
marker chromosomes, and that reducing the concentration of

fetal calf serum (FCS) to 5% from the 10 - 20% FCS levels used
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conventionally in lymphocyte culture, also improved the fre-
quency of marker chromosome expression. With particular re-
ference to the Xq27-28. fragile sife, other investigators
(Howard-Peebles and Pryor, 1979; Gerrard and Fox, personal
communication) have also . suggested that reduced levels (0 -
5%) of FCS improve the frequency of expression. Some investi-
gators have cautioned, however, that extremely low ievels
of FCS can substantially impair cell growth and lead to a
virtually unscorable mitotic index (Turleau et al., 1979).
Sutherland also showed that the frequencies of expression
of the fragile sites at 2912 and Xg27-28 were sensitive to the
pPH of the culture: media with optimal expression between pH
7.4 and 7.6. This'is slightly more alkaline than the normal
culturing pH of 6.8 to 7.2. Fragile sites at 10g23 and 16g22
were not sensitive to alterations in pH. Based.on response by
the various fragile sites to folate, and thymidine, deprived
culturing conditions, as well as an-optimal expression of some
fragile sites at a particular pH, Sutherland (1979a) proposed
a classification of fragile sites: those that .are sensitive
to folate deprivation (e.g.'2q21, 10g23, and Xg27-28), those
that are resistant to foiate deprivation,(16q22); those that
are pH devendent (2g2l and Xg27-28), and'those.thét are not pH
dependent (10923 and 16g22). Accordingly, the fragile site at

Xg27-28 would be classified as both folate and pH dependent.

1.3 Rationale for the present study.

While earlier studies of the fragile. X chromosome in



families in which familial sex-linked mental retardation was
segregating established that the prevalence of the disorder
was high, they also defined.what appeared to be severe limita--
tions to the diagnostic usefulness of the fragile X chromo-
some. For instance, the fragile X chromosome, while specific
for the disorder, was found to be,generally~expresséd only:in
a portion of the metaphases scored from cultured:_pebiphédral
blood«lymphOCYteszfrom.affected maies. The presence of the
marker chromosome in:many  obligate or potential carrier fe-
males, especially those over 25 yrs. of age, frequently proved
difficult or impossible to show. Furthermore, the expression
of the fragile X chromosome in lymphocytes could be seen only
under certain culturing conditions. Finally, expression of
the marker X chromosome could not be demonstrated in skin fi-
broblast metaphases' (Hecht and Kaiser-McCaw, 1979; Sutherland,
1979c) .

The failure to find the fragile X chromosome in cultured
skin fibroblasts implied that its demonstration in cultured
amniocytes would unlikely, and the fragile X chromosome would
therefore not be a useful chromosome marker in antenatal diag-
nosis of familial sex-linked mental retardation.

This study waé undertaken to: 1l).develop a method for
demonstrating the fragile X chromosome in cultured skin fibro-
blasts, examining some of the factors that influence a relia-
ble determination of the frequency of expression in this

tissue, and 2) examine the effects in both cultured lympho-
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cytes and fibroblasts of specific supplemental media factors
which, because:of their abilities to- interact with chromo-
some components, might be useful in accentuating the fre-
guency of expression of the fragile X chrqmosome in tissue
culture. In addition, it was hoped that the results from
this. study would provide further information on the structural

and functional properties of fragile chromosomes.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Sources of tissue samples and tissue culture media.

"2.11 Subjects. 'Blood and skin biopsy specimens were
obtained from eight individuals from two unrelated families
in both of which there is clinical and genetics evidence for
familial sex-linked mental retardation. For convenience these
individuals are referred to as Patients A, B, C, D, E, F, G,
and H. Family No. 1 is part of a large pedigree originally re-
ported by Dunn et al., (1963). Family No. 2 is a case on file
with the Department of Medical_Genetics, University of British
Columbia (file #02438). Pedigrees of Families No. 1 and 2,
including the identities of the members studied are presented
in Figure 2.

Family No. 1 is of German Catholic background. The
‘parents of Patient A immigrated to North America from the
Ukraine in. the late 19th century. She is considered to be
an-obligate carrier female of normal intelligence, who has had
threesmentally retarded sons and five normal daughters, three of
whom.gave.biith.to.retarded sons. Patient C is one of the
mentally retarded sons of Patient A, and Patient B is one of
her obligate carrier daughters. Patient D is a mentally re-
tarded son of Patient B. Patient E is a daughter of Patient
B and has a 50% risk of being a carrier female.

Family No. 2 is of Dutch Mennonite background and is also

descended from immigrants from the Ukraine. Patients F and G
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FIGURE 2

Pedigrees of Family No.

1 (Patients A - E) and Family No. 2

(Patients F -~ H) showing segregation of familial sex-linked

mental retardation, e.qg.

transmission of the disorder through

normal heterozygous females to affected sons. The pedigree

presented for Family No.

1l is reduced in part from the original

report on the family (Dunn et al., 1963).
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are mentally retarded brothers, and Patient H is their sister.
She is a potential carrier female iwho is probably of low nor-
mal intelligence (personal communication from mother of Pa-' ..
tient H and case file).

Control specimens were obtained from three individuals
unrelated to. either family studied. They were matched for
sex and age to the two younger affected males. (Patients D and
G) and to a.potential carrier female (Patient E). The indi-
vidual ages: of pétieﬁtsandxxmtrdlsaré presented in Table II.

Blood samples were obtained by venepucture, and 'skin
specimens wereobtained by scissor snip biopsy in all cases
with informed consent. (Appendix A).

2.12 Tissue culture media. Four different tissue cul-

ture media were used in -~ - experiments to be reported on
peripheral blood lymphocytes and established fibroblast cell
lines. These were:

MEM: Eagle's. Minimal Essential Medium with Earle's
Salts & L-glutamine (Gibco, Lot No. R892106)
supplemented with 15% FCS buffered with sodium
bicarbonate : (folic acid at 0.01 mg/L).

M199: Medium 199 with 25 mM HEPES buffer, Hank's
Salts & L-glutamine (Gibeo, Lot No. A891012),
supplemented with 5% FCS and adjusted to pH
7.6 with 7.5% NaHCO3 (folic acid at 0.01 mg/L).

MEM-FA: MEM without folic acid supplemented with 5%
FCS and adjusted to pH 7.6 with 7.5% NaHCO3
(folic acid at 0.00 mg/L).

MEM-2Ad: MEM deficient in adenine, made by supplementing

. MEM with 0.3 mg/L guanine and adding 0.2 mg/L
azaserine to block purine biosynthesis, sup-
plemented with 5% FCS and adjusted to pH 7.6
with 7.5% NaHCO3 (folic acid at 0.01 mg/L).

MEM- and M199 were purchased directly from the Grand Island



Patients studied from Family No. 1

and Family No. 2 and matched controls.

Family No. 1

Patient

Family No. 2

Patient F
G
H
Controls

R G H

TABLE IT

Status

ObligéteHCarrier Female

Obligate Carrier Female .

Affected Male
Affected Male
Potential Carrier Female

Affected Male
Affected Male

Potential Carrier Female.

Normal Male
Normal Male
Normal Female

Age

74
55
49
31
25

33
29
26

29
31
25

Pedigree Number

I1-10
IITI-58
II-63
IV-144
IV-145

ITI-3
IIT-7
ITI-9



Biological Company (Gibco). MEM-FA and MEM-Ad were made up in
the laboratory.. A detailed listing of compbnents.of each of
the four media.is given in Appendix B. Aliquots of 100 ml of
each medium were supplemented with. 1 ml of an antibiotic-anti-
mycotic solution (100X) containing 10,000 U/ml penicillin, 25
mcg/ml Fungizone<3{ and 10,000 mcg/ml streptomycin (Gibco Lot
No. ' A990311). Any media used to culture lymphbcytes was also
supplemented with PHA (Gibéo), 0.2 ml per culture, for mito-«
genic stimulation at culture initiation. All Fetal Calf Serum
(FCS) media supplements were taken from Lot No. 29101111, Flow
Laboratories, which contained a low level. of folic acid rela-

tive to several other laboratory lots of serum (Appendix C).

2.2 Demonstration of the fragile X chromosome in cultured
skin fibroblasts.

2.21 Rationale for the procedure. The work of Sutherland

(1979a) had suggested that the reported lack of expression of
the fragile X chromosome in cultured skin fibroblasts might
be. overcome by appropriate manipulation of the culture condi-
tions, particularly those affecting folate metabolism. Since
it was determined that it would be difficult if not impossible
to-obtain‘chromoéomeipreparations from fibroblasts main-

_ tained fqr a long term. in media low. in, or entirely lacking
folic acid (Erbe, 1975, 1979), a method was adopted for this
study whereby skin fibroblast cell lines would be established
and routinely maintained in medium containing normal levels

of folate, and then the cells would be transferred to media
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deficient in folic acid a brief period prior to chromosocme
harvest. -To facilitate this transfer to folate deficient
culturing conditions, a fibroblast culturing and harvest
protocol originally described by Kajii et al. (1973) was
adopted with some modification. At the time of transfer to
folate deprivation, fibroblasts would be removed from flask
culture in medium containing normal levels of folate; rinsed
of any residual medium, and then transferred to medium low in,
or entirely lacking, folic acid. From the time of transfer
to folate deficient media, cells would be grown directly on
slides that would be studied on the microscope.

This method. would have two advantages that could be im-
portant in eliciting fragile site expression in ‘fibroblasts.
~ First, fibroblast cells from a single tissue culture flask
could be split and transferred to different tissue culture
media with varying concentrations of folic acid. This would
permit comparison of the effects of different . levels of folate
on the frequency of expression in a relatively uniform popu-
lation of cells. Second, the hypotonic and fixation treat-
ments at chromosome harvest would be done on cells adhering
to a slide. This would provide a relatively gentle harvest
procedure and eliminate any satelliﬁe loss. that might occur
with ‘more rigorous_harvéét:techniques.,‘

2.22 Procedure for establishing fibroblast cell lines.

Fibroblast cell lines were initiated from skin biopsies by the
standard explant. procedure (Fraccaro et al., 1960; Hamerton,

1971) and routinely maintained in. Eagle's MEM (Gibco) supple-



mented with 15% FCS. A 3mm skin snip was taken from the fore-
arm from patients and controls and transported to the labora-
tory in cold saline. The skin biopsy was minced, and the
pieces were equally distributed into.three 35 x 10 mm (Falcon)
petri dishes. The explants were covered with a No. 2: 22 mm
square sterile cover slip, and 3 ml of fibroblast maintenance
medium (MEM) was added to each dish. The explants were

then cultured at 37°C in a 5% CO atmosphere. The medium was

2
changed weekly, and confluent fibroblast cultures were
routinely obtained within three to five weeks. At con-
fluence, the fibroblasts were trypsinized (1:20 Difco tryp-
sin: HBSS) from each culture dish and grown to confluence in
T75 flasks (Lux). Aliquots of fibroblasts from all individu-
als were frozen after the third passage dnd stored. in liquid

nitrogen. .

2.23 Procedure for chromosome preparation from fibro-

blasts. All fibroblast experiments were done on cells in the
third to ninth passage in flask culture; each passage repre-
sented a 1:4 split of a confluent T75 (Lux) flask, or approx-
imately 2.3 cell generations.

Forty-three hours prior to chromosome harvest, cells
grown to confluenée in T75 (Lux) flasks in medium containing
normal. levels of. folic acid were removed following incuba-
tion for 15-25 minutes at 37°C with 2 mls of 1:20 trypsin
(Difco). They were resuspended in MEM-FA, 3 mls per flask.

A 1 ml aliquot of this cell suspension was diluted 1:10 in
medium low in (M199) or-entirely lacking (MEM-FA) folic acid.

At this step in the procedure, 1 ml aliquots of fibroblasts
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from three patients, Patients B, C, and D, were also resus-
pended in MEM as well as MEM-FA ‘and M199. Aliquots of 1.0 -
1.5 mls of these individual suspensions were separately
layered onto sterile microscope. slides held in a 100 x 15 mm
square petri dish (3 slides per-dish). and then incubated 30
to 45 min. at 37°C. After the cells had settled, the petri
dish was filled with 15 ml of warm medium and allowed to in-
cubate 24 hrs., at which time the medium was changed, and the
cells were incubated an additional 19 hrs. Three hrs. prior
to chromosome harvest, 0.3 ml Colcemid (10 mcg/ml) was added
to each culture dish.

Chromosome harvest was initiated by gently aspirating
off the culture medium and then covering the slides with 15
mls of warm.1l% NaCitrate. Cells were exposed to this hypo-
tonic condition for 15 min. at,37OC, after which 15 ml of
éold 3:1 methanol:acetic. acid was gently pipetted over the
NaCitrate and allowed to fix the cells for 5 min. The slides
were. removed from. the petri dishes and taken through two
additional 5 min. fixes in Coplin jars. The slides were
removed from the Coplin jar, briskly blown on, and briefly
warmed over a_bunsen burner. This was. immediately followed
by a 10 to 15 seéond dip in 1:50 ethanol:75% acetic acid.

Each .slide was finally rewarmed briefly and air-dried.

2.3 Procedure for peripheral blood lymphocyte culture and
chromosome  preparation.
Lymphocyte cultures were established according to the

recommended protocol of Sutherland (1979c) with minor modifi-
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cation in order to provide a standard frequéncy of marker
expression for each patient, against which results from fibro-
blast cultures and results from further modification of the
lymphocyte culturing procedure could be compared.

A single sample of blood was obtained. from each indi-
vidual with the exception of Patient D from whom two samples
were obtained on separate occasions. '~ Lymphocyte cultures
were initiated within 3 to 5 hrs. of obtaining the blood
sample.

A lymphocyte enrichment method (Moorhead et al., 1960)
was adopted rather than the whole blood.technique currently
recommended for  lymphocyte culture, in anticipation of the
possibility that the use of low. levels of Fetal Calf Serum
(5%) in the culture media might lower the mitotic index
(Turleau et al., 1979).  Prior to initiating lymphocyte
cultures, a 10 ml blood sample was allowed to separate for
one to two hours-at room temperature. The leukocyte-rich
plasma fraction, inéluding buffycoat and 5 to 6 drops of
the red cell fraction, was then carefully drawn off and
mixed thoroughly. A 0.25 to 0.5 ml volume. of this suspen-
sion (appfoximately 2 X 103 cells) was added to aliquots of
culture medium which were placed in 25 cm2 Falcon tissue cul-
ture flasks. Culture media consisted of M199 buffered with

25 mM HEPES, adjusted to pH 7.6 with 7.5% NaHCO, and supple-

3
mented with 5% FCS. A.0.2 ml aliquot of PHA (Gibco) was
added to each flask just prior to incubation, and the cultures

were capped tightly and maintained at 37OC for 96 hrs. The



culture medium.and the period of incubation followed the
recommended protocol of Sutherland (1979c) for expression of
the fragile X chromosome in peripheral blood lymphocytes.
Colcemid (Gibco, 10" mcg/ml), 0.075 ml per 5 ml culture, was
added 50 min. prior to chromosome harvest.

At chromosome harvest, the lymphocyte suspension cultures
were transferred to siliconized 15 ml glass conical centri-
fuge tubes and spun.for 9 min. at 150xg. The cells were
washed once in HBSS, and the supernatant was discarded. For
hypotonic treatment, the cell pellet was then gently resus-
pended in pre-warmed 0.075 M KC1l, and incubated . for 15 min.
at 37°c.

The suspension was again centrifuged, 9 min. at 150xg,
and all but 1 ml of supernatant over the pellet was aspirated-
off. For the purposes of fixation, 1 to 2 ml of cold 3:1 me-
thanol:acetic acid was gently layered over the remaining Sﬁﬁdf
pernatant. The pellet was: then. gently resuspended, and more
cold fixative was added in 2 ml aliquots to a final volume of
7 ml with gentle agitation. There were 3 additional washes
in fresh cold. fix. The pellet was finally resuspended in
1 ml of fresh cold fix, and the cells were dropped on cold,
wet slides. The slides were then briefly warmed over a bunsen

burner and allowed to air-dry.

2.4 Examination of supplemental media factors.in tissue cul-
ture.

2.41 Rationale for the procedure. Evidence from the




study of heritable fragile sites has suggested that fragile
site expression is associated with the chromosome replication
process. While the evidence from the study of the replicative
behavior of heritable fragile sites is somewhat contradic-
tory with respect to precisely when in DNA replication there
is a commitment to fragile site expression, i.e. the abnormal-
ly late replicative behavior of the 2gl2 fragile site reported
by Blihler et al. (1970), while the expression of the 2gl2 and
Xg27-28 fragilé sites were reported by Sutherland (1979a) to
require a commitment prior to,or in the earlier stages of,
DNA replication, there . is agreement that expression is at
least in part a function of the replicative process.
Sutherland (1979a) proposed that the mode of action of
a folate deficiency on fragile site expression was mediated
through pyrimidine biosynthesis, specifically in the reduced
levels of thymidylate available for de novo DNA synthesis.
If pyrimidine biosynthesis. is indeed the metabolic area
associated with the expression of the fragile site on the
X chromosome, the Xg27-28 region may be an AT-rich DNA
sequence very sensitive to altered concentrations of thymi-
dylate.

In an attempt to test the notion that both available

thymidylate and DNA'replication are at least in part responsi-

ble for expression of the Xg27-28 fragile site, and that the
Xg27-28 fragile site is an AT-rich DNA sequence particularly
sensitive to altered concentrations of nucleotides, this

study examined the effects of a medium deficient in thymi-
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dine's DNA base pair, adenine (MEM-Ad). A deficiency in ade-
nine should effectively mimic the effects of a thymidine de-
ficiency on fragile site expression.

The relationship between impaired. chromosome replication
and the actual expression of a chromosome lesion-or fragile
site at mitosis is not known:. The lack of chromosome coriden-
sation, evident when a fragile site is expressed, suggests
that agents that are known to interfere with the normal
condensation process might be useful in eliciting the ex-
pression of the fragile X chromosome in fibroblasts or, per- .
haps, in improving the frequency of expression in either
lymphocyte or fibroblast cultre. The chromosome decondensa-
tion effects of 5-BrdU (Palmer, 1970; Zakharov et al., 1974)
and actinomycin-D (Yunis and Chandler, 1977) have been well
documented. BrdU has also been shown to specifically effect
telomeric decondensation on some chromosomes (Hsu and Somers,
1961). Sutherland et al. (1980) have also recently defined
a new category of fragile sites that require BrdU for ex-
pression. BrdU and actinomycin-D may therefore be useful in
accentuating the. frequency of expression of the fragile X
chromosome - in tissue culture.

2.42 Modification of the fibroblast culture procedure.

At the time of transfer to folate deficient media, fibro-
blasts from Patient D were also transferred and maintained to
chromosome harvest in MEM-Ad. To examine.the influence of
5-BrdU and actinomycin-D on the frequency of expression,

Brdu (lO—SM) was added 3% hrs. prior to chromosome harvest to

33



34

parallel cultures of MEM-FA for two of the carrier females
studied (Patients B and E), and. actinomycin-D (Cosmegen,
Merck Sharp & Dohme) was added at a final concentration of
5 mcg/ml to a parallel culture: of MEM-FA for 'Patient E, 45
min. prior to chromosome. harvest. Chromosome harvest for
cells cultured in MEM-Ad and those incorporating BrdU and
actinomycin-D followed the standard protocol outlined in
section 2.23.

2.43 Modification. of the lymphocyte culture procedure.

Lymphocyte cultures for Patients B and D were established
in MEM-Ad. Thése parallel éultures followed the general
culture initiation and chromosome harvest protocol outlined
for M199.

To examine the influence of 5-BrdU and actinomycin-D
on the frequency of expression of the fragile X chromosome in
lymphocytes, modifications to the standard lymphocyte tech-
nique were as follows. In experiments using BrdU, parallel
lymphocyte cultures for Patients B and E were established in
MEM-FA and MEM-FA plus 5-BrdU (10"°M) added 3 to 5 hrs. prior
to chromoséﬁe harvest. In. experiments with. actinomycin-D,
lymphocytes from Patients B and D were cultured initially in
M199 at 37°C as usual. After 72 hrs. incubation, methotrexate

(Lederle)l was added to give a final concentration of 10_7M.

IMethotrexate is-a folate antagonist and at low concentrations
will effectively synchronize the cell population in culture
(Yunis, 1976), so that many of the metaphase cells at chromo-
some harvest will be at the same relative degree of chromo-
some condensation.



After 17% hrs. additional incubation, the cells were released
from the methotrexate block by transfer to fresh medium and
allowed to:continue ‘incubating 5 hré. to chromosome harvest.
Actinomycin=D was added 45 min. prior to chromosome harvest
to give a final concentration of 5 mcg/ml. Fifteen minutes
prior to chromosome harvest 0.075 cc. Colcemid (10 mcg/ml)

was added to the culture.

2.5 Chromosome staining procedure.

On a routine basis, slides that had aged at least one
week were stained with 2.0% aceto-orcein (Gibco) éccordingﬁ
to the following protocol. Three drops of stain were put on
the slide which was then covered with a cover slip. The
covef slip was allowed to sit for 10 min. and was then re-
moved. The slide was taken through three changes of
100% ethanol and then air-dried. For permanent mounting,
slides were dipped briefly in xylene, and. a cover slip was
mounted with Eukitt.

G-banding of the chromosome preparations: followed the
technique originally described by Seabright (1971) with
some modification. Prior to staining, a slide was Heated 3
to 5 hrs. at 60°C. The slide.was treated in trypsin (3cc of
reconstituted Difco trypsin in. 60 mls of 0.9% NaCl) for 20
to 30 sec.; the treatment was extended for older slide mater-

ial. The slide was then. passed through 1% CaCl, (1 min.),

2

2 washes in distilled water, and stained 45-60 sec. in

Giemsa. (2 cc Gurr R66 Giemsa stain, in 20 cc phosphate buffer,
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PH 6.8, plus 30 cc distilled water). The slide was rinsed in
distilled water, lightly blotted, and allowed to air dry.
G-banded slides were permanently mounted by the method de-

scribed above.

2.6. Methods of observation and tabulation of data.

All metaphases scored fell within a condensation criterion
in which the No. 2 chromosome used as. an index measured 9 to’
lS:umAin,length. The studies which led to the application of
this condensation criterion will be-discussed more comprehen-
sively in the Results, section 3.21. These revealed clearly
that the fragile X chromosome. was more frequently detectable in
metaphases where the chromosomes were not severely‘contracted.

Well. spread. metaphases that met the established condensa-
tion criterion were scored for the fragile X chromosome and
recorded as either positive or negative and, occasionally, as
questionable. In this questionable category were.those meta-
phases. in - either a satellite-~like piece of chromatin was
detached and not clearly associated with the long arm of the X
chromeosome. Also included in this category were metaphases
where there Was some ambiguity in the expression of the satel-
lite, for example chromosome overlap or the possible invélve—
ment of a D or G group satellite. Cells scored in. this ques-
tionable. category were not used in the determination of the fre-
quency of the expression of the fragile X chromosome. The fre-
quency of expression of the fragile X chromosome for any given

patient under a particular culturing condition was expressed
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as the number of cells:expressing the fragile X chromosome
as a proportion of the total number of cells scored.

Scoring for the fragile X chromosome was done directly
under the microscope. All observations of the fragile X
chromosome were. made on a Zeiss Photomicroscope under oil-
immersion phase-contrast at 1250X. Photographs were taken
on Kodak HighACoﬁtrast Copy Film 1276.

To determine if differences between any two frequencies
of expression were statistically significant, Chi square
(sz) analysis for independence of the two nominal variables
was employed using a contingency table. For expected ‘values
of the frequency of expression of the fragile X chromosome
that were low (< 5) and. therefore inappropriate for analysis
using the Chi square test, -Fisher's Exact Probability Test

was applied (Sokal and Rohlf, 1969).



CHAPTER 3

RESULTS

3.1 Demonstration of the fragile X chromosome in cultured
skin fibroblasts.

Initial observations of fibroblast metaphases utilizing
the culturing and harvesting procedure developed for this
study indicated that the fragile X chromosome was expressed.
It was also evident that there was a considerable amount of
variation in the frequency of expression of the fragile X
chromoéome, and that this variability was 1in part related to
the degrée of chromosome condensation in metaphases being
scored. Therefore, an analysis of the frequency of expres-
sion of the fragile X chromosome with relation to the degree
of condensation was conducted.

The results of this analysis are presented below in
section 3.21,.TableSKEand will be described in detail in that
section. Since comparisoné‘of frequencies of expression be-
tween subjects were to be’made, a scoring criterion based
on this analysis was established and imposed on cells to be
scored.

3.11 Expression in fibroblasts from patients from

Family No. 1. The fragile X chromosome was demonstrated in

cultured skin fibroblasts. from all five patients (A-E) from
Family No. 1. Cell lines from three patients (B,C, and D)
were transferred and maintained to chromosome harvest in

medium containing normal levels of folic acid (MEM) as well
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as in media deficient in folic acid (M199 and MEM-FA). The
fragile X chromosome was expressed in fibroblasts transferred
to MEM, albeit at very low frequencies (1.2 - 6.3%). There
were significantly higher frequencies of expression in fibro—v
blasts transferred to media deficient in folic ac¢id (TableIII).

In Family No. 1, the highest frequencies of expression
of a fragile X chromosome (5.9 - 35.0%) were found in fibro-
blasts, cultured in media:deficient in folic aeid;:from the~ -
“two mehtally retarded maTes,.Patients C andiD. Frequencies
of expression for the obligate and potential carrier females,
Patients A,B, and.E, ranged from 9.2 to 19.3% in the two
media deficient in folic acid.

Paraliel blind studies on fibroblasts from two patients
(D and E)‘and normal controls (J and K) matched for age,
sex, and fibroblast passage number were done to determine
whether folate deprivation could elicit expression of the
fragile X chromosome in control fibroblasts. Folate depriva-
tion did not 1lead to-deteétable fragile X chromosomes in
either male or female control fibroblasts.

Table IIT details the frequencies of expression of a
fragile X chromosome in fibroblast metaphases for Patients
A-E and normal controls, J and K, for medium containing nor-
ﬁal levels of folic acid (MEM) and media low in (M199) or
entirely lacking (MEM=FA) folic. acid., The data in Table III
indicate  that, while there was a significantly higher fre-
quency'of expression of the fragile X chromosome in the

folate deficient media than in the medium containing normal



TABLE III

Expression of the. fragile X .chromosome

in cultured skin fibroblasts from patients
from Family No. 1 and normal controls:
comparison of various growth media.

Patient Fibroblast Media No. Cells Ex- Frequency
Passage No. pressing Marker in %
No. Cells Scored¥
A 3 M199 9/93 9.7
Obligate. 3 MEM-FA o — —
Carrier, 74 yrs. 5 MEM-FA —_ —
B 3 MEM 5/115 4.3
Obllgate ' o 3 ‘M199 25/129+ 19.3
Carrier, 55 yrs. 3 MEM-FA 9/49 18.3
C 3 MEM 2/173 1.2
Affected Male 3 M199 ' 11/179+ 5.9
49 yrs. 3 MEM~-FA 43/168* 25.6
5 35/155 22.6
D 3 MEM 9/143 6.3
Affected Male 3 M199 39/202+ 19.3
31 yrs. 3 MEM-FA 43/168 25.6
5 19/54%* 35.0
_ 9 M199 19/109 17.4
9 MEM-FA 36/155 23.2
Control J ‘9 M199 1?2/133 <1
Normal Male, 31 vyrs, 9 MEM-FA 0/103 <1
. E 3 M199 19/107 17.8
Potential 3 MEM-FA ¢ 11/119* 9.2
Carrier, 25 yrs.
Control K 3 M199 0/65 <1
Normal Female 3 MEM-FA 0/85 <1
25 yrs.

¥ all metaphases scored fell within the condensation criter-
ion described in the text.

+ significantly different when compared to the frequency of
expression in MEM. B3: x2 1=12.74, p<.001; . Cg x21—6 16,
p<.05; D3:.x?;=11.85, p<. 001._ _

* 51gn1flcantly dlfferent when compared to the frquency of
expression in.M199. C3 X21—24 95, p<.001; D : x©1=6.13,
p<.05; Ej: X21=3'55’ p<.05.



levels of folic acid, there was no consistency in the compar-
ative frequencies of expression between.the two folate defi-
cient media, M199 and MEM-FA.

For Patient C, the frequency of expression of the fra-
gile . X chromosome was significantly higher in MEM-FA than
M199; for Patient E the opposite was true. Patient B
showed no. significant difference in the frequency of expres-
sion between M199 and MEM-FA, while Patient D showed a sig-
nificantly higher frequency of expression of the fragile X
chromosome in MEM-FA than in M199 in fibroblasts at passage
5, but no difference in frequencies between the two folate
deficient media at passage 3 and passage 9. The data in
TableIIIialsd indicate<that duplicate experiments, using
the same culture medium conditions but later passage fibro-
blast cell lines on a patient, showed no significant change
in the frequency of expression betwéen early and later pas-
sage cells (Patient C, MEM-FA; Patient D, M199 and MEM-FA).

3.12 Expression in fibroblasts from patients from Family

gg;_g.-lnvorder to determine if the success in demonstrating
the fragile X chromosome in fibroblasts. from individuals in
Family No. 1 was due to behavior unique to the fragile X
chromosome in that family, the fibroblast method was applied
to established cell lines from three individuals from-a second
unrelated family. The fragile X chromosome was demonstrated
in fibroblast metaphases from both of the mentally retarded
males studied in Family: No. 2. .The frequencies of expression

of a fragile X chromosome in fibroblasts cultured in M199
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for Patients F, G, and H and Control I are detailed in
Table IV.  The frequencies observed for Patients F and G
were 17.2% and 14.5% respectively. Thus far, a fragile X
chromosome has not been: seen in fibroblast preparations from
Patient H, a potential carrier female of low normal intelli-
gence who does exhibit the fragile X chromosome in lympho-
cytes (following section). Two separate experiments have
proved unsuccessful in demonstrating the fragile X chromo-
some in fibroblasts from this patient; the fibroblast cell
lines established for Patient H are slow growing, and good
chromosome preparations have been difficult to achieve.
Culturing in M199 did not demonstrate the fragile X

chromosome in fibroblasts from Control I.

3.13 Comparisbn of the frequency of expression of

fibroblasts and lymphocytes. All patients demonstrated the

fragile X chromosome in peripheral bleod lymphocytes. The
frequency of expression of a fragile X chromosome in PHA
stimulated lymphocytes cultured in folate deficient media for
the eight patients and three normal controls are presented

in Table V.

In both families there was a difference in the frequen-
cies of expression between different mentally retarded males.
in Family No._l,.Patient C exhibited the fragile X chromosome
in 6.5% of the lymphocyte metaphases analyzed, whereas values
of 15.9 - 19.3% were obtained for Patient D. In Family No. 2,
Patient F demonstrated a frequency of eXpression of 13% com-

pared to 32.6% for Patient G. The frequency of expression of



TABLE IV
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Expression of the fragile X chromosome
in cultured skin fibroblasts from patients
of Family No. 2 and a normal control.

Patient Fibroblast. Media No. Cells Ex- Frequency
Passage No. - pressing Marker in %
No. Cells Scored¥

F 3 'M199 5/29 | 17.2
Affected :
Male, 33 yrs.

G 3. M199 8/55 14.5
Affected
Male, 29 yrs.

H _ 3 M199 — —
Potential
Carrier, 26 yrs. 5 M199 — —
Control T 3 M199 0/50 : <1
Normal Male
29 yrs.

¥ all metaphases scored fell within the condensation criterion
described in the text.



TABLE V

Expression of the fragile X chromosome

in peripheral blood lymphocytes from
patients of both families and normal

44

controls.
Patient Media . No. Cells Expres- Frequency
sing Marker in %
No. Cells Scored# ’
Family No. 1

A M199 4/39 10.3
Obligate MEM~-FA 2-3/19 11-16
Carrier, 74 yrs. S

B M199 9/175 5.1
Obligate MEM-FA 4/98 4.3
Carrier, 55 yrs.

C M199 9/139 6.5
Affected MEM-FA — —
Male, 49 yrs.

D M199 21/133 15.9
Affected M199 25/130 19.3
Male, 31 yrs. MEM-FA 9/39 23.0

E M199 29/89 32.2
Potential MEM-FA 16/105%* 15.2
Carrier, 25 yrs.

Family No. 2

F M199 6/46 13.0
Affected
Male, 33 yrs.

G M199 14/43 32.6
Affected .
Male, 29 yrs.

. H M199 5/43 11.6

Potential
Carrier, 26 yrs.
Control I M199 0/93 51
Normal
Male, 29 yrs.
Control J M199 0/102 <1
Normal
Male, 31 yrs.
Control K M199 0/100 <1

¥ all metaphases scored fell within the condensation criter-

ion described in the text.
* significantly different, re:M199.

X2=8.l4,

.001<p<.01.
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the fragile X chromosome ranged from 4.3% to 32.2% for car-
rier females from both families.

Lymphocytes from four of five patients from Family No. 1
were successfully'cultured in MEM~-FA and M199. For Patients
A, B, and D there was no difference in frequency of expres-
sion of the fragile X chromosome between M199 and MEM-FA,
while Patient E showed- a significantly lower frequency of
expression of the. fragile X chromosome in MEM-FA than in M199 .
(p<:01). This is a pattern similar to that observed in this
patient's fibroblasts. |

In comparing the frequencies of expression in lympho-
cytes and fibroblasts for a patient, there was no difference
in the frequency of expression in these two cell types for
three of the four mentally retarded males studied. One
affected male, Patient G, exhibited the fragile X chromo-
some at a lower frequency in fibroblasts than in lymphocytes.
One of the three carrier females, Patient B, showed a higher
frequency of expression in fibroblasts than in lymphocytes.
Another carrier female, Patient E, showed a lower frequency
of expression in fibroblasts than in lymphocytes. The third
carrier female showed no difference in frequency of expression

between fibroblasts and lymphocjtes.

3.2. Factors affecting a reliable determination of the fre-
guency of expression.

3.21 Condensation criterion. Preliminary observations

suggested that the expression of the fragile X chromosome was



in part a function of the degree of condensation of the meta-
phase chromosomes; the fragile X chromosome being more fre-
guently detectable in metaphases where the chromosomes were
not severely contracted. ‘An actual study of this was there-
fore undertaken and the results are presented in Table VI.
The frequency of expression.of the fragile X chromosome in
fibroblast métaphaseS‘where the No. 2. chromosome measured

4 - 7um in length was 5.0%, whereas~a£ 8 — 11 um the fre-
guency of expression. increased to 20.5%, and at 12 - 15um.
the frequency of expression was even‘higher, 37.1%. These
differences in frequency-of expression with longer chromo-
somes were Statistically significant (Table VI). The decline
in the total number of cells scored over the three length
ranges of the No. 2 chromosome reflects difficulties encoun-
tered in scoring more extended chromosome preparations:
scoring‘difficulties-due to overlapping chromosomes and poor
metaphase spreading.

On the basis of these results, it was decided to reétrict
analysis to metaphases in which the No. 2 chromosome used as
an index measured 9 - 15um in length. All metaphases scored
in. this study fell within this condensation criﬁerion with
the -exception of the data shown in Table VI.

LR

3.22 Variable appearance of the fragile X chromosome.

There was also considerable variation in the appearance of the
satellite on the terminal end of the long arm of the X chromo-
some independent of the culturing media conditions imposed on

cells. In most cases the satellite appeared as a discrete



TABLE VI

Expression of the fragile X chromosome
as a function of the degree of chromo-
some condensation. ‘Fibroblasts from
Patient D (MEM-FA).

Chromosome No. 2 Length = 4-7 | '8=11 " 22-15 _| Total
pm um um

No. Cells Expressing Fragile X 9/180| 24/117+ | 26/70%* | 59/367
No. Cells Scored

Frequency in $% 5.0 20.5 37.1 16.1

+ significantly different when compared to 4-7 - condensation
class: X21—17 28, p<.001l.

* significantly different when compared to 8-11 um condensa-
tion class: 21—6 18, p<.05.



bipartite piece of chromatin detached from the aistal end of
the-long‘érm,ffrequently showing thread-like connections to
the terminal end of the long arm (Fig. 3, a-e). Occasionally,
the satellites. were tightly juxtaposed, perhaps overlapping,
and they appeared as a single chromatin mass but still sepa-:
rate from the long arms (34, 3e). A single satellited chroma-
tid is a variétion of expression that was occasionally ob-..
served (Fig. 3f). Example g in Figure 3 shows an apparently
bi-satellited X chromosome.

Another variation in the expression. of the fragile X
chromosome was a complete detachment or dissociation of the
satellite fragment from the rest of the X chromosome (Fig. 4).
These detached satellites were not‘includgd in any determina-
tion of a frequency of expression of the fragile X chromosome
because of ambiguity"with.respect to the origin of the
chromatin material.

3.23. Definitive association of the fragile site with

the X chromosome by G-banding. Examples of the variable
expression of fhe fragile X chromosome in Figure 3 were
. from metaphase chromosomes- stained with aceto-orcein. ‘Aceto-
orcein’ rather than G-banding was used for most of the studies
described (results in Tables ITI - VII) because it gave a
higher incidence of metaphases in which the satellites could
be clearly distinguished as distinct from the terminal end of
the long arm of the X chromosome.

Examples in Figure 5, a-e, are typical of the appearance

of the fragile X chromosome after G-banding. From these
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FIGURE 3

Variable expression of the fragile X chromosome:

aceto-orcein staining.
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FIGURE 4

Detached satellite-like piece of chromatin (arrow)
unassociated with the X chromosome . (asterisk).
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FIGURE 5

Variable expression of the fragile X chromosome: trypsin
G-banding. Comparison to the standard banding pattern
of the X chromosome (Paris Conference, 1971) .
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studies, the identification of the X chromosome as distinct
from the other human C group cromosomes was definitively
established. 1In . addition, the few well G-banded preparations
did permit more precise assignment of the position of the
fragile site on the terminal end of the long arm. If the
banding pattern of the fragile X cthmosome is compared with
the normal X chromosome (Fig. 5, d, e, and insert), it ap-
pears that the fragile site begins in the distal portion of

band Xg27 or at the junction between bands g27 and g28.

3.24 Autosomal chromosome markers expressed under folate

deprivation. Terminal markers were expressed on some of the

autosomal chromosomes in both lymphocytes and fibroblasts cul-
tured under folate deprivation from affected males and carrier
females. These telomeric markers usually appeared as an iso-
chromatid gap or break most often near the terminal end of the
long arm. They frequently appeared to involve substantially
more chromatin material than the satellites on the X chromosome
(Fig. 6). These telomeric markers were expressed in all of the
major chromosome groups with the exception of the G-group, and
occurred most frequently on chromosomes No.'s 1, 3, two of the
C-group chromosomes (probably 6 and 12), one of the D-group
chromosomés,(probably 13), and either 19 or 20 of the F group
chromosomes. Autosomal telomeric markers were also expressed
in normal control subjects in cells cultured under fqlate
deprivation.

The frequency of expression of telomerically marked

autosomal chromosomes in affected males and carrier females
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A. C. D.

Chromosome
Group

FIGURE 6

Autosomal telomeric markers expressed under folate
deprivation in cell culture.
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was extremely low when. compared to the expression of the
fragile X chromosome in . these.patients (Table VII). While
control subjects did not exhibit the fragile X chromosome,
there was no significant difference between patients. and
~controls..in the.frequericy of expression of telomerically -

marked . autosomail..chromosomes (Table VII).

3.3 Factors that influence the frequency of expression of
the fragile X chromosome.

3.31 Culturing factors: MEM~Ad, BrdU, :and actinomycin-

D. Results presented in the first two sections demonstrated
that folate deprivation and the degree of condensation of the
metaphase chromosomes appeared to be important in the expres-
sion of the fragile X chromosome. in cultured fibroblasts.
Further experimentation was undertaken to test the mode of
action of folate deprivation and to examine the effects of
particular agents, known to affect chromosome condensation,
on the frequency of expression of the frégile X chromosome.
In an attempt to test the notion that both the availability
of thymidylate and DNA replication were at least in part
‘responsible for expression of the Xg27-28 fragile site, cells
from two patients were cultured in a medium deficient in
édenine (MEM~Ad). Unfortunately cultures could not be
sustained in this medium, and no metaphases were observed at
chromosome harvest. Therefore this medium wés not examined

further.
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TABLE VII

Expression of autosomal telomeric markers in cultured
skin fibroblasts from patients and normal controls (MEM-FA).

Patients No. of Telomerically Marked Chromosomes
(Frequency in %)

< m @] 0 [£a] Py [e)
o~ o]
o, Q,
5 5 g =y =y =y o o qee
Q o 9 a a o 5 > R
] @) [} @) @] &) B Ig' 88(5))
C and D | 13 7 13 5 3 | 1 42* 112 589
Affected Males (2.2) | (1.2) | (2.2)] (0.8) | (0.5) | (0.2) |(7.1) (19.0)
I and J 8 — 9 3 6 — 26 1? 235
Control Males (3.4) —_ (3.8)] (1.3) (2.6) —_— (11.1) (0.4)
B and E 23 12 11 5 3 4 58% 124 955
Carrier Females (2.4) | (1.3) {(1.2)](0.5) | (0.3) | (0.4) | (6.1) (13.0)
K 1 2 4 4 1 3 15 193
Control Female (0.5) (1.0) (2.1)1(2.1) (0.5) (1.6) (7.8)

* not significantly different when compared to matched control. Males: X21=3.43, p>.05.
Females: X21=°'77' p>.05. .
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The addition of 5-BrdU and actinomycin-D to folate
deprived culture media was also investigated since these
agents are both known to interfere with the chromosome con-
densation process. ~To examine the effects of 5-BrdU on
the frequency of expression of the fragile X chromosome,

=5
BrdU(lO M)

was added to folate deprived media 3 - 5 hrs.
prior to chromosome harvest in parallel cultures of lympho-
cytes from Patiénts B and E and a parallel culture of fibro-
blasts from Patient B. While the addition of BrdU did result
in more extended chromosomes, with particular chromosome
regions showing pronounced decondensation effects, namely
the paracentromeric heterochromatic regions on chromosomes 1,
9, and 16, and thé short arm satellites on the D and G group
chromosomes, the addition of BrdU did not produce a signifi-
cant change in the frequency of expression of the fragile X
chromosome in -either of the two patients studied’ (Table VIII).
The incorporation of actinomycin-D (5mcg/ml) into the
culture medium was examined using peripheral blood lympho-
cytes from two patients and skin fibroblasts from one patient
from Family'Nd. 1 (Table VIII). ActinomycinfD did produce more
extended chromosome preparations, and,while it gave the im-
pression of .significantly. improving the frequency of marker
éxpression for Patient B, the frequenéy of chromosome breaks
and géps in cells grown in folate deprived media. supplemented
with actinomyciﬁ—D.was so extensive that a reliable determina-
tion of the frequency of expression was not possible. An -

example of this breakage phenomenon is given in Figure 7.
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TABLE VIII

Effects of 5-BrdU and actinomycin-D on the frequency
of expression of the fragile X chromosome in lympho-
cytes and fibroblasts.

Patient Tissue Media No. Cells Expressing Marker ‘'Frequency
: No. Cells Scored in %
B Lymphocytes M199 std. 9/175%* 5.1
Obligate M199 + actin-D ?9/65 13.9?
Carrier, MEM-FA 4/93%* 4.3
55 yrs. MEM-FA + BrdU 9/105 8.6
Fibroblasts MEM-FA 9/49%* 18.3
MEM-FA + BrdU 26/104 25.0
D Lymphocytes M199 std. 21/133% 15.9
Affected M199 + actin-D ?22/13 13.3?
Male,
31 yrs.
E Lymphocytes MEM-FA 16/105% 15.2
Potential MEM-FA + Brdu 22/99 22.2
Sarrier.  Fibroblasts MENM-TFA 11/119* 9.2
S YrS. MEM-FA + actin-D ?3/15 20.0?

* previously reported frequencies (Tables III and V).
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FIGURE 7

Extended chromosomes and gaps(G) and breaks(B) prcduced
by actinomycin-D in combination with folate deprivation

in cell culture. The chromosome at the upper left may
be the fragile X.
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3.32 'HypotOniC‘effectS'at chromosome harvest. Results

presented in the first section demonstrated the fragile X
chromosome in skin fibroblasts from three patients (B, C, and
D) cultured. in medium containing normal. levels of folic acid
(MEM). Because this result: suggested that aspects of the
fibroblast method other than folate deprivation were influ-
encing fraéile site expression, experiments were undertaken to
determine the effects of different hypotonic treatments at
chromosome harvest on the frequency of expression of the
fragile X cﬁromosome in fibroblast culture. Parallel cul-
turés of cells from an affected male (Patient D) were estab-
lished and maintained in accordance with the protocol de-
scribed above in. media deficient in folic acid (M199 and
MEM-FA) and medium containing normal levels of folic acid
(MEM) . At chromosome harvest, fibroblasts cultured in each
of. the different media were further subdivided and treated
separately with one of three hypotonics, 1% NaCitrate,

0.075 M KC1l, or distilled H,0.

Under culturing conditions of folate‘deprivation, the
expression of the fragile X chromosome was significantly
higher with a hypotonid treatment in 1% NaCitrate than when
the'hypotonic.treatment employed was 0.075 M KC1 (Table IX)..
The'use-of'distilled water as hypotonic with this culturing
method proved unsatisfactory under all media conditions be-
cause it resulted in a very low, virtually unscorable, mitotic
index. As previously noted, the frequency of expression of

a fragile X.chromosome in media containing normal levels of



Effects of different hypotonic treatments at chromosome harvest
on the frequency of expression of the fragile X chromosome in

TABLE IX

fibroblasts.
Patient Media Hypotonic No. Cells Expressing Marker Frequency
No. Cells Scored in %
D MEM 1% NaCitrate 4/93+ 4.3
Affected MEM 0.075M KC1 0/89 <1
Male C . : .
M199 1% NaCitrate 15/79* 19.0
M199 0.075 M KC1 2/99 2.0
MEM-FA 1% NaCitrate 46/202%* 22.9
MEM-FA 0.075 M KC1 7/239 2.9

+ not significantly different when compared to a hypotonic treatment in 0.075 M KC1l for
the same medium.

Fisher's Exact Test:

p=0.12.

* sgignificantly different when compared to a hypotgnic treatment. in 0.075 M KC1l for the

same- medium.

M199:

2 =7.32, p<.0l.

MEM-FA:

X7

2.=20.39, p<.001.
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folic acid (MEM) withia hypotonic treatment in NaCitrate
was about 5% for this patient. Using a KCl hypotonic, the
frequency of expression was even lower, less than 1%. This
difference in frequency was not statistically significant
(p=0.12).

It was appdrent that chromosome preparations treated
with NaCitrate as a hypotonic were different in appearance
from those treated with KCl. NaCitrate appeared to sub-
stantially interact with, or disrupt, the_structural inte-
grity of the chromatin. This was particularly evident along
the periphery of the chromosomes where the chromatin appeared
loose and poorly organized. With a hypotonic treatment in
KC1 the integrity of the chromatin along the periphery of the

chromosome appeared more compact and undisrupted (Fig. 8).
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CHAPTER 4

DISCUSSION

4,1 Fragile X expression in fibroblasts from mentally re-
tarded males. and their female relatives.

Using the fibroblast method developed for this study,
it was possible to elicit the expression of the fragile X
chromosome. in this tissue type. The fragile X chromosome
was demonstrated in skin fibroblast cell lines established
from all five patients from Family No. 1. The highest fre-
quencies of expression obtained were for the two mentally
retarded males from this family, at frequéncies in excess
of 25% in fibroblasts cultured in medium without folic acid.
A higher freguency of expression in mentally retarded males
in fibroblastsis consistent with the generally higher fre-
gquencies of expression reported in lymphocytes for mentally
retarded males (see Table I, section 1.13).

The data on frequencies of marker expression in carrier
females for fibroblasts (as well as lymphocytes) show neither
a correlation with female age nor a lack of expression in
older obligate carriers. For example, in Family No. 1, a
25 yr. old potential carrier demonstrated the fragile X in
17.8% of fibroblast cells cultured in M199, a 55 yr. old
obligate carrier showed a frequency of 19.3% in fibroblasts
in M199, and a 74 yr. old obligate carrier demonstrated it in
9.7% of fibroblast cells cultured in M199. These results are

not consistent with results in lymphocytes for fragile X
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expression in carrier females recently reported by Sutherland
(1979c), indicating that the frequency of expression in car-
rier females decreases with age and that fragile X chromosome
expression is frequently difficult if not impossible to elicit
in females over the age of 30 yrs,. .

The study of later passage fibroblasts from two of the
patients from Family No, 1 (Patients C and D) did not show
a significant difference in the frequency of expression from
that obtained in earlier passage cells. This suggests that
the method is reproducible. Furthermore, the successful
application of the fibroblast method to.established cell lines
from two patients from a second unrelated family, in an at= .
tempt to assess the reliability of the fibroblast method, sug-
gests that the method should be applicable to other famiiies
in which"the disorder 'is:segregating.

In comparing the frequencies of expression in fibroblasts
and lymphocytes for all.patients studied, who demonstrated the
fragile'X in both tissues, no general statement can be made
about the greater effectiveness of either fibroblast culture
or lymphocyte culture in eliciting the expression of the fra-
gile X chromosome. All eight patients studied showed the fra-
gile X in lymphocytes cultured in folate deficient media over
a wide'range of frequencies(4.3 to 32.6%). Seven of the eight
patients showed the fragile X chromosome in fibroblasts cul-
tured in folate deficient media at comparable frequencies
(5.9 to-35.0%).. While four of the eight patients studied
showed no difference in the frequency of expression between

fibroblasts and lymphocytes, two patients showed a signifi-



cantly lLower frequency of. expression in fibroblasts, and

one patient showed a higher frequency of expression in fibro-
‘blasts. Thus, there appeared to be no consistent pattern of
either tissue being more effective in demonstrating the fra-
gile X chromosome when .the comparison was possible.

The demonstration'of~the fragile X chromosome in cul-
tured skin fibroblasts has not solved the diagnostic dilemma
of demonétrating the.markér'chromosome.reliably in carrier fe-
males. None .of the females studied in this project failed to
show the marker in lymphocytes, so it remains to be seen whe-
ther fibroblasts will be successful in demonstrating the fra-
gile X chromosome in' female patients who do not express it in
lymphocytes. However,  those females who do exhibit the marker
in even a small percentage of cells in either fibroblasts or

lymphocytes can be considered carriers. On the basis of data
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collected in this study, two potential carrier females, Patients

E and H, can now be considered heterozygous carriers of the

disorder.

4.2 Expression of the fragile X chromosome in cultured skin
fibroblasts: culturing and chromosome harvesting factors.
While it is difficult to say precisely why previous
investigators have not been successful in demonstrating the
fragile X chromosome. in fibroblasts, the fact.is that few at-~
tempts have been made to stﬁdy fibroblast chromosomes from pa-
tients from.families in which the disorder is known to be

segregating (Lubs, 1969; Sutherland, 1979b; Turner et al., 1980).



Probably the most important.features,which.differentiate the
method developed in this study from earlier attempts to de-
monstrate the fragile X chromosome in fibroblasts, are the
transfer of cells to: folate deficient media after routine
maintenance in medium containing normal levels of folic acid
and a hypotonic treatment at chromosome harvest in NaCitrate
rather than KC1. |

4.21'1F01até5deprivation in cell culture. The feature

of the fibroblast method which appeared to have the greatest
influence on the. frequency of expression. of the fragile X

- chromosome was folate deprivation in cell culture. While it
was possible to elicit marker expression in cells cultured in
MEM, there was a significantly higher frequency of expression
in cells transferred to either M199 or MEM-FA. The fragile X
chromosome was expressed at comparable frequencies in fibro-
blasts cultured in.M199, which is low in folic acid, and
MEM-FA, a complete medium from which folic acid was deleted.
The lack of any consistent difference between M199 and MEM-FA
in demonstrating the fragile X chromosome in either lymphocyte
or fibroblast culture parallels results reported by Sutherland
(1979a) on the effectiveneés of folate deficient media in
eliciting the expression of the fragile X chromosome in lyﬁpho—
cyte culture. A very recent report of the expression of the
fragile X chromosome in fibroblasts, from a mentally retarded
male patient, cultured in medium containing normal levels of
folat?-plus the addition of the folic acid antagonist,

methotrexate - during the last 48 hrs. of culture is
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consistent with results reported in this study on the effect-
tiveness of folate deprivation for eliciting fragile X ex-
pression in cultured skin fibroblasts (Jennings et al., 1979).
While results ffom.this study do support the hypothesis
that folate.deprivation is indeed of significance in fragile
site expression, they 'do not clarify Sutherland's (1979a) pro-
posal for the mode of its action, which suggested that folate
deprivation leads to reduced pyrimidine biosynthesis, speci-
fically, reducing the level of thymidflate available for
de novo DNA synthesis. Experiments using MEM-Ad in cell qul—
ture were not useful in testing this hypothesis since the
medium would not support: cell growth. However, experiments
which were undertaken to examine the .chromosome decondensation
effects of BrdU did offer: indirect evidence in support of
Sutherland's. proposal. In its capacity to act as- a thymidine
analog, BrdU, when added to the culture medium late in the
replicative cycle, had no effect on the frequency of fragile X
expression. This result .was consistent with Sutherland's
(1979a) findings that the addition of thymidine or BrdU re-
sulted in a lowér.ffequency of fragile X expression only if
added prior to or during, the earlier stages. of:DNA replica-
tion. The late inecorporation of BrdU had little or no effect
on the frequency of expression of the fragile X chromosome.

4,22 Hypotonic effects at chromosome harvest. The

expression of the fragile X chromosome in MEM, containing nor-
mal levels. of folate, suggested that features of the fibroblast

method, other  than folate deprivation in cell culture, were
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important for the expression of the fragile site. The com-
parison of different hypotonic treatments of fibroblasts
cultured in media deficient in folic acid revealed that
NaCitrate provided a significantly higher frequency of ex-
pression than KC1l. That the data did not. show a significant
difference between these two hypotonic treatments for fibro-
blasts cultured in medium containing normal levels of folate
is more likely due to the.very low frequencies of marker
expression using this medium than to a lack of effect of

the NaCitrate in the absence of folate deficiency. However,
the data do show the highest frequencies of fragile X
expression when these two features. are combined: £folate de-
prived culturing conditions and hypotonic treatment at chromo-
some harvest with NéCitrate. |

These results do not explain. the discrepancy between
the frequencies of marker expression in fibroblasts and in
lymphocytes . using KCl as a hypotonic. For the same culturing
conditions, lymphocytes that were treated with KCl at harvest
showed firequencies of expression comparable to those obtained
in fibroblasts usin§ NaCitrate as a hypotohic.

The effects of different hypotonic treatments at chromo-
some harvest have not been. extensively studied by other
investigators,of heritable fragile sites. The analysis of
harvest.methods,.when reported in studies of the fragile X
chromosome by previous investigators, has indicated that all
prior studies used KCl. The only indication-inithe literature

that hernitable fragile' sites-are-sensitive -to-différent hypo-



tonic treatments is in a report by Blthler et al. (1970) which
showed that'the 2q12 fragile site is expressed at a higher
frequency when the lymphocyte chromosome preparations are
treated with .a hypotonic of NaCitrate rather than KCl. Al-
though the effects of a NaCitrate. hypotonic treatmenﬁ on
lymphocytes was. not examined here, its application might
result in a higher frequency of expression of the Xg27-28
fragile site in that tissue. and may be particularly useful

in determining the carrier status of potential female hetero-
zygotes.

One could speculate that the mechanism underlying the
improved frequency of expression with NaCitrate involves the
chelation of divaleht cations by the citrate moiety of the
hypotonic. In discussing the nature and origin of achromatic
lesions in chromosomes, Chaudhuri (1972) suggested that, in
addition to disturbances caused in the DNA itself, altered
concentrations of divalent cations can produce decondensation
irregularities. Earlier work by Kabat (1967) and Steffensen
(1961) also stressed the importance of divalent metal 'ions
in the organization and structural maintenance of the
nucleoprotein complex of the chromosome. Golomb and Bahr
(1974) showed that the chelation of divalent cations,

2, can interfere with the normal condensation

. +
particularly Ca
+2
process, and, further, that excess Ca can lead to severe
chromosome contraction under some circumstances.

The. marked difference between the. appearance of chromo-

somes following treatment in. KCl and NaCitrate suggests that
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NaCitrate interacts more vigorously with the chromatin. In
general the chromosomes appeared less contracted, and the
integrity of the chromatin appeared more relaxed. With KCI1,
the peripheries of the chromosomes appeared more distinct,
which seems to indicate that KCl interacts less directly
with the chromatin material than NaCitrate. Studies to

test the effects of other chelating agents, such as EDTA

or EGTA, during cell culture or chromoéome harvest, might

be useful in accentuating the frequency of expression of the
Xqg27-28 fragile site.  These studies may also be uséful for
gaining a better understanding of the role of divalent cations
in fragile site expression.

Both folate deprivation and NaCitrate as a hypotonic have
been shown to influence the frequency of expression of the
fragile X chromdsome in fibroblast culture. The finding of
a higher frequency of expression when both of these condi-
tions were imposed on cells. suggests. that the two features of
the method may interact with one another. On the basis of
proposed modes of action for folaté deprivation and NaCitrate
hypotonic, it could be hypothesized that by causing abnormal
replicative behavior. or other disturbances in the DNA, folate
deprivation may make the Xg27-28 fragile site particularly
sensitive‘to agents that interrupt the condensation process
or effectively decondense. the chromatin at the fragile site

and so elicit fragile site expression.



4.3 Reliable determination of the frequency of expression
of the fragile X chromosome in fibroblasts.

4.3)1 Variable. appearance of the fragile X chromosome.

Reliable determination of a frequency of marker expression
required. recognition of the variation in appearance of the
expressed fragile site. For the purposes of this study,
slide preparations were stained with aceto-orcein on a
routine basis. ‘Although, ﬁnlike G-banding, orcein does not
permit. an absolute distinction between the X chromosome and
the human C group auﬁosomal chromosomes of comparable size,
it was visually more effective than trypsin G-banding in |
revealing expression of the fragile site. |

The better resolution of the fragile site, seen with
aceto-orcein, might be. attributed to its higher affinity as
a- stain for the nucleic acid component of chromatin rather
than the associated protein componenﬁs of theichromosome<
(Pearse, 1961). Giemsa is thought to staiﬁ protein com-
ponents associated. with pafticular DNA regions of the chromo-
some (Chuprevich:et.al., 1973; Brown et al., 1975; Sumner,
1976) which may make it less useful for distinguishing dis-
continuities in chromosome structure.

The variation in expression of the fragile X chromosome
reported in the results (Fig. 3) with aceto-orcein staining
is consistent with the observations of other investigators
(Lubs, 1969; Giraud et al., 1976; Sutherland, 1979b; Turleau
et al., 1979). Most often, a terminal satellite was expressed

on both chromatids, giving a bipartite appearance to the
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satellite chromatin as a whole. Occasionally the terminal
satellite appeared as single chromatin mass with the individu-
al chromatid satellites 'possibly fused or overlapping (Fig.

3 d, e), and, more rarely, only one of the chromatids expressed
a (single) satellite (Fig. 3 f).

A double satellited X chromosome (Fig. 3 g) was a morpho-
logical variation observed only three times in the course of
this study. This phenomenon has been reported by other in-
vestigators at similarly low freduencies and has been attri-
buted  to selective. endoreduplication of the satellite chroma-
tin (Lubs, 1969; Giraud et al., 1976; Sutherland, 1979b;
Turleau, 1979). Analogous duplications of the long arm
segment. of the chromosome arm distal to the fragile site have
been reported .for the 2gl2 and 10923 fragile sites (Lejeune,
1966, 1968; Fraccaro et al., 1972; Ferguson-Smith, 1973; No&l
et al., 1977). Fér the 2gl2 and 10g23 fragile sites, dupli-
cation of the long arm segment distal to the fragile site has
generally been thought to be the result of mitotic non-dys-
junction.and,subséquent replication.ofﬂthe chroﬁatids distal
. tb the fragile site.rather than selective endoreduplication of
the long arm fragment. . Selectivevendoreduplication‘has, how-
.ever, been.the preferred interpretation of multiple copieSIOf
the chromosome”fragment distal to the fragile site when the
piece of chromatin is small. Magenis et al. (1970) reported
the presence of multiple. copies (2 - 12) of the small long
arm fragmeht distal to the fragile site at 16922 in lympho-

cyte preparations from several patients.



Well extended chromosome pfeparations permitted better
definition of the fragile site. However, on the basis of
G-banding, ‘it was not possible to precisely assign the fragile
site to either the. G-positive band at Xg27 or. the G-negative
band at Xg28. “Most often, the fragile site appeared at the
junction of the two bands. As previously stated (section
1.22), precise assignment of the fragile site is to some ex-
tent a function of the banding method employed, and, because
of reported discrepancies:in the location of the fragile
site on the X chromosome, it is reported as Xg27-28
(Sutherland, 1979b).

Well extended chromosome preparations stained with aceto-
orcein frequently showed fine threads traversing the fragile
site, connecting the displaced: satellite with the rest of
the long arm of the chromosome .(Fig. 3 4, e). This suggests
that the chromatin or DNA is continuous . across the fragile
site, and that the fragile site is a region of localized
decondensation rather than an actual interruption or break
of the chromosome. That the fragile site has a tendency to
shear or break off; however, is suggested from the observa-
tion of detached satellites in some chromosome  preparations.
Since detached satellites were not included in. a determina-
tion. of the frequency of expression of the fragile X, they
may. be responsible for the unexpectedly low frequencies of
expression of the fragile X occasionally observed in some
patients (e.g., detached satellines occurred. 1% times more

frequently than did intact. fragile X chromosomes for Patient
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E in fibroblasts cultured in MEM-FA, Table III).

4.32 Condensation. The results showed that the fre-

quency of expression .of a fragile X chromosome in cultured
skin fibroblasts was significantly higher in more extended
chromosome preparations. In. order-to obtain.a more reliable
determination of the frequency of expression, a criterion
was established which metaphases had to meet before being
scored for the fragile X chromosome.

.The imposition of this scoring criterion may have con-
tributed to higher frequencies of expression of the fragile X
chromosome repofted here. Lymphocyte studies using similar
culturing conditions conducted by Jacobs et al. (19805 of all
five patientsifrom Family No. 1 demonstrated the marker chromo-
some only in Patients C (5%), D (13.2%), and E (13.5%). Other
lymphocyte studies by Dunn et al. (1980), of three patients
frbm Family No. 1 (A, B, and E), demonstrated the presence of
the marker chromosome only in Patient E (19%). [?atients A
and B, reported here, expressed the marker in 10.3% and 5.1%
of cells scored respectively. For Patient C, the fregquency of
expression was 6.5%, for Patient D, 15.9% and 19.3%, and for
Patient E, 32.2% of the cells scored (Table V)J

A fibroblast slide preparation of Patient D, the frequency
of marker expression for which was determined here to be 19.3%,
was sent to two other laboratories for study. While these
examinations found the marker to be present, it was expressed
at a lower frequency (Sutherland, personal communication;

Jacobs and Glover, personal communication). These inter-
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laboratory discrepancies. in determining the frequency of mar-
ker expression are difficult to assess, but may in part be due
to variation in what is considered an acceptable degree of
chromosome' condensation in scoring for the marker chromosome i 2
Higher frequencies of expression of the fragile X chromosome
in less condensed chromosome preparations.has also been noted
by other investigators (Fox and Gerrard, personal communica+®
tion). Looking at more extended chromosomes permits better
definition of the separation betweeﬁ the satellite and the
rest of the long arm of the X chromosome. This reduces the
scoring ambiguity encountered with more condensed chromo-
some preparations, where the distinction between the terminal
end of the long arm and the satellite is obscured.

Whether expression of the Xg27-28 fragile site is
aétually the result of an abnormality in chromosome conden-
sation, perhaps due to premitotic alterations in the chroma-
tin of the fragile site, or whether the higher frequency of
expression . in less condensed chromosome preparations is simply
the. result of better resoiution of the fragile site, is not

known.- The fact that the fragile site was only expressed in

2 All observations here of the fragile X were done using phase
contrast microscopy. While it has not been determined to what
extent this may be important in the observed frequency of mar-
ker expression, other studies have employed, on a regular basis,
bright field illumination for observing the fragile X. This
technical difference may be. . in part responsible for discre-
pancies between the frequencies. of expression reported by dif-
ferent laboratories. Slides examined here from a laboratory
which uses bright field illumination were stained to a greater
intensity than the slides examined for this report. It is
possible that overstaining may mask the expression of the fragile
site .in some metaphases and thereby contribute to a lower fre-
quency of expression .of the fragile X chromosome.
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a fraction of well extended chromosome preparations (Table
V1) suggésts that condensation effects may be secondary to
irregularities in the chromatin established earlier in

the cell cycle, i.e., during DNA replication. As mentioned
above, decondensation at the 2gl2 fragile site has been.shown
to parallel late or faulty replicative behavior of the
chromatin at the fragile site (Blihler et al:, 1970). 1In
autoradiographic studies of the 2gl2 fragile site, Fraccaro

et al. (1972) showed that while the abnormal chromosome No. 2
was synchronous in replication with its homologue in both arms,
the incorporation'of.3H thymidine label into the fragile site
was not observed. They interpreted this finding as indicating
that either the DNA in the fragile site did not replicate, or
there was not enough DNA in the discontinuity itself to be
revealed by.autoradiography.

Methods employed. to improve the frequency of expression
by inhibiting chromosome condensation just prior to the time
of harvest, that is, the use of 5-BrdU and actinomycin-D, failed
to significantly alter the frequency. While both actinomycin-
D and.BrdU produced more extended chromosomes, neither had any
effect on the frequency of expression. Actinomycin-D, in com-
bination with folate deprivation, produced such extensive
chromosome breékage that it was felt that any significant
improvement in the frequency of expression would have to be
interpreted cautiously.

BrdU was effective in. eliciting specific decondensation

effects in some regions of some chromosome. In its capacity
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to act as a thymidine analog, BrdU produced significant de-
condensation effects in the AT-rich paracentromeric regions
of heterochromatin on chromosomes -1, 9, and 16. The 2°
constriction regions on the D'ahd'G-group chromosomes also
showed. specific decondensation effects. These obserVations
were consistent with earlier reports of chromosomal seg-
ments particularly sensitive to BrdU incorporation and de-
condensation (Palmer, 1970; Zakharov et al., 1974). |

The effects of BrdU on the 2° constriction of the D and
. G. group chromosomes, and . the unresponsiveness. of the Xgq27-28
fragile site to BrdU, may be taken as indirect evidence in
support of the.beliéf:thatithei’Xq27%28'fragilé“Sité‘ié5not
thé. result:of aatrénélocatibn'Of Chrqmatinffromfonetof theSe?
acrocentrié chromqsomés.

4.33 Autosomal telomeric markers. The expression of

terminal markers . on some of the.autosomal-éhromosomes under
folate deprived culturing conditions‘has.led some investiga-=
torS'tO'cautioh'aqainst assuming absolute diagnostic specifity
for the fragile X-chromosome.(JenningS‘et al., 1980). 1In this
study, autosomal‘markerS'were expressed in both pétients and
controls at low frequencies, whereas the fragile X chromosome
was expressed only in patients at relativély much higher fre-
guencies, suggesting that the expression of autosomal markers
does not represent a threat to the diagnostic usefulness of
the fragile X chromosome.

Expression of terminally marked autosomes in chromosome

preparations from lymphocytes cultured in M199 is well docu-
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mented by other investigators studying the fragile X chromo-

some - (Howard-Peebles, personal communication; Dunn et al.,
1980; Jacobs et al., 1980; Jennings et al., 1980; Martin et
al., 1980; Soudek et al., 1980). With some consistency, ter-
minal markers have'been noted on chromosomes No. 1, 3, 6,

a small C group chromosome (probably 12), 13, and 19. The
median interstitial fragile site at 16922 has also been
reported by several workers. Because these autosomal markers
are expressed in both normal controlssand patients, they have
generally been accepted as a peculiarity of cells cultured in
M199.

The frequency of expression of these autosomal markers
in patients expressing the fragile X chromosome has also been
reported to be significantly lower than the frequency of ex-
pression of the fragile X chromosome (Jacobs, et al., 1980;
Jennings et al., 1980).3 While some workers have suggested
that components or deficiencies in M199 other than  its low
folate content may be responsible for the generdl chromosome
instability resulting from culture in M199 (Emerit et al.,

1974; Keck and Emerit, 1979), the demonstration here of ana-

3In fibroblasts cultured inMEM-FA from Patient D (Table VII),
the frequency of expression of telomerically marked autosomes
in total was 42 in 289 cells scored or about 7%. In the same
patient, the frequency of expression of the fragile X was 112
in 589 cells or about 19%. Aumore accurate appreciation of the
significance of telomerically marked autosomes.can be achieved
if the number of these markers in any one autosomal group is
considered separately. For example, all of the autosomal mar-
kers ' in the A group chromosomes for Patient D (Table: VII) were
actually confined to chromosomes 1 and 3. As there are two
representatives of each of these chromosomes for every X in
this male patient, the frequency of A group marked autosomes
for this patient would be 13/589 x 4 or about 0.5%.
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logous.helomeric changes on chromosomes. cultured in MEM-FA
suggests that the relatively low level of folic acid in M199
is responsible for the destabilizing effects of this medium.

Analogous-effects on chromosomes in vivo have been re-
ported in patients suffering--fro_m:vitamin'B12 deficiency,
folate deficiency, . or both (Heath, 1966). Recently, Co6té
and Papadakou-Lagoyanni (1979) reported that an in vivo folate
deficiency associated with B-thalassaemia may be involved in
the increased incidence of spontaneous chromosome breakage
seen in some patients. Autosomal telomeric markers appear
to represent a nonspecific chromosomal response to either

in vivo or in vitro folate deficiency.

4.4 Conclusions and future prospects.

This study has demonstrated that the fragile X chromosome
is expressed in cultured skin fibroblasts. Culturing condi-
tions of folate deprivation, which had previously been reported
to influence the expression of the fragile X chromosome in
peripheral blood lymphocytes, have a similar effect on the
expression of the marker chromosome in cultured fibroblasts.

Al "NaCitrate hypotonic treatment at chromosome harvest was
shewn to: influence the frequency of expression of the fragile
site in fibroblast tissue, and the degree of chromosome conden-
sation was shown to be important in the determination of a fre-
quency of expression of the fragile X chromosome.

While the use of fibroblasts does not at this time repre-
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sent an improvement over lymphocytes for determining whether
an affected-male-posSesses,the fragile X chromosome or whether
or not a female is a carrier, a technique for demonstrating
the marker in fibroblasts does make the prospect of demonstra-
‘ting it in amniocytes more likely. Antenatal diagnosis of
familial. sex-linked mental retardation associated with the
fragile X chromosome will. depend on whether or not the fra-
gile X chromosome.can be reliably detected in cultured amnio-
tic filuid cells. Since it has been. shown that amniocytes
behave similarly to populations of fibroblasts in terms of
chromosome analysis (Bryant et al, 1978), the development of

a method to elicit the expression of the fragile X chromosome
in fibroblasts is;an important step toward that goal.

In order.for the. fibroblast teohnique to beICIinically
valuable, further attempts should be made to. increase the
frequency of ex?ression of the marker. Also, in order that
it be. considered reliable for diagnostic purposes, -thHis tech-
nique!should~bé'appliédfto“furtherﬁsubjectsLip'othei“families
in which the disorder is segregating.

Fibroblasts do:provide a useful labofatory'cell popula-
tion to study cell culturing and chromosome harvesting econdi-
tions .that influence the. expression of the Xg27-28 fragile
site. Further application of histochemical and immunofluor-:
escent.chromosomeobanding techniques may permit better defini-
tion of the DNA base compoSition of the fragile region and add
to our general understanding of the chromosome structural ir-

regularities of a fragile site. These techniques may also



contribute to a clearer understanding of the relationship that
exists between the fragile X chromosome, its culturing pe-
culiarities, and the mental retardation associated with this

chromosome anomaly.
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APPENDIX A

Consent ﬁorms and certificate of approval
ﬁor cl}nlcal research and other studies
involving human subjects.

THE UNIVERSITY OF BRITISH COLUMBIA '

DEPARTMENT OF MEDICAL GENETICS
VANCOUVER, B.C., CANADA

DONALD PATERSON MEDICAL GENETICS UNITS
MATHER BUILDING, U.B.C., VANCOUVER,B.C. V6T1W5
TELEPHONE (604) 228-5485, 228-5483

Consent Form

o —————————

It has been explained to me that the mental retardation that has
occurred in my family is a sex-linked hereditary disorder affecting
mostly males, while females may act as carriers of the disorder
when they-are outwardly quite bealthy., I understand that cultures
of blood cells have, in some recent studies, demonstrated a chromo-
gsome irregularity that comld provide information for determining
whether male infants are liable to develop such retardation, and
perhaps whether females are carriers or not. )

Accordingly, I give my permission to obtain a blood sample by vene-
puncture and a tissue sample obtained by skin biopsy. I understand
that the skin biopsy procedure involves lifting a very small piece
of skin (about this "0" size) with a hypodermic needle and snipping
the skin away with a pair of sharp eye 1id scissors. I understand
that cells from the blood and tissue samples will be grown in tissue
culture and the chromosomes (material which carries information about
inheritance) will be examined.

I understand that I am free to withdraw my consent and to discontinue
my participation in this study at any time without prejudice to
future care. I understand that my participation will be kept confi=-
dential at all times.

Date: , 19

Patient's Signature:

Parent's Signature (if applicable):

Witnees' Signature:

continued...
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APPENDIX B!

Formulation of tissue culture media.

MEM M199 MEM-FA MEM-Ad

Component mg/L mg/L mg/L mg/L
Inorganic Salts '
CaClsy 200.00 140.00 200.00 200.00
Fe (NO3) 3+ 9H20 — 0.72 — —
KC1 400.00 .400.00 400.00 400.00
KHoPO, — 60.00 — —
MgSOy4-H,0 200.00 200.00 200.00 200.00
NaCl 6800.00 8000.00 6800.00 6800.00
NaHCO3 2200.00 350.00 2200.00 2200.00
NaH,PO,*Hy0 140.00 —_ 140.00 140.00
NapHPO, - 7TH0 — 90.00 - — —
Other Components
Adenine sulfate — 10.00 — —_
Adenosinetriphos-

phate (Disodium

salt) ' — 1.00 — -—
Adenylic acid -— 0.20 —_ —
Azaserine —_ — — 0.20
Cholesterol — 0.20 — —
Deoxyribose — 0.50 — —
Glucose 1000.00 1000.00 1000.00 1000.00
Glutathione — 0.50 — —
Guanine HC1

(Free base) — 0.30 — 0.30
Hypoxanthine —_— 0.30 — —
Phenol red 10.00 20.00 10.00 10.00
Ribose — 0.50 — —_
Sodium acetate — 50.00 — —
Thymine — 0.30 — —
Tween 80 — 20.00 —_ —
Uracil S 0.30 — —
Xanthine —_ 0.30 — —

continued...
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MEM M199 MEM-FA MEM-Ad
Component mg/L - mg/L mg/L mg/L
Amino Acids :
IL-Alanine- 8.90 50.00 8.90 8.90
IL-Arginine-HCl 126.00 70.00 126.00 126.00
L-Asparagine-H,50 15.00 — 15.00 15.00
L-Aspartic acié 13.30 60.00 13.30 13.30
L-Cysteine HC1:Hy0 — 0.11 -_ —_
L-Cystine 24.00 20.00 . 24.00 24.00
I-Glutamic acid-.

Ho0 14.70 150.00 14.70 14.70
L-Glutamine 292.00 100.00 292.00 292.00
Glycine 7.50 - 50.00 7.50 7.50
L-Histidine HCl-

H20 42.00 21.88 42.00 42.00
L-Hydroxyproline — 10.00 — —
L-Isoleucine » 52.00 40.00 52.00 52.00
L-Leucine 52.00 120.00 52.00 52.00
L-Lysine HC1 . 72.50 70.00 72.50 72.50
L-Methionine 15.00 30.00 15.00 15.00
IL-Phenylaline 32.00 50.00 32.00 32.00
L-Proline 11.50 40.00 11.50 11.50
IL-Serine 10.50 50.00 10.50 10.50
L-Threnine 48.00 60.00 48.00 48.00
L-Tryptophane 10.00 .20.00 10.00 10.00
-L-Tyrosine 36.00 40.00 36.00 36.00
IL-Valine 46.00 50.00 46.00 46.00
Vitamins
Ascorbic acid — 0.05 — —
Alpha tocopherol

phosphate (diso-

dium salt) — 0.01 — —
d=Biotin 1.00 0.01 1.00 1.00
Calciferol — 0.10 —_ —
Ca-pantothenate 1.00 0.01 1.00 1.00
Choline chloride 1.00 0.50 1.00 1.00
Folic acid 1.00 0.01 — 1.00
i-Inositol 2.00 0.05 2.00 2.00
Menadione —_ 0.01 — —
Niacin A — 0.025 — —
Niacinamide 1.00 - 0.025 1.00 1.00
Para-amincbenzoic

acid —_ 0.05 — —
Pyridoxal HC1 1.00 0.025 1.00 1.00
Pyridoxine HC1 — 0.025 — _
Riboflavin 0.10 0.01 . 0.10 0.10
Thiamine HC1l 1.00 0.01 1.00 1.00
Vitamin A (acetate) — 0.14 — —
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APPENDIX C..

Folate determination on various laboratory lots of
.fetal serum and Medium 199 with and without a serum
supplement. (Assayed by Dr. George Gray, Department
of Hematology, Vancouver General Hospital, Vancouver).

. Folate
No. Sample Manufacturer Lot No. %1073 mg/L
A Human cord — e 7.0+
_ serum

B Calf serum Gibco R191223 9.2

C Fetal calf Gibco R695618 10.5
serum (FCS)

D Fetal calf Wild Life 802072 14.0
serum (FCS) Serums

E Fetal calf Flow Labor- 29101111 2.2
serum (FCS) atories

F Calf serum Gibco R595419

G Fetal calf Gibco Ccl84511 .
serum (FCS) .

H Fetal Calf Gibco c184511" 5.4
serum (FCS)

I Medium 199 Gibco R090814 16.5
w/o FCS

J ' Medium 199 Gibco A891012 12.0
w/ - FCS

E
+ normal human serum value range 3-16 x 10—3mg/Ln
*

heat inactivated

All FCS media supplements in the study were taken from Flow
Laboratories Lot No. 29101111 (Sample E). While it is of
interest that the folate level in this serum is particularly
low relative to other samples tested, it is difficult to
imagine that a 1:20 dilution (5%) of serum into a culture
medium would contribute significantly to the folate level.
Furthermore, in comparing Samples I and J of M199 with and
without a FCS supplement, there appeared to be more variation
in folic acid content between different lots of M199 than
would be contributed by different lots of FCS supplemented
at 5%.
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