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ABSTRACT

Roberts-SC Phocomelia Syndrome (RS-SCS) is an autosomal

recessive disorder characterized cytogenetically by an abnormality

of constitutive heterochromatin (CH) designated puffing (CHP).

Cells from four RS-SCS patients were used to investigate this

syndrome in vitro at cytological and molecular levels. Growth

characteristics, detailed cytogenetics, chrornatj"n structure and

nuclear protein composition were investigated.

Cell attachment efficiency, population doubling time, density

at confluence and morphology of RS-SCS ce1l strains were compared

with ce11 strains from controls and heterozygotes. Cells from

RS-SCS patíents had a multitude of abnormalities including reduced

growth rate, decreased saturation density and altered cellular

morphology.

Cytogenetic analyses using G-banding, C-banding, R-banding and

base specific dyes revealed no differences betrveen RS-SCS CII and

control CH. Base analog incorporation suggested the CH region of

chromosome 19 in RS-SCS cells is more methylated than in controls.

Cocultivation of cells of patients with control or heterozygol*e

ce1ls showed that CHP was not corrected or induced by a diffusible

factor. In fusions between cells of patients and controls or

heterozygotes, CHP was completely corrected in some hybríd ce1ls

while in others the frequency was reduced. This observation

suggests that the gene product which is defective in RS-SCS is

supplied in part by the tnormal' genome. Fusions involving ce11s

from different patients resulted in no complementation suggesting
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that these patients have the same genetic lesion.

Examination of histones from four RS-SCS cel1 strains revealed

no variant or posttranscriptional modification differences that

could account for CHP. Time course DNA digestions with micrococcal

nuclease revealed no differences in nucleosomal repeat length and

chromatin processing.

Nonhístone nuclear proteins isolated from fibroblasts \^/ere

examined on one and two dimension polyacrylamide gels. One

consistent. difference in the nonhistone protein composition was

found between patients, controls and heterozygotes. All four

patients were missíng the same protein rspott in second dimension

gels while the protein rspot t was present in two controls and two

heterozygotes. The protein rspotr also appeared to be visually less

j-ntense in heterozygotes than in controls. These findings support

an autosomal mode of inherj-tance and provide the first direct

evidence of an absent protein in RS-SCS.
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1.0 INTRODUCTION

Insight into normal genetic makeup is obtained through the

study of genetic disorders. Over 1900 single gene disorders are

known and another 2000 are suggested (McKusick, 1986) . 0f these

disorders, only one is specific for constitutive heterochromatin.

That syndrome is Roberts Syndrome/SC-Phocomelj-a Syndrome. The

defect in Roberts Syndrome/SC-Phocomelia Syndrome is both

biochemical (as suggested by its autosomal recessive mode of

inheritance) and cytogenetic. I have investigated this syndrome in

vitro at the cytological and molecular 1eve1 and will discuss the

results of these investigations in this thesis.

1.1 Literature Revi-ew

1 .1 .1 Clinical Aspects of Roberts Syndrome and SC-Phocomelia

Syndrome

Roberts Svndrome (RS) - RS is named after J.B.Roberts. He was

the first to describe two sibs r,¿ith tetraphocomelia and clefting of

the 1ip and palate with protruding premaxillae ( 1919) . Typically RS

is characterized by craniofacial abnormalities, symmetrical limb

reduction, Prê- and postnatal growth retardation, neonatal mortality

and mental retardation. Craniofacial abnormalities include

exopthalmos, hypertelorism, bilateral clefting of the 1ip and palate
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with protruding premaxillae. Symmetrical limb reduction includes

short or missing ulnae, radii, humeri, tibiae, fibulae and femora.

Patients also have fewer fingers, toes and metacarpals. Variation

between cases is primarily due to the length of the long bones and

the number of absent fingers or toes. Usually the upper limbs are

less than half the normal length and the lower limbs vary from

almost normal length to almost complete absence of the thighs and

legs. Occasionally other abnormalities such as unilateral cleft
lip, enlargement of the pha1lus, hydrocephalus, frontal

encephalocele, renal anomalies (polycystic andfor horseshoe

kidneys), lumbar spinal bifida, cardiac anomalies (atrial septal

defect) and thrombocytopenia are present.

RS has also been reported under the names tetraphocomelia with

cleft líp and palate (Appelt et ä1., L966; Grosse er a1., 7975;

Gorlin et â1., 1976; Kucheria et al. , 1976; Fryns et a1., lgBO) ,

the Apelt-Gerken-Lenz syndrome (Gorlin et al., 1976), phoconelia

and others (see Herrmann and Opitz, 1977).

SC-Phocomelia Syndrome (SCS) SCS is named after the two

families (family S and family C) 1n which it was first described

(Herrmann et al., 1969). SCS is also characterized by craniofacial

abnormalities, nearly symmetrical limb reduction, pr€- and postnatal

growth retardation and possibly mental retardation. Craniofacial

abnormalities include micrognathia, facial hemangioma, silvery/b1ond

hair, corneal clouding, cataract, hypoplastic nasal a1ae,
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hypoplastic ears and prominent foreheacl. Clefting of the lip and

paiate is occassionally seen. The upper limbs in SCS patients are

abnormal and the lower limbs may be of regular lengt.h and be nearly

normal.

SCS has been described under the names pseudothalidomide or SC-

syndrome (Herrmann et a1., 1969; Judge, I973i Tenz et al., 1974;

Gorlin et a1. , 1976), total phocomelia (0'Brien and Mustard, I92I),

hypomelia-hypotrichosis-facial hemangioma syndrone (Ha11 and

Greenberg , 1972) and others (levy et a1. , 1972) .

I .I .2 Etiology of Roberts Syndrome ancl SC-Phocomelia Syndrorne

Th^ -1i -i ^-1 €^-+"-^- ^ç ÞC ^-.{ Cae ¡l.'^,.' ¡-t^^--i "^ ^"^-1^^ ÞQugr !LuLuruu v! ¡\u ullu Jvu Jrrvw u^LgltJIvu vvul r(rP. l\J

and SCS differ mainly in the severity of the manifestation not the

LocaLization of the defect. As a result of the observed phenotypic

overlap between RS and SCS, Herrmann and Opitz (1977) questioned the

etiology of RS and SCS and reviewed 42 cases in the literature in an

atternpt to determine whether RS and SCS represent different spectra

of the same condition. They evaluated each case with respect to the

following eíght traits: birth length, neonatal survival, cleft 1ip,

cleft palate, length of upper limbs, length of lower 1imbs, silvery

blond hair and/or facial hemangiorna, and hypoplastic nasal alae; and

determined the RS:SCS score for each case to inclicate the relative

number of these traits favoring RS or SCS. Their results were

ínconclusive. They were unable to determine with certainty whether
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RS and SCS were due to different recessive genes, different alleles

ôf ¡l-'o ---^ 1 ^^"- ^- "^-ì -}'1 ^ ^-n-¡--.i "i t.' ^€ ¡l'^ ---^ -^^^-^ i .'^uL ru¡lrL rvuu vcll ruurL L^lJrLrrrvrLj vr L¡lL uuil¡L a\.uLr\ravL

gene.

Since the review of Herrmann and Opitz (1977), additional case

reports have appeared in the literature (Ekong and Rozdilsky, 1978;

Idaldenmaier et a1., I97B; Qazi et a1., IgTg; Sroll et a1., 1979;

Tomkins et a1., 1979; Fryns et a1., 1980; I-ouie and German, 1981; Da

Silva and Bezerra, I9B2; Leonard et al., 1982; Ilann et al., l9B2;

Zergollern and Hitrec , I9B2; Petrinelli et a1., I9B41, Parry et al.,

1986). Analyses of all available data support the 'one gene

hypothesisî. i.e. RS and SCS are the result of variable expressivity

of the same mutant allele. Data in support of this hypothesis

include the following observations: i) the clinical features of RS

and SCS are similar in type and locat-ion; ii) RS and SCS cannot be

distinguished on the basis of the presence or absence of a single

clinical feature (Herrmann and Opitz, 1977); iii) inrrafamilial

variabillty and j-nterfamilial variabillty are of the same magnitude

in RS and SCS (Herrmann and Opitz, 1977); iv) both RS and SCS can

occur within a sibship (Herrmann et al. , 1969; Judge , 1969; Da Silva

and Bezerra, I9B2; Zergollern and Flitrec, I9B2); v) individuals

v/ith features in common with both RS and SCS exist (Grosse et al. ,

1975; Kucheria et al. , 7976; Tomkins er al., 1979; Fryns er a1.,

1980); and vi) the cytogenetic abnormalities in RS and SCS are

identical (Judge , \973; Freeman er al., 1974; Jurenka , 1976;

Zergollern and Hitrec, 1976; Qazi g! al., 1,979; Tomkins et al.,

1979; Bokesoy et al., I9B2; Ieonard er al., I9B2; Mann et a1., I9B2
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Petrinelli et a1., I9B4; Parry et a1., 1986) . In lieu of these

observaiiorrs, ï wiil no longer ciiiierentiate between RS an<i SCS and

shall refer to the syndrome as RS-SCS.

1 .1 .3 Ethnic Distribution of Roberts-SC Phocomelia Syndrome

RS-SCS is a very rare disorder. Less than 60 cases have been

cited in the literature. Even though few cases have been cited,

RS-SCS has been found in many ethnic groups. It has been reported in

families of Belgian (Fryns et al., 1980) , Brazj]ian (da silva and

Bezerra, I9B2), Eygptian (Temtamy and Loutfi, I97O), French (Stoll

et al., 1979; Tomkins et a1., 1979), German (Grosse et a1., 1975;

Idaldenmaier et al. , I97B; Tomkins et a1. , 1979; Parry et al. , 1986),

German/English (Freeman et â1., lgl4), cerman/swiss (Herrmann et

al., 1969), Hispanic (Qazi et al. , 1979), Indian (Shah et al.,

1984), Italian (Roberrs, I9I9; Judge , lg73; perrinelli er a1.,

L9B4), Italian/Irish (Herrmann et al. , 1969), Nepalese (Kucheria

et a1., 1976), Pakistanian (Mann et â1., lgïz), portugese (Hunter

et al., 1976), Puerto Rican (Freeman et a1., 1974), Turkish (Bokesoy

et a1., r9B2) and Yukoslavian (Zergollern and l{itrec, rgï2) descenr.

The reported (Tomkins et â1., 1979) and unreported Canadian

cases (M. Ray, personal comrnunication) are primarily of German

Mennonite background (5 German Mennonite: 1 French Canadian). This

skewing however is felt to reflect an ascertainment bias. Diagnosis

of RS-SCS should be considered when indications present given the
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broad ethnic distribution observed in the cases reported in the

literature.

1.1 .4 Genetic As pects of Roberts-SC Phocomelia Syndrorne

1.1.4.1 Cytogenetics

chromosome regions rich in constitutj-ve heterochromatin (cH)

(ldentified by dark staining with C-banding technique and usually

located near centromeres) are generally the most closely apposed

regions of sister chromatids in normal cells. Chromosomes from

RS-SCS cel1s show a characteristic repulsion ín these regions. This

repulsion or constitutive heterochromatin puffing (CHP) often

resill ts i n nrpmaf rrrê .êñt-r^ñôrô êôñaror--i ^ñ /pl-C\ T,,,1^^ 1 1o""\ .,-^
\¡vulr. uuuÈiu \L/tJ/ woo

the first to comment on an abnormal morphology of centromeric

regions ín a child with scs; and Freeman et a1. (1974) were the

first to clearly describe CHP in lymphocytes from an RS patient.

Freeman et al. (r974) reported that the sister chromatids appeared

tpuffed apart by some substance that did not stain with orcein t for

the chromatids at the puffed regions were unclerstained.

In the human genome, CH is located near the centromeres with

the exception of the Y chromosome. The Y chromosome in man is a

short acrocentric chromosome, the short and proximal long arms of

which stain lightly by G-, Q-, and c-banding rechniques. rn irs
long arm (Yq), the dlstal segment stains dark on C-banding (i.e.
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constitutive heterochromatin positive). The distal Yq like the

centromeric CII of the other chromosomes has the tendency of closc

apposition of sister chromaticls. This close apposition of the

sister chromatids in distal Yq made possible its identification from

other short acrocentrics, long before chromosome banding techniques

were available. In uniformly stainecl RS-SCS cells, the Y becomes

indistingtrishable from other short acrocentric chromosomes because

of an aberrant separation of its long arm. There appears to be a

repulsion of sister chromatids, at times to such a great extent that

it no longer resembles the other short acrocentrics but rather

appears as two short acentric fragments. It was the aberrant

behavior of distal Yq in RS (Louie and German, 7979) thar

strengthened the interpretation that the peculi-ar appearance of

metaphase chromosomes in RS-SCS was the effect of C-band positive

nhrnmafin nn+ nf fL'^ l.i-^+^l-,^-^;+^^1 c /î^--^- 1n7n- D^-- r^ôô\, ¡¡vL vr LrrL NllrsLL¡lurc rLÞcIl \ucllildll , Ialt, Ndll Ito¿).

CHP is not present in all RS-SCS individuals. Chromosome

studies have been done on at least 34 RS-SCS patients. Seventeen of

these patients expressed CHP (Judge, 1973; Freeman et al., 7914;

Jurenka , 1976; Zergollern and Hitrec , 1976; Qazi et a1 ., 1979;

Tomkins et al., 1979; Bokesoy et al., I9B2; Ieonard et al., I9B2-;

Mann et a1., l9B2; Petrinelli et al., I9B4; Parry et a1. , 1986);

seventeen did not (Herrmann et al., 1969; levy et al., 1972; Freeman

et al. , 1974; Grosse et a1. , 1975; Hunter et a1. , 1976; Kucheria et

a1., 1976; I,rlaldenmaier et al. , I97B; Stoll et al. , 1979; Fryns et

â1., 1980; Gomez et a1. , 1982; Pfeiffer and Zwerner , IgB2; Shah et

â1 . , 1984). These different cytogenetic findlngs may originate



8

from i) early mortality of the more severe RS cases; ii) overlooking

the cytogenetic anomaiy; iii) dismissing CHP as technrcal artrfact
(Tomkins et al., 1979) or iv) pleiotropy. It is interesting ro nore

however, that once CHP had been detected in a phocomelic proband,

chromosome studies of phocomelic sibs also demonstrated it (Qazi et

al., 1979; Mann et al., I9B2; Zergollern and Hitrec, 7982; Parry et

aI., 1986) .

CHP is not a transient phenomenon and is independent of tissue

type. It has been observed in samples obtained over extended

periods of time (Freeman et al., 1974; Tomkins et al., IgTg; Bokesoy

et al., L9B2; Leonard et al., 1982; Parry et a1., t9B6). It has been

obser'¿ed in lymphocytes, transformed lymphoblasts, fibroblasts

(German , 1979; Tomkins et a1. , 7979; Parry et al. , 1986) and

malignant melanoma (Parry et al., 1986) . It has also becn rcportcd

in amníocytes from a confirmed, affected fetus (Radu and Willner;

see Epstein et â1., 1983) . Its stability and presence in many

tissues makes it amenable to study and its presence in amniocytes

makes prenatal diagnosis possible.

CHP is present in most (Freeman et al., 1974; Gerrnan, 1979) or

all cells (Petrinelli et al., l9B4; leonard et a1., I9B2) of any one

tissue but not in all chromosomes (Qazi et al., 1979; Tomkins et

al., 1979). CHP is nost pronounced in early metaphase and so is most

clearly seen in preparations with no or short colcernid treatment

(Freeman et â1., 1974; German, 1979; Mann et â1., I9B2). It is

minimized in G- and a- banded preparations but broaclening and
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puffing can sti1l be seen mainly in the acrocentric chromosomes and

in those with large blocks oi CH, i.e. chromosomes i, 9 anri 1ó. CHP

is most evident in uniformly stained preparations or in C-banded

preparations. In C-banded preparations, the heterochromatin is often

resolved into two entities.

I .I .4.2 Mode of Inheritance

Available data support an autosomal recessive mode of

inheritance. These data include the following observations: i) the

parents are unaffected clinically (Roberts , I9L9; 0'Brien and

Mustard, I92I; Herrmann et â1., \969; Freeman et â1., 1974) and

cytogenetically (Freeman et al., 1974; Kucheria et al., 1976; Mann

ot- a1 IOA?. Þ^r--ì-^'l 1-i ôr ô1 1OA/,. Þa-rrr ar -1 lOAÁ\ 'ii \

consanguinity has been observed in about one third of the families

(Roberts, I9I9; O-Brien and Mustard, I92I; Temtamy and L.outfi, l9l0;

Judge, 1973; Freeman et aL., 1974; Da Silva and Bezerra, I9B2;

Kucheria eg al., I9B2; Mann et al., 1982), iii) both sexes are

affected, and iv) more than one affected j,ndividual has been noted

in about one half of the families (Roberts, I9I9; OrBrien and

Mustard , 192I; Herrmann et al. , 1969; Judge , 1973; Freeman et â1 .,

Kucheria et â1., 1976; Qazi et aI., 1979; Da Silva and Bezerra,

I9B2; Zergollern and Hj-trec , I9B2; Parry et al., 1986).



10

1.1.4.3 Time of Onset and Nature of the Defect

One can only speculate about the tirne of onset and the nature

of the defect in RS-SCS. The process of bone formation itself may

not be disturbed (Herrmann et al., 1969), since bones show a normal

density on x-rays and an apparently normal healing process of

fractures (Herrmann et â1., 1969). The intrauterine growth

retardation and the absence of ossification centers (Herrmann et

al. , 1969; Tomkins et al. , 1979; Fryns et al. , 1980) possibly

irrdicate a disorder beginning at a very early stage of development.

Since there is a physiologic difference in the sequence of the

development of the lirnbs (Smith, rg92), the causative factor in

RS-SCS could not have affected all fotrr limbs at the same time in

the development of the embryo. Therefore, the causative factor must

exert a localized effect on each limb bud during a specific stage in

its development. Many other organ systens undergoing

differentiation and growth simultaneously such as the cecum, gall

bladder, spleen and the lobes of the lungs are generally not

affected in children with RS/SCS. Whatever the genetic abnormality,

it probably exerLs its effect prior to the 7th week of gestation

(Srnith, I9B2) and has its onset in the cartilage or precartilage

formation.

1.1.5 Is There An Animal Model for Roberts-SC Phocomelia Syndrome?

Animal models greatly facilitate the study of human disorders.
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A developmental mutation that results in an alteration of the basic

pr.ocesses of mitosis and lirnb morphogenesis is suggested by t.he

oligosyndactyly mutation (0s) in the mouse (Magnuson and Epstein,

1984). There are however a number of differences at the genetic and

cellular 1eve1 in the expression of this mutation as compared to the

expression of the mutation resultì-ng in RS-SCS. These differences

include: i) phenotypic expression in the heterozygotes, ii) early

embryonic death in all of the homozygotes, and iii) absence of

chromosomal abnormalities in the homozygotes. Such differences

argue against oligosyndactyly in the mouse as an animal model for

Rs-scs. At present, there is no suitable animal model for RS-scs.

I.2 Other Disorders with Similar Cytosenetics

Metaphase chromosome morphology in some respects resembling the

'RS-SCS effect t with regard to premature centromere separation (PCS)

has been observed in the X chromosomes of lymphocytes of aglng women

(Fitzgerald et al., 1975; Fitzgerald and McEwen , Ig77) and of women

with Alzheimerrs disease (Moorhead and Heyman, 1983). pCS

affecting all chromosomes has been observed in bone marrow of

patients with hematological clisorders (Heath , 1966; l,anzkowsky et

â1. , 1969; Zhang, 1986); in lymphocytes and fibroblasrs of

phenotypically normal individuals with multiple miscarriages or

fertility problems (Chalma et al., 1980; Chalma and Begueret, 1982;

Rudd et al., 1983; Gabarron et a1., 1986); and in lymphocyres of a

nonphocomelic patient with Peter Anomaly (la/ertelecki et a1., 1983).
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PCS is a descriptive terrn used to describe the observed

phenomenon and in no way impiies or ciefrnes the uncieriying causal

mechanism. PCS can be caused by a number of different genetíc and

environmental factors, only one of which is CHP. CHP itself has not

been observed in cel1s from patients other than those with RS-scs.

1.3 Constitutive Heterochromatin

1.3.1 Characteristics of Constitutíve Heterochr omatin

CH, defined by the pycnotic staining qualities of both

homologous chromosomes (maternal and paternal) (Brown, 1966), has

been of interest to cytologists for almost 60 years (Heicz, I92B).

CH is the permanently condensed fraction of chromatin stained by the

C-band method (Arrighi and Hsu, I97I). CH comprises approximately

2a7" of. the human genome (Miklos and John, 1979). rt is composed of

highly repetitive DNA (Yunis and Yasrnineh, I97I; Pardue, I975;

Miklos and Nankivell, 1976; Nagl, 1977), is lare replicating (Lart,

1975; Kim et â1., 1975) and is highly methylated (Miller et a1.,

1974; Schreck et al., 1974; Schnedl er al., 1975).

Quantitative variability of Cfl appears to be a general

characteristíc of eukaryotes. Such variations, termed

heteromorphisms (Paris Conference, 1975) have been demonstrated in

plants (l^/eimarck, r975; sachan and ranaka, r977), invertebrates

(Beerrnann, I977) and higher animals including man (Craig-Holmes and
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Shaw, I97I; Lubs et al., 1977). No clinical phenotype has been

ascribed to quantitative variati-on of CFI in nran (Tharapel and

Summitt , I97B; Brogger et al. , 1977; Jacobs , 1977; lubs et â1.,

1977). In spite of great quantitati-ve variability in CH, its

absence in normal chromosomes is rare (Buys et al., IgTg) .

Qualitative variation of CH is also very rare. The only known

qualitative variation of CH in a disorder inherited in a Mendelian

fashion occurs in some individuals with Roberts-SC Phocomelia

syndrome. The apparent rarity with which no cH or qualitatively

variant CH is observed in human cells suggests that CH may have an

important function.

1.3 2 Function of Constitutive Heterochromatin

CH is traditionally described as transcriptionally inactive

In certain organisms however this is not true. rn Drosophila

several genes in heterochromatin have

â1., 1980) and in Triturus cristatus

been described (Hi11iker et

carnifex, transcription of

satellite DNA has been found at the lampbrush chromosome stage

(Varley et a1. , 1980) . Transcription is much lower in

heterochromatin than 1n euchromatjn in these organisms but it does

occur. Genes, as of yet unidentified in CH of man, mây exist. It is

more likely hov¡ever that CH has a less 'activet but equally

important role in mammalian cel1s. CH may play a role in chromosorne

pairing (Schmj,d et al., 1983), centromere separation (Vig, 1982),

centromere strength (\^lalker , IglI) , nuclear org,anizaLion (f or a
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review see Hubert and Bourgeois, 1986) or even euchromatin

--^!- -!l , /ll a 
^--\prorecrlon (tisu, rgl5). 'l'he apparent rarity with which no cH or

qualitatively aberrant CH is observed in mammalian systens attests

to the importance of CH.

7 .4 Chromati-n Structure

The human haploid genome comprises in the order of 3 x 109 base

pairs of DNA (Alberts et al., 1983). This amounr of DNA corresponds

to a total length of 200 cm per haploid genome. This DNA must be

packaged into a nucleus with a volume of only a few cubic

micrometers and it must be packaged in such a way that the genetic

information is retrievable and readily accessible. To accomodate

the DNA into the nrrc-leus and to account for the formation of

chromosomes, the compaction factor must reach an order of magni_tude

of 104 (Alberts et a1., 1983) . chromosomal proreins achíeve rhis

compaction. The chromosomal proteins are divided into two groups -
hístones and nonhistones. Histones are by far the most important in

DNA compacti-on. Nonhistones are also involved in chromatin

structure but have more of a regulatory ro1e.

The majority of eukaryotes studied have five major histone

classes. These classes can be divided into two groups - core

histones and linker histones. The core histones designated I-12A,

H2B ' ll3 and II4 are responsj-ble for folding the DNA into nucleosome

core particles (as will be discussed in 1.4.1). The linker histone
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designated Hl binds DNA between the nucleosome core particles and is

implicated in folding the nucleosome core particles into 30 nm

fibers (as wí1l be discussed in I.4.2).

Nucleosome core histones are a highly conserved group of

proteins but j-ntraspecíes variants have been describerl for H2A, HzB

and H3. In addition to primary sequence variation, histones are

subject to posttranscriptional modifications such as methylatíon,

acetylation, phosphorylation, ADP-ribosylation and ubiquitination.

Some of the variant and modified histones are associated with

transcrì-ptionally active DNA (for reviews see Isenberg, 7979; hlu et

â1., 1986).

Nonhistones are a group of heterogeneous proteins that exhibit

tissue and specles specrircrty. Many nonhistones are present 1n

sma11 amounts in the cell and as a result are difficult to study.

Some of these proteins are also sub-ject to modifications such as

phosphorylation (for review see Cartwright et al., I9B2) and have

been associated with transcriptionally active DNA.

7.4.1 Nucleosomes

Nucleosome formation is the lowest leve1 of chromatin

organization and is probably the

consists of a nucleosome core

nucleosome particle consists of

best understood. Each nucleosome

particle and linker DNA.

a core histone octamer

The

( two

coiledmolecules each of H2A, H2B, H3 and H4) around which DNA is
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twice (approximately 146 bp). Each nucleosome particle is separated

f 
-^- 

!L -lrom tne next úy lrnker ÐNA, which varies ín length but r s

approximately 60 bp. Hl is associared with the linker DNA. The

linker DNA and the nucleosome core particle constitute the entire

nucleosome whích contains about 200 base pairs of DNA. Compaction

at this 1evel of organizatíon is about 6 fo1d.

rt is the nucleosomes that give the chromatin its I beads on a

string t appearance in electron micrographs. Nucleosomes can be

detached from one another by dlgestion with the bacterial enzyme,

mj-crococcal nuclease which preferentially cuts linker DNA.

Depending on the accessibility of the linker DNA to this nuclease

(due to higher order folding) and the length of digestion, slngle

nucleosomes to polynucleosomes will be released. ü/ith extensive

di oeqf i on 1i nl¡ar nNA i c dooradod a.¡l nrr¡-l ancnmõ .^rõ nort- i -1^- --^*-o-* vvr u Pur urLaeu u! e

released (146 bp of DNA). Eventually even the nucleosome core

particle DNA r^'i11 be degraded ( f or reviews see McGhee and

Felsenfeld, 1980; Kornberg and Klug, 1981).

I .4.2 30 nm Chromatin Fibers

Formation of the 30 nm chromatln fiber is the next level of

chromatin organization. H1 appears to be responsible for this 1eve1

of organization. One molecule of Hl binds linker DNA at the region

of DNA entry and exit from each nucleosome core particle. rt is the

interactions of the bound H1 molecules on adjacent nucleosome
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particles that result in nucleosome aggregation and the formation of
ÈL^ t^ c:L- - /nlLne .]u nm i-LDer (.hirich and Kiug, r976; Reeves, igB4). compaction

at this level of DNA organization is 40 to 50 ford (Alberts er a1.,

1983) .

7 .4.3 Hip r Level Chromatin 0rsanization

This leve1 of organization is the least understood. The 30 nm

fibers are folded into loops (for reviews see Paulson and Laemmli,

1977; Reeves, 1984) or domains (rgo-Kemenes and Zachau, 1977) such

that each domain consists of 35 to 100 kb of DNA. The ends of the

domains are anchored to a nonchromatin skeletal framework designated

nuclear matrix in interphase ce1ls (Berezney and Coffey , 1977) and

chromosome scaffold in metaphase cells (paulson and Laemmli, Ig77).

As with lower levels of chromatin organization, the chromatj_n

domains appear to be dynamic structures within living cel1s. All of

the factors responsible for this 1evel of organization are not yet

known and it appears that these domains undergo further folding in

order to fit into the cel1 nucleus. It is estinnated that the

thinnest G-band on prometaphase chromosomes contains at least 30

domains and in the cH regi-on, compaction through the aid of

heterochromatin specific binding proteins (Strauss and varshavsky,

1984) and noncovalent interactions (Horvath and Horz, 1981) is even

greater. Compaction at the domaln 1evel of DNA organízaLion is
about 1000 fold greater than at the 30 nm fiber 1eve1.
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1.5 Previous Studies on Roberts-SC Phocomelia Syndrome

To date, very little research has been done on RS-SCS cells.

The basis of CHP remains unknown. It is however independent of

microtubule action (Freeman et â1 . , I97 4; German , 7979; German,

1981; L,ouie and German, 1983; Parry et ãL., 1986), culture media

(Bokesoy et â1., 7982) and tissue type (German, 1979; Tomkins et

41., 1979; Parry et a1., 1983). As well, CHP is not corrected by

coculturing serum or lymphocytes from an RS-SCS patient with

lymphocytes or serum respectively from normal donors (Petrinelli et

al. , 1984) . It is however corrected by fusing fibroblasts from an

RS-SCS patient with ce11s of a Chinese hamster (Krassikoff et a1.,

1986). All of these features suggest that CHP is not influenced by

the extrinsic cellular environment but rather i-s intrinsic to the

syndrome.

In additíon to CHP, fibroblasts from patients have disarray of

the mitotic spindle (l,ouie and German, 1983) and increased variation

in the síze and morphology of interphase nuclei (German, 1979),

Micronuclei are common (German, 1979). Fibroblasts have long

variable mitotlc cycles, abnormal nitosis and cytokinesis, atypical

ce11ular morphology and reduced cel1 survival (Tomkins and Sisken,

1984). German (I979) suggested that distorted nuclear structure was

the consequence of a disturbance in the sequence and timing of

chromosome separation at the preceding ana-telophase. The normal

sequence in which sister chromatids separate during metaphase and

anaphase is known. Chromosomes 18, 17 and 2 separate very early
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while the last separating chromosomes are nos. 1, 16 and Y, and the

D-group and G-group chromosomes (Mehes, I97B; Vig, 1984). In RS-SCS

cells this sequence is consj-stently altered and almost completely

reversed (Bokesoy et al., I9B2; Petrlnelli et al., I9B4; Tomkins et

a\., I979) confirming German's suggestion.

Mehes (1978) and Vig (1984) suggested that nondisjunction

could result from out-of-phase separation and that it could play a

role in the origin of human aneuploidy. Sporadic random aneuploidy

resulting in chromosomal loss or gain has been observed in a number

of patients (Tomkins et 91., 1979; Petrinelli et al., IgB4; Parry er

â1. , 1986).

Few other studies have been conducted on ce1ls from RS-scs

patients. The frequency of slster chromat.id exchange appears normal

(Freeman et al. , 1974; German , 1979; Ray , IgB2; Petrinelli et al.,

I9B4; Burns and Tomkins, 1986) but the abnormality in CHP may be

associated with mutagen sensitivity (Gentner et al., 1985; Burns and

Tomkins, 1986). Recently, Gani et al. (1985) suggested a defect in

pathways to DNA synthesis but further definitive studies are

necessary t-o confirm or negate this suggestion.

1.6 Obiectives of the Present Studv

RS-SCS is one of only a few Mendelian disorders that affects

chromosomal phenotype and it is the only one known that is specific
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for CH. In the present study, ce1ls and chromatin from four RS-SCS

patients expressing CHP were examined with the following objectives:

i) to examine growth characteristics of RS-SCS cel1s in vitro, ii)

to assess the morphology and properties of CH in RS-SCS metaphase

chromosomes using light microscopy, iii) to determine if CtlP is

correctable in cells of RS-SCS patients or inducible in ce11s of

heterozygotes or controls, iv) to assess whether or not the puffed

morphology of CH results in chromatin structure that is more

accessible to micrococcal nuclease, and v) to determine if RS-SCS or

CHP can be accounted for by aberrant protein(s) of either histone or

nonhistone origin.
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2.O MATERIALS AND MBTHODS

2.I Materials

2.I .I Reports of Patients

Patient 1

This male is the first born of healthy, nonconsanguineous

French Canadian parents. The pregnancy was uneventful. He was born

aL term and was smal1 for gestational age ( 1900 grams). He was noted

to have micropthalmia, corneal opacities, hypoplastic nasal a1ae,

micrognathia, high arched palate, facial hemangioma, a relatively

large penis, club feet, short forearms, clinodactyly of the 5th

fingers, and unusually fine dermatoglyphics.

D-^--!^^-- E:1,-- - -l t aÃocrrLg,en ll-rilrs reveale(l a normar splne ano pe.Lv].s, aDSent

radii, short ulnae, normal tibiae, normal fibulae and normal femora

but absent ossification at the knees. He had radially deviated

hands and there was a single carpal ossification center on both

sides. Except for the cytogenetic abnormalities, the results of

blood and urine biochemical, hematological, bacteriological and

virological studies were normal. An intravenous pyelogram showed no

abnormality and an electroencephalogram was wlthin normal limits.

At followup of 15 months, he was found to have developmental delay.

The patient j,s nor¡ 9 years o1d. A skin biopsy and lymphocytes

for transformation h'ere obtained at age 7. Patient t has SCS

according to the classification criteria of Hermann and Opitz
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(1977). The RS:SCS score is 0:8.

Patient 2

This male is the fourth born of healthy, nonconsanguineous

Mennonite parents. The pregnancy was uneventful . There was no

history of medication during pregnancy. Delivery was thought to be

pre-term but the exact length of gestation was unknown. Birthweight

was 1744 grans. He was noted to have mi-sshapen 1ow set ears, a

sma1l head, a beak-like nose, bilateral limb anomalies, severe

skeletal deformities, a large interventricular septal defect,

micropthalmia, rudimentary thumbs and an incomplete range of

movement at his elbow joints. His hands were placed at right angles

to his forearms.

Radioiogically, the back and pelvis were normal, no iibulae and

radii were observed and ulnae were extremely short. Popliteal

pytergia were removed in order for him to wa1k. Chronosomes were

reported as normal in 1964 and abnormal in 1979 (Tomkins et al. ,

7979). His intelligence at 12 years of age was assessed as

border-line normal (Jurenka, I976) .

The patient is now 22 years o1d. A skin biopsy and blood

sample were obtained at age lB. Patient 2 has SCS according to the

classification of Hermann and Opitz (1977). The RS:SCS score is

O:7 .

Patient 3

This female is the first born of healthy, nonconsanguineous
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Mennonite parents. The pregnancy was uneventful. Stelazine was

taken during pregnancy. She was born at term and was small for

gestational age. Unspecifled defornities were immediately noted.

Chromosome abnormalities \^iere reported in 1979 (Tomkins et al. ,

1979). At 14 years of age, she \^¡as assessed as profoundly mentally

retarded (Jurenka, 7976).

This patient is nor¿ 24 years old. A skin biopsy and blood

sample were taken at age 22. Patíent 3 has SCS according to the

criteria of Hermann and OpíLz (1977). The RS:SCS score is 1:5.

Patient 4

This female was the third born of healthy, nonconsanguineous

Mennonite parents. Previous pregnancies had resulted in one female

with congenital multiple anomalies including phocomelia, who died

shortly after birth, one early miscarriage and one norrnal female.

The third pregnancy was uneventful. She was born at term and was

small for gestational age ( 1350 grams) . Unspecified congenital

anomalies were immediately noted. She had a series of six

unexplained seizures at 6 months of age.

At followup of 3.5 years, she was found to have developmental

delay. Her hair was sparse, fine, and b1ond, with a single whorl in

the parietal area. She had a long narrow face with a prominent

forehead, bilateral corneal opacitles and lenticular cataracts,

hypertelorism, and a small nose wj-th a narrow bri<1ge, hypoplastic

alae and a nevus flarnmeus. The mandible was of normal size but the
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teeth were crowded. The palate was high ancl the uvula bifid. Her

cardiovascular system, pulmonary system and abdomen were

unremarkable. She had a mild pectus excavatum. The limbs rvere

phocomelic with symmetric abnormalities. The arms were very short

and ended in rudimentary humeri with three fingers. The legs were

short and ended in laterally directed feet with five short toes.

Syndactyly and clinodactyly of the toes were observed.

Radiologically, ûo radii, ulnae or carpal bones were observed,

the bones of the feet were normal, distal femora were abnormal, anci

the tibiae and fibulae urere absent. Results of an

electroencephalogram, an electrocardiogram and routine biochemical

studies were normal. Chromosomes were reported as normal in 1975

and abnormal in 1979 (Tomkins et a1., 1979). An intelligence test

ai 9 years of age revealed moderale mental retarrlati<-rn (Staniord

Binet I .Q. = 51 + 5) .

A skin biopsy from patient 4 was taken at three years of age.

This patient has characteristics intermediate between RS and SCS

according to the classificati-on of Hermann and OpiLz (1977). The

RS:SCS score is 3:5.

2.I.2 Cel1s Available for Study

Peripheral blood sanples

( P2b-l'{ and P3b-F where the

were obtained from patients 2 and 3

first two characters identify the
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patient [i.e. P2 refers to patient 2 and P3 refers to patient 3],

the third character refers to the type of sample [i.". b refers

to blood ] and the last character refers to the sex of the indj-vidual

[i.e. M refers to male and F refers to female]), the parents of

patient 3 (H3b-M and H3b-F vhere H3 refers to heterozygote of

patient 3) and two controls, age and sex rnatched to the patients

(Cb-M and Cb-F where C refers to control).

Lymphoblastoid cells from patient 1 (Plly-M where 1y refers to

lymphoblast) and a control-G1"16246, were also available for this

study. Plly-M and G146246 were obtained from Dr. D. Tomkins

(Hamilton, Ontario) and the Human Genetic Ce11 Repository (Camden,

New Jersey) respectively. Both lymphoblastoid ce11 lines were

cryogenically preserved at early passage levels.

Fibroblasts were available from patients I - 4 (Plf-M, P2f-Iq,

P3f-F, and P4f-F where f refers to fibroblasts), parents of patients

1 (Hlf-M and Hlf-F) and 3 (H3f-M and H3f-F) and two controls (Cf-M

and Cf-F) . P2f-l'1,, P3f-F, P4f-F, H3f-Ì,1, H3f -F, Cf-M and Cf-F were

established in our laboratory from forearm skin biopsies and then

cryogenically preserved at early passage 1eve1s. Plf-M, Hlf-M and

Hlf-F were established from forearm skin biopsies by Dr. D. Tomkins

(Hamilton, Ontario) and cryogenlcally preserved at the earliest

possible passage.



26

2.2 Methods

Cryogenically preserved ce11s were thawed at 37oC and serially

passaged under identical conditions. All lymphocyte and fibroblast

cultures were grown in Falcon or Corning plasticware in McCoyts 5A

medium (Gibco). Lymphoblastoid cultures were grown in Corning

plasticware in RPMI 1640 with glutamine (Gíbco). All media were

supplemented with 10% fetal bovine serum, penicillin G potassium

(100 units/m1) and streptomycin sulphate (0.1 mg/ml) before use.

Sodium bicarbonate (0.2 ng/nl-) was also added to McCoyrs 5A medium.

All cultures were incubated at 37oC in a 5Z COr:957" air atmosphere.

The fibroblast cultures \^/ere periodically monitored and found to be

free of mycoplasma contaminatj-on by DNA fluorescent staining

techniques (Russe11 et a1., I975).

2.2.L Cy toloeical

2.2.I .I Growth Characteristics

2.2.I .I .I Cell Attachment Efficiencv

Cel1 attachment efficiency hras determinecl for ce11 strains

Plf -M , P2f.-14, P3f -F, P4f -F, IIlf -F , H3f -M , H3f -F , Cf -M and Cf -F.

Ce11s were plated out in 60 mm tissue culture dishes at a density of

10 5 cel1s per dish. For each cell strain, ce1ls from four 60 mm

dishes were harvested and counted at 5 hours, 10 hours and 24 hours.
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Before harvesting, the ce11s were washed with phosphate buffered

saline (PBS) (Appendix I) in order to remove any debris Ltrat Ilight

be mistaken as cellular and counted. Cells were harvested using 1%

trypsin ("/u) (Appendix I) and 0.12 BDTA (w/v). All cell counts were

performed using a hemocytometer.

2.2.1.I.2 Cel1 Population Doubling Time

Population doubling time was determined at two passage levels

for P1f-M, P21-M, P3f-F, P4f-F, H1f-F, H3f-¡4, Il3f -F, Cf-M and Cf-F.

Cel1s were plated out in 35 mm tissue culture dishes at a density of

2 X 104 ce1ls per dish. For each ce1l strain and passage, ce1ls

from four 35 mm tissue culture dishes were harvested and counted at

24 hour i-nter.¡a1s for se.¡en days. Prior to har.¡esting and counting,

the ce11s were washed with PBS as described above. Culture medium

was changed every three days to obtain optimal ce11 growth.

Population doubling time was calculated using a modification of

the method of Gertler et al. (i985) where the nunber of doublings =

log (final cell number/initial ce11 number) divided by 1og 2. Final

cel1 number refers to the number of ce11s present at confluence, and

initial cell number refers to the nunber of cells that attached to

the tissue culture dishes 24 hours af.Ler plating.
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2.2 .I .I .3 Cell Density at Conf luence

Ce1l density at confluence was determined at two passage levels

for P1f-M, P2f-M, P3f-F, P4f-F, Hlf-F, H3f-M, H3f-F, Cf-M and Cf-F.

Cells were seeded in 35 mm tissue culture dishes at a density of

2 X 104 ce1ls per dish. For each cell strain and passage, cells

h,ere observed daily for 10 days using phase contrast illumination.

At confluence, the cel1s were washed with PBS, harvested and counted

as described previously. Culture medÍum was changed every three

days to obtain optimal cel1 growth.

2.2 .I .I .4 Cell Morpholosy

The morphology of living tissue culture cells from each cel1

strain was also examined. Cel1s attachecl to the surface of 35 mm

dishes were photographed in situ under phase contrast illumination

using an inverted Nikon microscope with a film transport housing.

Fields for each cel1 line were selected randomly and photographed at

each 24 hour: interval. The enlarged cel1 images from each cell line

were pri-nted at the same magnífication.
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2.2.L .2 Cytogenetics

2 .2 ,I .2.I Stainíns/Bandins

Chromosomes from ce1ls of all available tissues of each

patient, heterozygoLe and control were examined with light

microscopy by solid staining with 47. Giensa ( 2 ml Harleco Giemsa:48

ml Gurrrs buffer pH 6.8 [Appendix I]), C-banding according to the

method of Arrighi and Hsu (I97I), and either G-banding according to

the method of Seabright ( 1972) or Q-banding according to the method

of Caspersson et aI.(1972) .

For the lymphocyte and lymphoblast cultures, colcemid

(0.05 ¡rg/ml) was added two hours prior to harvesting. The ce1ls

were treated v/ith 0.075 M KCl and fixed in methanol:acetic acÍd

(3:1). For fibroblast cultures, colcemid (0.05 tg/nL) was added

three hours prior to harvesting. Hypotonic solution was McCoyts 5A

medium:water (1:3) and fixative was methanol:acetic acid (3:1). The

cells were spread on wet microscope slides and air dried.

Disramycín A/ 4'-6-diamidino-2-phenylindole (DAPI) stainability,

replication pattern and methylation pattern of chromosomes were also

examined in those individuals for which bloocl samples or

lymphoblastoid cell lines were obtained.

Distamvcin A/DAPI Staínabilitv

Metaphases were stained with distamycin A and DAPI according to
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the method of Schweizer et al. ( 1978) . Freshly prepared distamycin

A and DAPI solutions were always used. Stained slides were stored

in a cool dark place (4"C) for three to five days prior to

fluorescence microscopy. Slide preparations of less than seven days

gave the best results. Chromosomes showed lntercalary banding upon

observation with a UV light source. Twenty-five metaphases from

each sample were analysed microscopically.

Replication Pattern

Replication banding was performed according to the method of

Hagemeijer et a1. (I976) with the following modifications: j-)

bromodeoxyuridine (BUdR) v¡as dissolved in Hanks basic salt solution

(Appendix I), and ii) BUdR was added to the cultures at a final

concentratj-on of B X 10-5 M six hours prior to harvesting.

Metaphases from BUdR treated cultures were stained with acridine

orange (0.012 in Sorensen's phosphate buffer, pH 6.5 [Appendix I]),

rinsed, mounted in Sorensenrs phosphate buffer and observed with

fluorescence microscopy. CH regions of 50 metaphases from each

individual were closely examined from photographs.

Methvlation Pattern

The methylation pattern was determined according to the method

of Schmid et al. (1983) with the following modifications: i)

5-azacytídine (AZA) was dissolved in sterile, deionized, distilled

water (ddÉ20), and ii) AZA was added to the cultures at a final

concentration of 3 X 1O-7 M seven hours prior to harvesting.

Metaphases from AZA treated cultures were stained wiLh 4%
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Giemsa (pH 6.8), then destained and Q-banded (Caspersson et al.,

1972) when specific chromosome identification was necessary. Fifty

metaphases from each sample were analysed rnicroscopically.

2.2.I.2.2 Cocultivation

In the cocultivation experlments it was necessary to

differentiate between cells of patients, heterozygotes and controls.

As a result, ce1ls that were cultured together were of opposi-te sex.

Lvmphocyte Cocultivations

Blood samples P2b-M, P3b-F, Cb-M and Cb-F were used in rhese

cocultivations. The cocultivation cultures were established by

mixing equal volumes of whole blood (0.1 ml) from the patients and

the control individuals and transferring the blood into McCoy's 5A

medium (5 ml) supplemented with IOZ fetal bovine serum and I%

phytohemagglutinin (v/v). Noncocultivated blood cult-ures on each

individual were set up at the same time as the cocultivated ones.

The cultures were incubated for 72 hours at 37"C. Two hours pri-or to

harvesting, colcemid (0.05 Fg/n1-) was added. The ce11s were treated

in 0.075 M KCI and fixed in methanol:acetic acid (3:1). The cel1s

were spread on wet slides, air dried and stained with 47" Gíensa (pH

6.8). The slides were coded. In the cocultivation experiments, CHP

was recorded and then the origin of the cell determined (according

to its sex).
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Fibroblast Cocultívations

Ce1l strains P2f-M, P3f-F, H3f-M, H3f-F, Cf-M and Cf-F were

used in these cocultivations. Fibroblasts were grown to confluency

in 100 mm dishes, trypsinized (I7")(w/v) and counted with a

hemocytometer. The cocultivati-on cultures were established by

mixing cel1s of patients with either cel1s of controls or ce1ls of

heterozygotes in varying proportions (3:1, 1:1, and 1:3) ancl seeding

a total of 4 X 10 5 cel1s in each of three replicate 60 mm tissue

culture dishes. Noncocultivated fibroblasts from each individual

were set up símultaneously. The cultures were i-ncubated for 96

hours at 37"C. Three hours prior to harvesting, colcemid (0.05

pg/m1) was added. Hypotonic solution was McCoy's 5A medíum:water

(1:3) and fixative was methanol:acetic acid (3:1). The ce1ls were

spread on wet slides, air dried and stained wiLh 47" Giemsa. The

slides were coded. The presence or absence of CHP in chromosomes

1,9, and 16 were recorded and the origin of the ce1l determined for

all cell strains. The presence or absence of CHP in the Y

chromosome was also recorded for P2f-M, H3f-M and Cf-M.

2 2.I -2.3 Somatic Ce1l Fusion

In the somatic cell fusion experiments, it was also necessary

to differentiate between cells of patients, heterozygotes and

controls. As a result, ce1ls that were fused were of opposite sex.

Lymphoblast /Fibroblast Fusions

Cell lines P1ly-M and GM6246, and cell strains P2f-14, P3f-F,
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P4f-F and Cf-F were available for these experiments. Ce11s were

fused using a modification of the technique of Yoshida ( i9B0) . The

fusions were performed at room temperature using solutions prewarned

to 37"C. Equal numbers (tO0; of RS-SCS and non-RS-SCS cells were

mixed and pelleted by centrifugation in glass conical centrifuge

tubes. The pellet was gently overlaid with 1 m1 of serum free

minimal essential medium (MBM) containing IO7" dimethylsulfoxide

(DMSO) (w/v) (Norwood et â1., 1976). The DMSO solution was removed

af ter .5 mínutes and r:eplaced with 1 ml of 50% polyethylene

glycol-1000 (Baker PEG-i000) (w/v). The pellet was gently

resuspended and after 60 seconds the PEG-1000 was diluted with 1O ml

of MEM. The cel1s were pelleted and gently washed several times

with MEM. McCoy's 5A medium with IO7" letaI bovíne serum was then

added and the cells were immediately plated into two 100 mm tissue

culture plates and incubated for 40 to 90 minutes at 37oC. Cel1s

remaining in suspension at the end of the incubation period were

transferred to tnevrt 100 mm plates and incubated for an additional

60 to 90 minutes. McCoy's 5A medium with 10% fetal bovine serum was

replenished in the original 100 mm plates. Following the second

incubation, the cells remaining in suspension were transferred to 25

.*2 tissue culture flasks and McCoy's 5A medium with 10% fetal

bovine serum ln¡as replenished in the tnew' 100 mm plates. The

original 100 mm tj-ssue culture plates contained primarily polyploid

parental fibroblasts and hybrid cells. The 'new' 100 mm tissue

culture plates contained primarily unfused fibroblast cel1s (i.e.

diploids) and the tissue culture flasks contained lymphoblast

diploids and polyploids. After l-wo days the nedium was removed frorn
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the plates and the monolayers were washed with sterile PBS to remove

unattached cel1s and ce1lular debris. Fresh medium was added and

the medium was changed every three days. The plates were examined

frequently for the presence of growing cells and harvesting was

generally performed seven days after fusion. By the seventh day, a

1ot of cell growth had occurred in most plates, making the isolation

of individual clones impossible. As a result, the mixed cell

population from each fusion experiment was harvested. Three hours

prior to harvesting, colcemid (0.05 pg/ml) was added. The hypotonic

solution was O.4% KCl (r/u) z O.4% sodium citrate (t/u) (3:1) and

the fixative was methanol:acetic acid (3:1). Air dried chromosome

preparations were made. Ce1ls were Q-banded according to the method

of Caspersson et a1. (1972) in order to distinguish true hybrid

tetraploid cells from parental fibroblast tetraploid ce11s. True

hybríd ce1ls contained I Y and 3 X chromosomes, whereas parental

tetraploid ce1ls contalned 2 X chromosomes and 2 Y chromosomes or 4

X chromosomes. The hybrid cells were photographed, destained and

restained wi:-h 4% Giemsa (pil 6.8). The presence or absence of CHP

was scored for chromosomes 1, 9,16 and Y. At least 20 photographs

frorn each of the hybrid cells, parental tetraploid ce11s and diploíd

ce11s were scored.

Fibroblast/Fibroblast Fusions

Cel1 strains P1f-M, P2f.-14, P3f-F, H3f-M, H3f-F, Cf-M, and

Cf-F were used for these fusions. Cells were fused according to

the modified method of Yoshida ( 1980) outlined above with the

following exceptions: i) cells were plated into 60 mm dishes
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(5 X 105 cells) and incubated at 37oC for 25 to 85 minutes, and ii)

after incubation the cells remai-ning in suspension were transferred

to new 60 mm tissue culture dishes. The original plates were

replenished with McCoy's 5A medium supplemented with 10% fetal

bovine serun. The length of incubation was determlned by the

intrinsic attachment rates of the cell strains used for fusion.

Medium was changed every four days and harvesting was g,enerally

performed seven to nine days after fusion. Harvesting and

chromosome analyses were done in the same way as for the

lymphoblast/fibroblast fusions.

2.2.2 Molecular

2.2.2.1 Nuclei Isolation

Ce1l strains Plf-M, P2f-14, P3f-F, Pí-F, H3f-M, H3f-F, Cf-M and

Cf-F were available for this study. Twenty to thirty 150 mm

confluent dishes of fibroblasts from each individual were necessary

for subsequent analysis. The confluent cultures \rere washed four

times with PBS and trypsinized ( 1%) (w/u) . The ce1ls were carefully

scraped off the tissue culture plates with sma1l rubber policemen.

All ce1ls from one individual were pooled and pel1eted. The

supernatant was aspirated and the pellet was gently washed twice

rvith PBS containing 1 mM phenylmethylsulfonyl fluoride (PMSF)

(Appendix I). After the final centrifugation, the pe11et !/as

resuspended in buffer A (Appendix I) containing 1% Nonidet-P4O
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(NP-40) (v/v) and 1 mM PMSF, homogenized using a loose fitting

teflon homogenizer and placed on ice for 30 minutes. The cells were

then pelleted at 3000 x g for 10 minutes, resuspended and

rehomogenized in buffer A and 1 mM PMSF. The homogenate was

centrifuged as before and the resulting pel1et was homogenized. The

homogenate was examined with phase contrast illumination using an

inverted Nikon microscope. Bxamination of the isolated nuclear

preparations generally revealed that the nuclei were intact and

largely free of cytoplasmic debris. If a lot of cytoplasmic debris

was present then the entire isolation procedure was repeated on the

homogenate. Otherwise, the homogenate was ready for chromatin

digestion or histone isolation.

2.2.2.2 Chromatin Analysis

2.2.2.2.I Micrococcal Nuclease Dipestion

Nuclei from cel1 strains P1f-M, P3f-F, Cf-M and Cf-F were

prepared as described in section 2.2.2.1. Nuclei were incubated at

37oC in digest buffer (see Appendix), 1 mM CaCLr, I rnM PMSF and 2

AZOO units of micrococcal nuclease (Pharmacia) per 101' nuclei.

Nuclei rn'ere enumerated with a hemocytometer. Four or five equal

volume aliquots of the nuclear digest were removed at timed

intervals and the reaction was terminated by the addition of EDTA,

NaCl and sarkosyl to final concentrations of 10 mM, 160 mM and 2.2%

(w/v) respectively. The digested samples were placed on ice.



37

Pronase (25O ¡:g/nl) was added and the digested mixture was incubated

overnight. The following day RNase (100 ¡rg/ml RNase A, 100 units/ml

RNase T1) was added and the mixture was incubated for 3 hours.

Pronase (250 ltg/nJ') was added again and the nixture incubated

overníght. All incubations were performed at 37"C.

2.2.2.2.2 DNA Isolation. Blectro Dhoresis and Stain 1n8

DNA Isolation The digested chromatln was further

deproteinized by phenol/chloroform/isoamyl alcohol extractions and

ethanol precipitated according to the methods of Maniatis et a1.

(1982). Following ethanol precipitation, the sample was centrifuged

at 12100 x g for 30 minutes. The ethanol was discarded. The sample

was lyophilized and reconstituted in 1 m1 of ddH20. DNA

concentration was estímated by reading the absorbance at 26O nm. The

remaining reconstítuted DNA sample was lyophilized and resuspended

in T1681 (Appendix I) at a known concentration.

Electrophoresis and Sta inins - A Minnie'r Submarine Agarose Gel

Unit (Hoefer Scientific Instruments, San Francisco) was used for

electrophoresis. Three micrograms of the micrococcal nuclease

digested DNA from each sample were mixed with 1 ¡r1 of 10 X ficoll

DNA buffer (Appendix I) and loaded on I% agarose gels containing

ethidium bromide (1 pg/ml). Electrophoresis grade ultrapure agarose

(Bethesda Research Laboratories) was used. Electrophoresis was

performed at 4"C in buffer E (Appendix I) at 100 V until the dye
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front was about I/4 of the way from the bottom of the gel

(approximately 1.5 hours). The gel was then observed with a UV

light source, photographed on Polaroid Type 57 film, and Southern

blotted.

2.2.2.2.3 DNA Probes Available

DNA probes mapping to the CH regions of chromosomes 1 and Y

were available. Plasmid pY3.4, containing a 3.4 kb EcoRI fragment

derived from the constitutive heterochromatin of the Y chromosome,

was obtained from Dr . Y.F.Lau (San Franclsco, California) (Lau et

â1., 1984); and plasmid pUC1.77, containing a I.77 kilobase fragment

derived from the constitutive heterochromatin of chromosome 1, was

L! f i aoDtarned irom Dr. H.J.Cooke (Etlinburgh, Scotland)(Gosden et al.,

1981).

2 .2.2.3 .4 Southern Transf er

DNA Transfer - DNA fragments were alkaline transferred fron 7%

agarose mini gels (65 mm x 100 mm; described in sectlon 2.2.2.3.2)

Lo ZeLa Probe membrane (Biorad) according to the method of Southern

(7975) with modifications as specified by the manufacturer of ZeLa

Probe membrane. The blotted membrane was stored in prehybridization

solution (Appendix I) at 4"C until hybridizatíon with nick

translated probes was performed. Prior to hybridization, the blot
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along with the prehybridization solution it was stored in, was

incubated overnight in a 42"C shaking water bath.

Nick Translation Plasmids , pY3.4 and pUCI .77 rvere nick

translated according to the technique of Rigby et al. (1977) with a

number of alterations. The total nick translation volume was 20 ¡r1.

The standard labe1ling reaction contained 200 ng of DNA, 50 nM

Tris-HCl(plì 7.5), bovine serum albumin (50 pe/r;'l), 5 mM MgCl , 5 mM

2-mercaptoethanol, 2.5 ¡:M each of unlabelled dGTP and dTTP, and 50

¡:Ci each of s.-32P-dCTP and o-92p-¿¡tP (Amersham) that had a specific

activity of approximately 3000 Ci/mmol. DNase I (bovine pancreas

grade 1, Boehringer) activated in 10 mM Tris-HCl(pH 7.5), 5 mM

MgCl , 1 rng/ml bovine serum albumin (l/75O; v/v) was added to a

final concentration of 11.3 ng/m1 and the reaction was allowed to

proceed for two minutes at room temperature. Nine units of E.Co1i

polymerase I (Pharmacia) was added and the reaction placed at 15oC.

After 1.5 hours the reaction was stopped by adding 100 mM EDTA, 502

glycerol Q/a v) and heated at 65'C for 10 minutes and passed over a

Sephadex G-75 column (0.8 cm x 13 cm) equilibrated with TNE,

(Appendix I). The eluate was collected in 300 ¡r1 fractions and the

radioactivity was monitored with a Geiger counter. Eluate from the

leading peak was used for hybridization. Rourinely DNA obtained

from this reaction had specific activity of 1.8 X 108 to 3.1 X 1OB

cpm/pg.

Ilybridization Hybridization with dextran sulphate was

to the specificationsperformed aL 42"C for B to 12 hours according
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of the manufacturer of ZeEa Probe membrane (Biorad). The

radiolabelled blot was then washed in 0.1 X SSC (Appen<iix I) with

0.1% SDS (r/u) at 60oC for 15 minutes and sealed in plastic.

Autoradiography - The sealed blot was placed in an X-ray film

holder. An intensífying screen (Dupont Cronex-L,ightning Plus CG)

was placed on top of the blot followed by a sheet of Koclak X-Omat AR

x-ray film. The light tight film holder h'as closed, placed

between glass plates Lhe same size as the holder, clamped, wrapped

in plastic and placed at -70"C for a few minutes to a few hours in

order to expose the x-ray film. Following exposure, the x-ray filrn

was irnmediately developed according to the manufacturer t s

specifications (Kodak) .

Removal of Radioac tivítv from Blots - Blots were stripped by

agitating in boiling 0.1 X SSC with 0.12 SDS (v¡/v) for three minutes

on each side. The rstrippedr blot was checked by autoradiography.

If the blot was strípped, it was placed in prehybridization solution

and stored at 4"C until the next hybridj-zation with nick translated

probe. If however the blot was not stripped, it was agitated at

room temperature in boiling 0.1 X SSC with 0.5% SDS (w/v) for 15

minutes, and rechecked by autoradiography. Subseqttent washes were

performed as required.
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2 2.2 3 Protein Anal 1S

2.2.2.3.I Isolation of Histones and Other Acid Soluble Nuclear

Proteins

Nuclei from cel1 strains Plf-M, P2f-M, P3f-F, P4f-F, H3f-M,

H3f-F, Cf-M and Cf-F were prepared as described in section 2.2.2.I.

The nuclear pe11et was resuspended in ddH20 and I mM PMSF and

homogenized. The homogenate h¡as stored at -zO"C until nuclear

homogenates from all the cel1 strains were obtained. Subsequently,

the homogenates were thawed and made 0.4 N with 4 N H2S04 (Davie et

â1., 1981) . The homogenates were placed on ice for 30 minutes and

centrifuged at 77OO x g for 10 minutes (to remove insoluble

material). The supernatant was placed in 3.5 K dialysis tubing

(Spectra-Por) and dialysed for three days: one day against 0.1 N

aceiic acid and Lwo days against ddHAO. The water was changed tlaily

and dialysis was performed at 4"C. The dialysate was lyophilized

and reconstituted in 1 m1 of ddHro. An aliquot of the sample was

removed and the protein concentration was determined by the

turbidity assay of Bonner et al., 1968. The rernaining sample was

lyophilized and reconstituted in t\^¡o volumes of reducing mix

(Appendix I) and three volumes of ddH20 at a known protein

concentration prior to electrophoresis.

2.2.2.3.2 Electro resís and Staini np

Electrophoresis

rì

- One and two dlmension polyacrylamide ge1
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electrophoresis (PAGE) was performed according to the method of

Davie ( 1982) with a number of modifications . For the

acid-urea-trj-ton (AUT) first di-mension gels, I57" polyacrylamide gels

with 6.7 M urea and O.3757. triton-X ("/u) were used, and riboflavin

(0.00042) (w/v) and thiodyglycol (0.01%) (v/u) were included in the

resolving and stacking gels. For AUT PAGE, equal volumes of the

reduced samples were mixed with acetic acid/urea sample buffer

(Appendix I) prior to loading on the ge1. For the SDS first

dimension gels, equal volumes of the reduced samples were mixed with

2 X SDS sample buffer (Appendix I) and heated in boiling water for

ten seconds prior to loading on the gel. Electrophoresis was

performed at 170 V for 1.5 to 2 hours aL 4"C using 1 X SDS sample

buffer (Appendix r). For the second dirnension SDS gels r,¡hen AUT

minislab gels were used for the first dlmension, the track of

interest was equilrbrated for 30 minutes in buffer O (Appendix I)

and frozen at -70"C in buffer O until electrophoresis was performed.

Staining - First and second dimension gels were stained using

the Coomassie Blue staining method as described by Davie ( 1982) .
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3 O RBSULTS

3.1 Cyto losical

3.1.1 Growth Characteristics

3 .1 .1 .1 Ce11 Attachment Efficiencv

Cell attachment efficiencies of four RS-SCS cel1 strains, two

control cel1 strains and three heterozygote cel1 strains are

presented in table 1. Overlap in the range of ce1l attachment

efficiencies between the patient, control and heterozygote cel1

strains was observed at 5, 10 and 24 hours.

From the data it appears that cel1s at early passage attach

faster than cel1s at late passage. Ce1l strains P3f-F and P4f-F at

passage 7 and 9 respectively had 80.5% and 85.5% of. their ce11s

attached 5 hours after seeding whereas Plf-M and P2f-M at passage 15

and 18 respectively had only 66 .5% and 69.57" of their ce1ls attached

5 hours after seeding. Similar differences h/ere apparent at 10

hours but not at 24 hours. Similar observations at 5 hours were

made for the three heterozygote ce11 strains, two of which were at

passage 9 and one at passage 22 but not for the two control cell

strains, both of which were at similar passages. These observations

were made on j-nterstrain comparisons not intrastrain cornparisons and

the suggested differences may be due to intrinsic characteristics of

the individual strains.
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Table 1: Cel1 Attachment Efficiency

Cel1 Attachment Efficiency (7")

Ce11
Strain

Passage Time
(hrs)

1 2 3 4 Mean MEAN+SD

Plf_M
P2f_M
P3f-F
P4f-F
Cf-F
Cf-M
H3f-F
H3f-M
H1 f-F

Pl f-M
P2f.-M
P3f-F
P4f-F
Cf_F
Cf_M
H3f -1.-
H3f-M
H1f-F

P1 f_M
P2f.-M
P3f_F
P4f_F
cf-F
Cf -M
H3f_F
H3f-M
H1 f-F

15
1B

7

9
15
T4

9
9

22

15
1B

7
9

15
14

9
9

22

t5
1B

7

9
15
I4

9
9

22

5
5
c)
5
5
5
5
5
5

BO

B2
B2
92
92
94
66
66
74

62
B6
76
B2
82
70
a/,

B2
90

74
74
B2
B4
90
B4
B2
B6
B2

62
66

76
B2
84
74
B6
70

54
72
7B
B6
BB
74
66
76
62

6B
BO

9B
94
B2
'74

92
7B

72
R)
B2
7B
B2
BO

B4
B4
7B

66.5
69.5
80. s
85 .5
BB.O
BO.0
72.5
7 6.5
69.s

7t.
73.
81.
BB.
BB.
77.

77 .O
79.O
82.O
83.0
85.0
80.0
81.5
86.0
82.O

74

70
5B
BB

BB

90
6B
B4
7B
72

9+0B4

15 .5 + II .2x

1

l2.B + 7 .4tç

78.5 + 10.4

B2.B + 7.6

BI.7 + 7 .5

80.3 + 5 .3

82.5 + 4.I

83.2 + 3.7

10
10
l0
10
10
i0
10
10
10

66
76
B4
94
B6
B2
BO

B6
64

B4
B8
B6
BB

B2
7B
84
B4
B2

B2
62
B6
7B
90
76
76
BB
B2

7B
72
78
B2
B6
]B
t6
90
B6

76 5

0
É)
0
0
5
5
0
5

79
B7
7B

24
24
24
24
24
24
24
24
24

-)r significantly less than controls at p(0.016
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Since the cell strains were not at similar passage in thi-s

sttrdy, analysis of covariance v/as clone to determine if passage was

an important factor in cel1 attachment efficj-ency. Analysis of

covariance revealed that time was more important than passage in

ce11 attachment efficiency (p=0.O374 and 0.1488 respectively) and

analysis of variance showed that the attachment rates were

significantly di-fferent for the three groups (p=0.O374). The 1eve1

of significance for analysis of covariance and analysis of variance

is p(0.05.

Multiple comparisons with Bonferonni adjustment (Mi11er, l9B1)

of the means revealed significant clifferences in ce11 attachment

frequency at 5 hours for cell strains of controls versus patients

(p=O.OO3O) and for ce11 strains of controls versus heterozygotes

(p=0.0006) but not for ce1l strains of heterozygoles versus patients

(p=0.2125). The level of significance for these comparisons is

p<0.016. Ce1ls of patients and heterozygotes are initially slower to

adhere to tissue culture plates than control ce1ls but by 10 or 24

hours there is no signifícant difference in the number of cel1s that

have attached as compared !o controls.

3.I .I .2 Population Doublins Time

The growth curves of patient ce11 strains, heterozygote ce11

strains and control cel1 strains are shown in figure 1. Linear

regression revealecl significantly different growth rates for cell
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Figure 1: Growth curves of RS-SCS patient, heterozygote and control

fíbroblast cell strains after harvesting from stationary phase ancl

plating at uniform <lensi-ty (2 X rc4 ce11s/35 rnm rlish). The growth

curve for the RS-SCS patients, the heterozygotes and t-he controls

represent averaged data of four, three, and tr./o individuals

respectively.
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strains of patients versus controls and heterozygotes (p=O.OOO1).

Population rloubling times for RS-SCS cells are shown in table

2.. Statistical treatment of these results using Students-t tests,

revealed significant differences in doubling times between RS-SCS

cel1 populations, control cel1 populations and heterozygote cell

populations at p(0.05 but not between control cell populations and

heterozygote cell populations at p<0.05. RS-SCS ce1l populations

required 2.8 times more hours (range 2.3 to 3.3) to double than

control ce11 populations and 2.8 times more hours (range 2.1 to 3.6)

to double than heterozygote cell populations. It is unlikely that

passage was contributlng to the observed doubling time differences

in the ce1l strains as the mean passage for the RS-SCS cel1 strains,

control ce1l strains and heterozygote cell strains was 14.1 + I.6,

15.0 + 0.8 and 14.3 + 1.1 respectively.

3.1.1.3 Cell Density at Confluence

In this study, cel1 cultures were described as being confluent

when they entered a peiod of reduced or no growth (stationary

phase). Ce1l densities at confluence for RS-SCS ce11 strains,

control ce11 strains and heterozygote cel1 strains are shown in

table 3. Statistical treatment of these results using Students-t

tests revealed significant differences in ce11 density at confluence

for cell strains of patients versus controls and patients versus

heterozygotes at p(0.05 but not for ce11 strains of heterozygotes
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Table 2: Population Doubling Time

Ce11
Strain

Passage
72

Doublings/day
T2

Doubling time (hrs)
I 2 Mean

MEAN + SD
(nrã)

P1 f-M
Pzr-M
P3f-F
P4f-F

H3f-M
H3f-F
Hl f-F

15
13
I4
I4

16
I4
15
15

15
T6

T4
15
16

0
0
0
0

0
0

o.96
0. 87

33
32
36
37

B4
94

o.29
o.29
0.31
0. 30

72.7
75.O
66.7
64.9

28.6
25.5

29.6
31 .6
24.5

82. B

82. B

77.4
80.0

25.O
27 .6

7l .B
78.9
72.5
72.5

Cf-M
cf-F

T4
15

26.8
26.6

75.3 + 6.Bx

26.7 + 5.O

27.3 + 3.5

13
13
15

0.81 0.
o.76 0.
0.98 1.

25.5
10)
23.r

94
B2
o4

27 .6
30.4
23.8

fÊ significantly greater than controls and heterozygotes at p<0.05
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Table 3: Ce1l Density at Confluence

Ce11
Strain

Passage

I2

Mean no. cells at confluencv
(x to3/cm2)

I2
MEAN + SD

(x 107cm2)

P1 f-M
P2f-M
P3f-F
P4f_F

15
11
T4
T4

16
13
15
15

15
I6

14.9
15.2

15.2
13. B

T4
15

13
13
15

+B

7.9
8.2
6.2
6.5

B.B
B.i
8.4
8.2 7 0 9x

cf-M
Cf-F

H3f-M
H3f-F
Hl f-F

I4
15
I6

14.2
14.2
14.9

11.5
14.9
14.4

14.8 + 0.7

14.0 + 1.3

* significantly less than controls and heterozygotes at p(0.05
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versus controls at p<0.05. RS-SCS cel1 strains on average required

0.5 times (range 0.4 to 0.6) as many cells to reach confluence as

did control cells and 0.6 times (range 0.4 to 0.8) as many cel1s to

reach confluence as dld heterozygote ce1ls.

3 .1 . 1 .4 Cel1 Morpholosv

Lower cell density at confluence in RS-SCS monolayer culture

implies that RS-SCS ce1ls are large relative to control or

heterozygote ce11s. This difference in cel1 size is readily

apparent ín figure 2 (G,H,I). A higher magnification of RS-SCS

ce11s, control cells and heterozygote ce1ls is shown in figure 3.

In addition to covering more area, RS-SCS cel1s appear

to senesce at early passage. The photographs in figures 2 and 3 of

RS-SCS, control and heterozygote ce11s are taken from cultures at

passages 14, 15 and 15 respectivel.y. RS-SCS ce11s are flatter, have

nore processes, are stellate in shape, and contain numerous

cytoplasmic granules located near the nuclear periphery. The

irregularities in cel1 morphology are most evident in ce1ls after

they have attached to tj-ssue culture plates and have entered their

cell cycle (i.e. more than 24 hours after plating) . This is

apparent in figure 2.
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Figure 2: Density and morphology of fibroblasts from an RS-SCS

patient (A,D,G) , a heterozyq¡ote (B,E,H) , and a control (C,F,I) at

one day after plating (A,B,C), four days after plating (D,E,F) anrl

seven rlays after plating (G,H,I). Cell strains were photographed at

the same magnification (about 60 X).
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Figure 3: A higher magnification (about 150 x) of fibroblasts frorn

an RS-SCS patient (A), a heterozygote (B) , ancl a control (C) at

seven days after plating. RS-SCS cells are larger than heterozygore

or control cel1s and contain many cytoplasmic granules.



55



56

3.1.2 Cytosenetics

3.I.2.1 Staining,/Banding.

Solid Stai-nine

Solid stained chromosomes from an RS-SCS patient, a

heterozygote and a control are shown in figure 4. CI{P is readily

apparent in most RS-SCS lymphocytes and fibroblasts. In my

experience, only about /+Z of RS-SCS cells do not express CHP. In

those cells that express CHP many chromosomes are involved and

sister chromaticls appear repulsed at short and well loca1-ízed

regions. It is as if some nonstaining rnaterial has accumulated

between them. In those ce1ls and chromosomes that do not express

CHP, the centromeric region of the chromsomes are well defined and

are similar in appearance to those of heterozygotes and controls.
Oi--^ nIIn ,--- ---i l- -! I 1 ! I I rrrrlLe unf was iluL evrueuL lIr soJ_I(1 sLaJ-neu c¡lI onlosonles oI turee

heterozygotes, the chromosomes of these individuals were not

examined further with other banding and staining techniques.

C-Banding

C-banded chromosomes from an RS-SCS patient and a control are

shown ín figure 5. C-banding technique is specific for regions of

CH. Autosomes 1, 9 and 16 have relatively large C-bands and are

indicated in figure 5. In RS-SCS cel1s (figure 5A), the sister

chromatids tend to be separated so that the banding on each

chromatid is often resolved into 1-wo entities rvhereas in control

cells (figure 5B), sister chromatids are more closely apposed so

that the banding on each chromatid is fusecl into a single entity
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Figure 4: Solid stained preparations of lymphocyte metaphases from an

RS-SCS patient (A), a hererozygore (B), and a conrrol (C). CHp is

indicated in t\"/o meta/submetacentric chromosomes (arrows) and two

acrocentric chromosomes (arrowheads) in the RS-SCS metaphase (A). CHp

is not present in metaphases from heterozygotes (B) or controls (C).
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Figure 5: C-banded preparations of lymphocyte metaphase chromosomes

from an Rs-scs patient (A) and a control (B). chromosomes 1, 9, and 16

have relatively large C-bands and one of each of these chromosomes is
indicated.
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which seems to extend across both chromatids.

Distamycin A/DAPI Staining

Distarnycin A/DAPI stained chromosomes from an RS-SCS patient

and a control are shown in figure 6. Distamyci-n A/DAPI staining

highlights a subset of C-bands. This subset includes the C-bands of

chromosomes 1, 9 15, 16 and Y. The same subset of C-bands was

highlighted in RS-SCS cells when CHP \./as present. As in the routine

C-banded preparations (figure 5), the distamycin A/DAPI stained

C-bands are often resolved on both sister chromatids in RS-SCS

cells to appear as two entities and in control cells to appear as

one.

Q-Banding

Q-banded chrornosomes from an RS-SCS male ancl a conlrol male are

shown in fígrrre 7. The Y chromosome is the only chrornosome in the

human genome with noncentromeric CH. CH of the Y chromosome is

distally located. It fluoresces brilliantly on Q-banding and is

readily identifiable. Like many of the paracentromeric CH regions

in RS-SCS cells, the Y CH also shows CHP (figure 7A). Due to the

distal location of CH in the Y chromosome, repulsion is a better

descriptor of the observed phenomenon. Repulsion of Y chromsome CH

was evident in over half of the RS-SCS cells examined and in none of

the control cells. Paracentromeric CHP is not readily apparent in

Q-banded chromosomes.

G-Banding

G-banded chromosomes from an RS-SCS patient and a control are
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Figure 6: Distamycin A/DAPI preparations of metaphase chromosomes from

an RS-SCS patient (A) and a conrrol (B). compare wirh figure 5; only a

subset of C-band positive regions show bright distamycin A/DAPI

fluorescence.
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Figure 7: Q-banded preparations of lymphocyte metaphase chromosomes

from an RS-SCS ma1.e (A) and a contro'l male (B) . The Y chromosoÍìes are

indicated. Repulsion of the brightly staining heterochromatin region

of the Y chromosome in the Rs-scs male is readily apparent. cHP is

less apparent in the other chromoscrnes.
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shown in figure B. As in Q-banded preparations, CHP is not readily

apparent in most G-banded RS-SCS chromosomes. G-banded RS-SCS

chromosomes often have a rrailroad track' appearance. The

constrictions at the centromeres are often obliterated, resulting in

para11el sister chromaticls.

Replication Pattern

The replication pattern of chromosomes 1, 9, 16, D-group and

G-group chromosomes from an RS-SCS patient and a control are shown

in figure 9. 0n1y the CH regions rvere examined and no differences

in replication between RS-SCS CH and control CH were cletected. All

CH regions were uniformly du1l, indicating they were late

replicating.

Nlethvlation Pattern

The methylation patterns of RS-SCS and control chromosomes were

examined by analysing the effects of ÌtZA added to cel1 cultures in

the final hours of culturing. AZA added in the final hours of

culturing prevents condensation of CH regions. AZl^ treated

chromosomes from an RS-SCS patient and a control are shown in figure

10. Chromosomes 1, 9,15, 16 and Y were the main respondants to AZA

in lymphocytes and lymphoblasts of both patlents and controls.

Fibroblasts from patients and controls did not respond to AZA and as

a result, analysis was confined to lymphocytes and lymphoblasts.

The results are shown in table 4. Since the same subset of

chromosomes were the main responders to AZA, the chromosomal data

were pooled for the patient group and the control group ancl
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Figure B: G-banded preparations of lymphocyte metaphase chromosomes

from an Rs-scs patient (A) and a conr-ro1 (B). cHp is evidenr in
chromosome i (arrow) of the patientts ce1l. Precise localization of

centromeres in most chromosomes in this cell is difficult as compared

to precise localization of centromeres in the control ce1l.
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Figure 9: Partial karyotype of three BtJdR rreated lymphocytes fron

an RS-SCS patient (P) and a control (C). The bright bands are early

replicating and the dul1 bands are late replicating. The

constitutive heterochromatin regions (paracentromer:ic) are uniformly

late replicating.
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Figure 10: Chromosomal preparations of. AZA treated lymphocytes from an

RS-SCS patient (A) and a control (B). Compare with figure 6; the same

subset of C-bands that are highlighted by distamycin A/DAPI are also

undercondensed by AZA (arrows). Orrofiþsomes were identified by

Q-banding.
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Table 4: CH undercondensation i-n ce11s treated w:lth S-azacytidine

Ce11 Straín MEANNo. of
cells

Z of undercondensed CH regions in chromosomes
191516Y

SD

52.8 + 23.1

56

+
z

P11y-M
P2b_M
P3b-F
Cb-M
Cb_F
Gt46246

50
50
50
50
50
50

4),
74
B1
67
B5
62

31
BO

tó
1.)

B1
45

2B
52
6I
39
4B
74

37
59
75
5B
66
43

10
32

2B

)(

,l + 2O.4

CH=constitutive heterochromatin

!
l¡
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statistically analysed using a Students-t test. Such analyses

revealed no significant differences in response to AZA at p(0.05 for

patients versus controls.

Over B0% of the metaphases from RS-SCS cells and control cells

exhibited undercondensation in the main CH regions. The

undercondensed CH regions appeared as either double or single

threads in RS-SCS cells and as single threads in control cel1s.

Conspicuous length differences between the undercondensed regíons of

homologous autosomes were apparent in many RS-SCS cells and control

ce11s. In extreme instances, the heterochromatic region of one

chromosome v/as very long while the CH region of its homolog

exhibited no undercondensation.

In addition to the main AZA responders, chromosome 2 and

chromosome 19 also exhibited slight undercondensation in ce11s of

both patients and controls. Tn ce1ls of patients and controls

8.3 + I.5% and 7.3 + I.5% of chromosome 2s respectively exhibited

slight undercondensation; and 15.3 + 3.57. and 8.3 + 4.7% of

chromosome 19s respectively exhibited slight undercondensation.

Statistical treatment of these data using Students-t tests revealed

no significant differences in chromosome 2 and 19 involvement for

ce1ls of patients versus controls at p(0.05. The Students-t test

value for chromosome 19 (T=2.059) however was very close to the

critical Students-t test value at p(0.05 with four degrees of

freedom (T=2.I32). Figure 11 shows a cel1 wíth two F-group

chromosomes exhibiting undercondensation. The F-group chromosomes
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Figure 11: Chromosomal preparation of an AZA treated lymphocyte from

an RS-SCS patient. F-group chromosomes in this ce11 are exhibiting

slight undercondensation. Other chromosomes with undercondensation in

this ce1l are indicated. Chromatid breaks are common in AZA treated

ce1ls.
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hrere subsequently identified by Q-banding as chromosome 19s.

3.I .2.2 Cocultivation

The cytogenetic results for the lymphocyte cocultivations are

shown in table 5. The mean number of chromosomes with CHp per ce1l

was very similar for the two unrelated RS-SCS patients. All RS-SCS

cells continued to express CHP following cocultivation while none of

the control cel1s did. Statistical treatment of the data using

Students-t test analysis revealed no significant difference in CHP

expression for cocultivated lymphocytes versus noncocultivated

lymphocytes at p<0.05.

Figure 12 illustrates the frequency of CHP for each chromosome

or chromosome group from 20 metaphase cells. It- was not possible to

morphologically distinguish the individual members of chromosome

pairs but a percentage of greater than 50 suggests that both

homologs were occassionally affected. The overall number of

chromosomes wíth CHP per ce1l was slmilar in the lymphocytes of both

patients examined. No consistent increase or decrease of CHp

percentages in a particular chromosome or chromosome group \^/ere

observed in cocultivated versus noncocultivated lymphocytes of both

RS-SCS patients. CHP was not induced in control or heterozygote

lymphocyte chromosomes .

The cytogenetic results for the fibroblast cocultivations are



Table 5: cHP in Rs-scs cel1s from lymphocyte coculrivations

Cel1 lulixture No. of RS-SCS Mean no. of chromosomes
cel1s anal sed with CHP RS-SCS ce11 SD with CHP
cu t. Noncocu t. cu1t. Noncocult.

Range of chromosones
1

Cocult. Noncocult

P3b_F, Cb-M

P2b-M, Cb-F

20 20

20 20

33.0 + 6.2

34.0 + 5.4

31.5 + 6.1

33.5 + 7.6

20-4I

20-45

2r-40

17 -43

CHP = constitutive heterochromatln puffing;
RS-SCS = Roberts Syndrome-SC Phocomeli-a Syndrome;
Cocult. = cocultivation; Noncocult. = noncocultivation

coo



Figure 12z

cocul tivated
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Chromosomal distribution
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shown in table 6. Two patient ce11 strains were cocultivated with

two control cel1 strains and two heterozygol-e cell strains. No

differences in the percentage of CHP were found when varying

proportions of RS-SCS fj-broblasts: normal fibroblasts were

cocultivated. As a result, the 25 cells scored from each

cocultivation experiment involving fibroblasts from patient 4 were

pooled and only 1:1 cocultivation experiments involving cells frorn

patient 2 were performed. As in the lymphocyte cocultivations, all

RS-SCS cells continued to express CHP while none of the control

cells or heterozygote cells did. Statistical treatment of the data

using Students-t test analysis revealed no significant difference in

CHP expression in cocultivated fibroblasts vs. noncocultivated

fibroblasts at p<0.05.

Figure 13 illustrates the frequency of CHP for chromosomes 1, 9

and 16 as r,¡el1 as Y for patient 2. 0n1y 1, 9, 16 and Y were

examined in these cocultivations as over 5O7" of each of these

chromosomes routinely showed CHP. Hence if CHP correction had been

occurring ít would have been readily detected in chromosomes I, 9,

16 and Y in the number of RS-SCS metaphases scored.

The overall number of chromosomes 1, 9, and 16 with CHP per

cel1 \^¡as very similar in the f ibroblasts of both patients examined.

As in the lymphocyte cocultivations, ro consistent increase or

decrease of CHP percentages in chromosomes 1, 9 and 16 were observed

in cocultivated versus noncocultivatecl fibroblasts of both RS-SCS

patients. CHP in the Y chromosome of pati,ent 2 also did not



Table 6: cl{P ín Rs-scs cells from fibroblast coculti-vari-ons

Cel1 Mixture No. of RS-SCS
cel1s analvsed

Cocult. Noncocult.

Mean no. of RS-SCS 1,9,16,Yr+
chromosomes with CHP/cel 1 l+SD)

Cocult. Noncocult.

'r{-P4f -F,
-)r-x-P4f _F,

Pzf -Ì4.,
P2f-M,

Cf-M
H3f-M
Cf-F
H3f_F

t5
75
50
50

20
20
20
20

+
+
+
+

3.8
3.6
4.0
?o

3.9
3.6
3.9
4.7

7.2
0.5
0.9
1.1

1.0
0.8
0.7
I,2

+
+
+
+

-F data on Y included in P2f.-M only,
'x-;s pooled data; CHP = constitutive heterochromatin puffing;

RS-SCS = Roberts - SC Phocomelia Syndrome;
Cocult. = cocultivation; Noncocult. = noncocultivation

æ
Þ.



Figure 13: Chromosomal

cocultivated fibroblasts

(B).

B5

distribution of CT{P in noncocultivated and

of an RS-SCS male (A) and an RS-SCS female
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significantly respond to cocultivation with either normal or

heterozygote ce1ls. CHP was not induced in control or heterozygote

fibroblast chromosomes.

For the cells of the patients examined in the cocultivation

studies, there were intertissue and interpatient similarities in the

overall percentages of chromosomes 1, 9, 16 and Y with CHP. The

appearance of CHP j-n RS-SCS lymphocytes and fibroblasts is shown in

figure 14. CHP appearance was the same for a cel1 type regardless of

whether the ce11 was cocultivated or not. Premature centromere

separation was evident in a sma11 proportion of lymphocyte

chromosomes and in a much higher proportion of fibroblast

chromosomes. CHP was stil1 evident in lymphocyte chromosomes that

had undergone centromere separation (figure 144). In the RS-SCS

fibroblasts however, CHP was not always apparent in those cells that

had undergone extensive centromere separation ( figure 14C) . 0n1y

those fibroblasts with chromosomes that had no centromere separation

or very limited centromere separation are included in the data-
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Figure 14: Solid stained partial metaphases of RS-SCS cel1s. In

lynphocytes, CHP (arrows) is evident in chromosomes wj-th (A) and

without (B) premature centromere separation. In fibroblasts, CHP is

not evident in chromosomes with extensive centromere separation

(C)(arrows) but is evident in chromosones with limited or no

premature centromere separation (D)(arr:ows).
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3.t.2-3 Somatic Cell Fusion

Due to the absence of a complete selection system in our

intraspecific cell fusions, the hybrids were harvested from a mixed

cell population. Partial selection in the fusions was based on the

hybrid ce11rs ability to attach (in the case of

lymphoblast/fibroblast hybri-ds) and its speed of attachment.

Presumably ce11s of higher ploidy are heavier, fa1l to the bottom of

a culture dish faster and thereby attach sooner than their diploid

counterparts. Under optimal conditions, up to 22% of. the cel1s in a

mixed cel1 population from lymphoblast-fibroblast cel1 fusions were

hybrids and up to IB% of the cells j-n a mixed cel1 population from

fibroblast-fibroblast ce11 fusions were hybrids.

The cytogenetic results for the RS-SCS patient and control

intraspecific cell fusions are shov¿n in table 7. Twenty hybrid

cells were examined for each cell fusion as well as 20 RS-SCS

tetraploid cells and 20 RS-SCS diploid cells. The lymphoblast

tetraploid ce11s and hybrid cells had a chromosomal complement range

of 87 to 92. The fibroblast tetraploid cells had a chromosomal

complement range of 90 to 92, and only lymphoblast and fibroblast

diploid cells with 46 chromosomes were examined. 0n1y hybrid cel1s

and tetraploid ce1ls containing four chromosome 1s, four chromosome

9s, four chromosome l6s and zero to two Y chromosomes (depending

on the cell sex and ploidy) were scored and are included in the

data. Chromosomal loss appeared random in the tetraploid ce1ls and

the hybrid cells and probably represents technical artifact.



Table 7: CHP in chromosomes from RS-SCS ce11 x control cel1 fusions

Cells fused Mean no. of
Diploid cell

P /o

1, 9, 16, Yx chromosomes with CHP per
Tetraploid ce11 Hybrid ce11

P C P/P 7" P/C /"

22
20
20

0.8
0.5
0.6
0.4
0.7
0.6

+
+
+
+
+
+

P11y-M,
P1 f-M ,
P2f-M,
P2r.-i4.,
P1 f-M,
P3f-F,

Cf-F
Gt46246
Gtr6246
Cf-F
Cf-F
Cf-M

65.7
62.9
55.7
64.3
62.9
63.3

5 68.6
6 66.4
3 68.6
I 72.7
2 69.3
0 7r.7

4.6
4.4
?o
4.5
4.4
3.8

+
+
+
+
+
+

9.6 + 1

9.3 + 1

O.O tt
10.1 + 1

9.7 + I
s.6;1

0.9
0.7
0.9
0.8
1.0
0.8

1.6
I,4
7.4
1.3
1.3
1.3

18.
18.
a1

9
0
0
6
6
6

* data on Y included in Pl and P2 only; CHP = constitutive heterochromatin
puffing; RS-SCS = Roberts Syndrorne - SC Phocomelia Syndrome; P = patient
C = control

\o
t-¡
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Multiple comparisons with Bonferonni adjustment (Mi11er,

19Bl) of the mean percents of chromosomes 1, 9, 16 and Y revealed

significant differences in CHP expression for hybrid cel1s versus

RS-SCS diploid cel1s (p=O.OOO1) and for hybrid cells versus

tetraploid ce11s (p=0.000t). The level of significance for these

comparisons is p(0.016. Calculation of the mean percent of RS-SCS

chromosomes 1, 9, 16 and Y with CHP in the hybrid ce1ls was based on

the assumption that half of the nurnber of chromosomes 1, 9 and 16 in

the hybrid ce11 originated from the RS-SCS ce1l parent and rhat rhe

Y chromosome either originated from the RS-SCS cell parent or did

not. The RS-SCS tetraploid cells had approximately twice the mean

number of chromosomes with CTIP as the RS-SCS diploid ce1ls. As

expected if the fusion techníque itself v/as not j-nfluencing CHP,

the RS-SCS tetraploid ce1ls had approximately twice the mean number

of chromosomes with CHP as the RS-SCS diploid ce1ls. The overall

mean percent of chromosomes 1, 9, 16 and Y with CHP did not differ

between RS-SCS diploid ce11s and RS-SCS tetraploid cells.

Two hybrid cel1s obtained from the Plly-M x Cf-F cel1 fusions

showed no evidence of CHP. These t\^/o cel1s had i-ncomplete

chromosome complements. One cell was missing one of each of

chromosomes 1, 7,8,10 and 19 and the other cell was missing one of

each of chromosomes 17, 22 and an F-group. The parental origin of

these lost chromosomes could not be determined as their homologous

counterparts were morphologically indistinguishable. No other

hybrid cel1s, íncluding those with complete chromosome complements,

from any of the other RS-SCS patient x control cel1 fusions had
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complete correction of the CHP phenotype. Furthermore, induction of

CIIP was not observed in any of the hybrid cells. A hybrid ce11, a

control tetraploid cel1 and an RS-SCS tetraploid cell are shown in

figures 15, 16 and 17 respectively.

The cytogenetic resulLs for the RS-SCS patíent and

heterozygote intraspecific cel1 fusions are shown in table B. For

each ce11 fusion, 20 hybrid cells, 20 RS-SCS tetraploid ce11s and 20

RS-SCS diploid cells were examined. The lymphoblast tetraploid

cel1s and hybrid ce1ls had a chromosomal complement range of 87 to

92. The fibroblast tetraploid ce1ls had a chromosomal complement

range of 90 to 92 chromosomes and only lymphoblast and fibroblast

diploid cells wíth 46 chromosomes r¡ere examined. As with the RS-SCS

patient x control ce11 fusions, only hybrid ce11s and tetraploid

ce11s contaíning four chromosome 1ts, four chromosome 9ts, four

chromosome 16ts and zero to thro Y chromosomes (depending on the cell

sex and ploidy) were scored and are included in the data.

Chromosomal loss appeared random in the tetraploid ce1ls and hybrid

ce1ls.

Multiple comparisons wj-th Bonferonni ad-'justment of the mean

percents of chromosomes 1, 9, 16 and Y revealed significant

reduction in CHP expression for hybrid cel1s versus RS-SCS diploid

cel1s (p=0.0002) and for hybrid cel1s versus tetraploid cells

(P=0.0002) but not for diploid ce1ls versus tetraploid cell.s

(p=0.4450). The level of significance for these comparisons is

p<0.016. The meân percent of RS-SCS chromsomes 1, 9,16 and Y wirh
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Figure 15: Q-banded preparation of a hybrid cell formed by fusing ce1l

strains of an RS-SCS patient and a control. CHp (arrowheads) is

observed in two chromosomes.



oq
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Figure 16: Q*banded preparation of a control tetraploid cel1 formed by

self fusion in fusions i-nvolving cells of an RS-SCS patient and a

control. No CHP j-s evident. The centromeric regions are well defined.
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Figure 17: Q-banded preparation of an RS-SCS tetraploid cel1 formed by

self fusion in fusions involving ce1ls of an RS-SCS patient and a

control. CHP is evident in most chromosomes in this cel1. Many of the

centromeres have separated.
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Table B: CHP in chromosomes from RS-SCS ce11 x heterozygote ce11 fusions

Ce1ls fused Mean no. of 1,
Diploid cell

9, 16, Y#' chromosomes with CHP per
Tetraploid ce11 Hybrid ce1l

P H
o7 P/P P/H Z

H3f-F
H3f_F
H3f-M

P11y-M,
P2f-M,
P3f-F,

4.9
4.2
4.5

P

+
+
+

.9 70.0

.2 60.0

.0 7 s.0

1

1

1

i
1

i

+
+
+

o,
8.9
8.0

q

4 65.7
s 63.6
s 66.7

+
+
+

T,4
1.4
1.1

0.8
0.6
0.6

20.o
20.0
18. 3

'r Data on Y included in P1 and P2 only; CHP = constitutive heterochromatin
puffing, RS-SCS = Roberts - SC Phocomelia Syndrome; P = pari_ent;
Il = heterozygole

lJ

O
O
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CHP in the hybrid ce1ls was calculated as described for the RS-SCS

patient x control ce11 fusÍons.

One hybrid ce1l obtained from the P3f-F x H3f-M cel1 fusion

showed no evidence of CHP. This cell had a complete chromosomal

complement, i.e. 92,XXXY. The number of chromosomes with CHP in two

hybrid cells, with complete chromosome complements from the P3f-F x

H3f-M ce1l fusions, overlapped with the number of chromosomes with

CHP observed in diploid RS-SCS ce11s. These two hybrid cel1s had

three and four chromosomes respectively with CHP.

Students-t test analysis of the

with CHP in the hybrid cells of

fusions versus CHP in the hybrid

heterozygote ce11 fusions revealed

p<0.05. The heterozygote genome with

is equally effective at correcting

control genome with two normal alleles

mean percent of chromosomes

RS-SCS patient x control cel1

cells of RS-SCS patient x

no significant difference at

presumably one normal allele

CHP in RS-SCS cells as the

The cytogenetic results for the RS-SCS patient x RS-SCS patient

intraspecific , interpatient ce1l fusions are shown in table 9. For

each cell fusi-on, 20 hybrid ce1ls, 20 tetraploid ce1ls and 20

diploid cells from each patient were examined. The chromosomal

complement ranges in the parental tetraploid cells and the hybrid

cells were the same as those for RS-SCS patient x heterozygote cell

fusions. Chromosomal loss appeared random in the tetraploid ce11s

and hybrid ce11s.



Table 9: CHP in chromosomes from RS-SCS cell x RS-SCS ce11 fusions

Cel1s fused lvlean no. of 1,9,16 chromosornes with CHP per
Tetraploid cell Hybrid cell

Pa Pb PbÆb 7" /"P{IPa z Pa/Pb

P11y-M,
P1 1y-M,
Pzf-M,
P2f.-14,

P3f_F
P4f_F
P3f-F
P4f_F

62.5
60.0(o,
53. 3

65.
62.

7.5
7.2
7.r
6.4

+
+
+
+

5
2
7

7

1

1

1

1

4
B
a

7

1

1

1

1

+
+
+
+

7.5
7.I
6.8
8.0

a

9
7

9

62
59
56
66

+
+
+
+

7.8
7.5
6.7
7.3

1.5
1.8
1.5
1.5

55
60

0

R

B

CHP = constituti-ve heterochronatin puffing; RS-SCS = Roberts - SC Phocomelia
Syndrome; P = patient

F.
O
NJ
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Multiple comparisons with Bonferonni adjustment (Mi1ler,

l9B1) of the mean percents of chromosomes l, 9 and 16 revealed no

significant alteration in CHP expression for hybrid cel1s versus the

two kinds of RS-SCS tetraploid cells (p[a]=0.4404 and pIb]=0.9306).

The mean percents of chromosomes 1, 9 and 16 wíth CHP for each

parental tetraploid were not significantly different from one

another (p=0.03946). The 1evel of significance for these comparisons

is p(0.016. Lack of complementatíon in the hybrid ce1ls of the

RS-SCS x RS-SCS patient cell fusions suggests that the defect is the

same in the patients I ce1ls that were fused.
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3.2 Molecular

light microscopic examination of the nr:clear preparations using

phase contrast illumination revealed that the nuclei were intact

and largely free of cytoplasmic contamination.

3.2.I Chromatin Analysis

Chromatin from control and Rs-scs nuclear preparations were

digested with A269 units of micrococcal nuclease/lO6 nuclei for O,

5, 10, 20 and 40 minutes at 37"c. upon separation of the digested

nuclear DNA by ge1 electrophoresj-s and staining with ethidium

bromide, a micrococcal nuclease tladdert as shorvn in figure lB was

observed. Micrococcal nuclease preferentially cuts linker DNA.

Brief digestion releases polynrrcleosomes while more extensive

digestion releases mononucleosomes. This is indicated in figure 18

by the greater number of steps with longer digestions and the shift

in fluorometric intensity of the DNA to the bottom of the tladtìert.

There appeared to be no difference in the nucleosomal repeat pattern

between controls and patients indicating that the linker DNA lengths

were the same.

The accessibility of CH to digestion by micrococcal nuclease

was examined by Southern blotting time course digested DNAs and

hybridizing these DNAs r,¡ith radioactive labelled DNA probes mapping

to CH of chromosones 1 and Y. Autoradiograms of a radiolabelled DNA
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Figure 18: DNA from a control (c) and a patient (p), digested with 2

Aruo units of micrococcal nuclease/IOb nuclei for 0, 5, 10, 20 ancl 40

minutes at 37"C. Six micrograms of DNA were electrophoresed on a I%

agarose gel. Eight discrete steps are seen (numbers on right column)

in the more extensively digested DNA. Each step, approximately

separated by 200 bp, represents the DNA derived from mononucleosomes

through to octanucleosomes. Beyond eight steps, DNA smears are

evident. The smears represent DNA derived frorn polynucleosomes. Lamda

(^) digested with restriction endonucleases, Hind III and Eco RI,

served as a molecular size marker.
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blot are presented in figure 19. The DNA patterns on the

autoracliograms correspond closely to the DNA patterns observed on

the agarose gel (compare figures 18 and 19). Excltrding differences

in the concentration of DNA that was initially loaded in the various

lanes on the agarose ge1, there appeared to be no difference in the

accessibility of CH (at least of chromosomes 1 and Y) to micrococcal

nuclease digestion between patients and controls. RS-SCS CH was not

digested into oligonucleosomes faster than control CH.

3.2 .2 Protein Analvsis

3.2.2.I Histones

Histones prepared from human fibroblast nuclei were resolved on

SDS 15Z" polyacrylam-ide gels and are shown in figure 20. SDS

polyacrylamide ge1 electrophoresis (PAGE) separates proteins on the

basis of molecular wei-ght ancl is capable of resolving the histone

classes. The linker histone, H1, is the largest histone. It has an

apparent molecular weight of approximately 34 K in patients,

controls and heterozygotes. The core histones, HzA, H2B, H3 and H4,

have apparent nolecular weights of approximately 17 K, 16 K, 18 K

and 14.5 K respectively in patíents, controls and heterozygotes. No

differences in apparent molecular weights of the histones were

observed between patients, controls and heterozygotes.

Ilistones prepared from human fibroblast nuclei were also
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Figure 19: Autoradiograms from a Southern blot of micrococcal nuclease

<ligested DNA (shown in figure 18) hybridized with DNA probes mappíng

to CH of chromosomes 1 (pUCl.77; A) and Y (pY3.4; B).
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Figure 2Oz SDS 757. polyaacrylarnide minlslab gel containing calf

thymus histones (C f ) and human fibroblast histones from four

patients (P), two controls (C) and two heterozygotes (H). The C,

histones served as histone markers. A low molecular rveight narker

(BioRad) is included on the extreme left 1ane. All lanes containing

human protein were loaded rvith approxirnately 10 Fg of protein. The

unlabelled pr:oteins are primarily nonhistones.
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resolved on AUT 152 polyacrylamide gels and are shown in figure 21.

AUT PAGE separates proteins on the basis of molecular weight,

hydrophobicity and charge. AUT PAGE is capable of resolving the

histone classes, their variants and modified forms. The core

histones do not appear to differ between patients, controls and

heterozygotes. Histone Hl on the other hand appears to be of lower

concentration in samples from patients than in samples from controls

and heterozygotes. The samples from patients also had an anodally

migrating protein below H4 that was present in greater concentration

than in the samples from heterozygotes and controls. The decrease

in HI concentration in P3f-F an<l P4f-F samples was greater than for

Plf-M anrl P2f-M sarnples. P3f-F and P4f-F samples also hacl an anodal

band below H2B that was in higher concentration than in Plf-M and

P2f-14 samples. Samples f rom P3f -F and P/+f -F \^/ere processed, handled

and stored in the same way and at the same time as samples from Cf-M

and I13f-F. Samples from patients may be more susceptible to

degradation than samples from controls and heterozygotes.

Alternatively samples from patients may have higher intrinsic

protease levels than samples from controls and heterozygotes.

Due to the length of the AUT resolving gel (7 cm) not al1

histone species could be separated. The content of modified histone

forms coulcl be misleading if any of the nonhistone species were to

comigrate with the modified forms. Second dimension SDS PAGE was

performed on the AUT gel lanes. Second dimension gels are shown in

f igure 22. I{istone classes , variants ancl rnodif ied f orms are

indicated. Five variants of Hl (Hla, Hlb, I{1c, H1d and H1o ) ,
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Figure 21: Acid-urea-triton I57. polyacrylamide minislab ge1 containing

calf thymus histones (C f ) and human fibroblast histones from four

patients (P) , two controls (C) and two hererozygotes (H). The C 1

histones served as markers. The human histone classes and variants are

indicated in the column to right of the gel and modified forms are

indicated in the column to the left of the gel. AO, A1 and A, refer

unacetylated, monoacetylated and diacetylated species of histone H4.

All lanes were loaded with approximately 10 Äg of protein. The

unlabelled proteins are primarily nonhistones.
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Figure 222 Second dimension SDS 152 polyacrylamicle minislab gels

containing human fibroblast acirl soluble nuclear proteins from a

patient (A), a heterozygote (B) and a control (C). Hlstone classes,

variants and modified forms are labellecl. Two nonhist-ones in the

boxed region are labelled. The other unlabelled proteins are

nonhistones.
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f our variants of H2/. (H24. 1 , ll2|.2, H2A. X , H2A.Z) and one

ubiquiti-nated form (uH2A), four variants of Il3 (H3.1, Ii3.2, 113.3 and

H3.4) and no varj-ants of H2B and H4 were detected. Hlo was

generally in higher concentration relative to the protein

immediately above it (indicated by the arrowhead in figure 22) ín

samples of controls and heterozygotes. In three of four samples

from patients, Hl" and this protein were of approximately equal

concentration. In the sample from P4f-F, Hl o was in higher

concentration. No other differences in the histone classes,

variants and modifierl forms between patients, controls and

heterozygotes rvere observed.

3 .2.2.2 Other Àcid Soluble Nuclear Proteins

The unlabelled proteins that are observed in figures 20 and 2I

are primarily nonhistone in orígin. There were no apparent

qualitative differences between the nonhistone proteins of patients,

controls and heterozygotes on first dirnension gels. The proteins

migrating anodally to H2B in figure 2I are described previously and

probably represent Hl clegraclation as Hl is clecreased in these

samples.

Examination of the nonhistone proteins on second dimension

gels yielderl one consistent difference. It is indicated by t-he

boxed region in figure 22. The two proteins in this region

have been designated nonhistone chromosomal protein 1 (NHCP 1) and
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nonhistone chromosomal protein 2 (NHCP 2). NHCps 1 and 2 were

observecl in samples from controls and heterozygotes while only NHCP

2 was observed in samples from patients. Nonhistones from samples

of two controls, two heterozygotes and four unrelated patients were

examined. There was complete concordance with absence of NHCP 1 and

the origin of the sample being from a patient. In addition, visual

observatj-on of NHCPs 1 and 2 in the samples from heterozygotes

suggested less NHCP 1 relative to NHCP 2 as compared to controls.

NHCP 1 is a basic protein with an apparent molecular weight

between that of uH2A and H1 (17 K to 34 K). Its absence on rhe

first dimension AUT gel was not detected because of cornigration of

at least one other protein.
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4.O DISCUSSION

4.I Cytologica'l

4.I .7 Growth Characterictics

Clearly, cells from four RS-SCS patients examined in this study

have a multitude of abnormalities at the cellular level. These

abnormalities include an unusually long ce11 cyc1e, decreased

saturation density, atypical morphology and premature senescence.

That RS-SCS is an autosomal recessive disorder (McKusick, l9B3)

suggests that the basic alteration may be a deficiency of an enzyme

that is important for a variety of cel1 functions including normal

ce11 proliferation and morphology.

The decreased growth rate in RS-SCS ce1ls is not the result of

an lnitial lower ce11 attachment rate as no significant differences

were observed between the ce11 attachment efficiency of RS-SCS ce1ls

versus control cel1s and of RS-SCS cel1s versus heterozygote cells.

The decreased growth rates of RS-SCS ce1ls probably reflect an

íncrease in ce1l cycle length but the design of our experiments

precluded measurement of the ce1l cycle phases (G1, S, G2, M).

Tomkins and Sisken (1984) have shown that mitotic metaphase is

usually longer in RS-SCS cel1s but such an increase, which is in

minutes, is negligible in comparison to the prolonged ce11 cycle

time observed in our study. Many ce1ls with long ce11 cycles have

an increase in the gap phases - Gl and G2 of the cel1 cycle (Paton
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er al. , 1974) .

Reduced growth rates could also be explained if RS-SCS cel1

cultures have a higher proportion of nondividing ce11s than control

or heterozygotue ce11 cultures. Under such conditions RS-SCS cel1

doubling time could be the same as for control or heterozygote cel1s

but RS-SCS population rloubling time would be increased. This

possibility ís unlikely however as an increase in the histone H1

variant, H1o, was not observed. Hlo is observed in cells with

little or no ce1l division (Panyim and Chalkley, 1969; Medvedev et

â1. , 1978).

Alternatively, the reduced growth rates in RS-SCS fibroblasts

coulcl be due to irregular cell division as a result of the

heterochromatin abnormalities. Irregular cell division would result

in daughter cells with too few or too many chromosomes. Such an

imbalance would generally not be viable. Cel1 death was suggested

by the amount of debris observed in the medj-um of the RS-SCS

fibroblast cultures.

Another consistent finding in our stucly was that. RS-SCS cel1s

have a lower cell density at confluence relative to control or

heterozygote ce11s. This can be explained by their larger size and

the prevention of close packing and interdigitation of cel1s to form

a dense confluent monolayer as a result of abnormal morphology. In

spite of lower cel1 density at confluence, RS-SCS cells required a

longer time on average to achieve confluence. This observation has
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been reported by others (Tomkins and Sisken, 1984) for the RS-SCS

phenotype in culture.

The underlying processes responsible for the atypical

morphology of RS-SCS ce11s are not readily apparent. The atypical

fibroblast morphology is probably not linked to a defect in cell

adheslon and spreading (at least not initially) as RS-SCS fibroblast

morphology appeared very similar to the control and heterozygote

cultures during attachment. Once the ce1ls have attached and the

cel1 cycle has started, the cel1s begin taking on a distinct

atypical morphology. They have the appearance of fibroblasts that

have been seeded sparsely (Elsdale and Bard , 1972). They have broad

expansi-ve pseudopods and are stellate in shape. The RS-SCS cel1s

become large and have many cytoplasmic inclusions. The nature of

the cytoplasmic inclusions is unknown but thelr presence is

indicative of cel1s expending alot of energy. The fideli-ty of

protein synthesis may be dj-fferent in these large cel1s.

Decreased growth rates and increased ce11 size point to a

defect in growth regulation. This agrees with the aberrant pre- and

postnatal growth exhibited by RS-SCS patients. Increased ce11

doubling time and increased cel1 volume are associated with in vitro

aging (Hayflick, 1965; Cristofalo, 1972). The fact that our studies

utilized ce11 strains of less than 17 passages (early in their in

vitro lifespan) suggest that RS-SCS cel1s age prematurely in

culture. It is not known if RS-SCS patients age prematurely as many

do not survlve beyond two decades.
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Reduced growth rates and ce1l proliferation may confer an

overall handicap. RS-SCS cells can participate in normal pre- and

postnatal development except for critical stages when ca1led upon to

divide rapidly. Such stages could inclurle periods in the early

development of the brain and in certain skeletal and mesenchymal

derivatives. Slov¡ growth rates could then result in mental

retardation, short stature, facial malformations such as clefting of

the lip and palate, and lirnb deformities such as phocomelia. The

bilateral nature of RS-SCS suggests that the lesion is not sporadic

but a fairly general characteristic of the ce1ls involved.
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4.I .2 Cytoqenetics

4 .I .2.I Stainin /gup ndins

Different types of banding and staining provlde insights into

the substructure and organization of chromosomes and reveal a level

of organization imrnediately below that of the whole chromosome.

Solicl Staining

CHP is readíly apparent in solid stained chromosomes. CHP is

present in a variety of tíssues including blood, skin and more

recently has been reported in tumor tissue from an RS-SCS patient

(Parry et a1., 1986). The occurrence of some RS-SCS ce1ls that do

not express CHP, the variabilj-ty in chromosomal involvement within a

tissue and the observation that half of all RS-SCS patients do not

express CHP suggest that the observed phenomenon is probably the

result of a complex interaction of genetic and environmental

factors. The study of fragile X, with its expression dependancy on

culture medium (Sutherlancl, 1979), âB€ and intelligence (Chudley et

a1. , I9B2; Kno1l et a1. , I9B4), is a well known example of a genetic

disorder with cytogenetic expression affected by environmental

factors.

As with fragile X expression, CHP may be the resrrlt of aberrant

DNA metabolism. This suggestion comes from cytogenetic observations

made on pretreatment bone marrow from patients with vitamin 812

deficiency and/or folate deficiency (Heath ' 1966), and on bone
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marrow from a patient treated with cytosine arabinoside (8e11 et

â1., 1966) . Chromosomes from these individuals exhibited premature

centromere separation (PCS), a phenomenon in many ways resembling

CHP. Administration of vitamin 812 or folic acid to the patients

with BI2 and/or folate deficiency and cessation of cytosine

arabinoside treatment to the other patient returned their

chromosomes to normal. Folic acid deficiency and cytosine

arabinoside inhibit deoxythymidine and deoxycytosine synlhesis

respectively.

C-Bandin

C-banding requires a series of pretreatments of fixed

chromosomes prior to staining. Successive treatments in acid,

alkali and hot saline-citrate (Arrighi and Hsu, I97l) or DNase

digestion (A1fi et â1., 1973) are necessary for C-band formation.

Differential DNA retention in CH regions (Comings et a1. , \9731,

Pathak and Arrighi, I973; Holmquist , 1979) through stonger protein

bi-nding (Musich et ãI., 1977; Hsieh and Brutlag , 1979) or

conformational changes of certain chromosomal components (Hubbel1 et

a1 . , 1976) has been implicated in C-band formation. Puffing in

RS-SCS cells has not interfered or is not the result of an

interference of the properties of chromatin that are responsible for

C-band formation.

Di-stamvcin A/DA PT Stainins

Di-stamycin A

binding affinity

is a nonfluorescent antibiotic with specific

for adenine and thymidine rich DNA. DAPI is a
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fluorescent dye. It also has an affinity for adenine and thymidine

rich DNA. When chromosomes are stained with DAPI followed by

counterstaining with distamycin A, a specific subset of C-bands is

highlighted. The heterochromatic regions of chromosomes 1, 9, 16,

the distal long arm of Y and the proximal short arm of 15 stain

brightly while all other CH regions appear dull (Schweizer et a1.,

r9B2). The mechanism by which distamycin A/DAPI differentiates

C-band heterochromatin is not clearly understood. It is believed

the two chemicals are competing for similar sites (Latt et al.,

1981) but that DNA conformation (Zimmer, 1975) and chromosomal

protej-ns (Donton and Magenis, 1983) affect the availability of these

sites. Distamycin A has been shown to bind to the tBt form of DNA

but not the 'At form (Zimmer, 1975). Distamycin A/DAPI staining

also revealed no dlfferences in CH regions of ce1ls from RS-SCS

patients versus controls. The properties of chromatin required by

distamycin A/DAPI stainability have not been altered by the puffed

morphology in RS-SCS chromosomes. Distamycin A and DAPI highlighted

the same subset of C-bands in chromosomes of RS-SCS patlents as in

controls.

Q-Bandins

Q-banding requíres no pretreatment of fixed chromosomes prior

to staining. The precise mechanism of Q-band formation is unknown

but both protein composition and DNA base pair composition have been

implicared (Gottesfeld et al., I974; Latt et al., 1974; [latfleld et

aI., L975; Moser et al., 1981; Sumner' 1981). V/hatever the nature

of Q-bands, puffing in RS-SCS cel1s has not interrupted or is not
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the result of an interruption of the features of chromatin that are

responsible for Q-band formation in the CH regions.

G-Bandin

Despite the similarity of the Q- and the G-banding patterns,

G-banding requires pretreatment of fíxed chromosomes prior to

staining. A variety of pretreatments have been utílízecl to achj-eve

G-bands (Sumner et al., I97I; Seabright, 1972; Lee et a1., 1973) and

proteins have been implicated in the observed banding pattern. In

this study, brief trypsin digestion was used as the pretreatment

prior to staining. No differences in banding pattern in the CI{

regions of RS-SCS chromosomes versus control chromosomes v/ere

detected suggesting that the protein components necessary for G-band

formation are the same or sufficiently similar in RS-SCS patients

and controls.

lication Bandi

Heterochrornatin is generally late replicating and

transcriptionally inactive while euchromatin is early replicating

and transcriptionally active. There are exceptions to this rule

however . In certain organisms, transcription and earlier

replication of heterochromatin have been described (Hil1iker et al.,

1980; Varley et a1. , 1980). We hypothesized that the puffing in

RS-SCS cel1s could result in a chromatin configuration that would

alter its replication pattern and posslbly its transcriptional

activity or vice versa.

Replication is readily deterrnined in vitro by adding BUdR, a
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thymidine analog, to the late S-phase of growing lymphocyte or

lymphoblast cult-ures. The substitution of BUdR into DNA in place of

of thymidine drastically alters the staining characteristics of

chromatin. Chromatin containing BUdR appears du1l upon staining v/ith

fluorochromes whereas chromatin containing thymidine appears bright.

In addition to substitution by DNA base analogs, DNA composition '

protein distribution and/or differential packaging of chromatin can

also influence fluorescence. In general , the heterochromatic bands

are du1l and the euchromatic bands are bright. Examination of the

replication patterns of RS-SCS CH revealed no differences from

controls. hlith the level of detection used in this study, puffing

does not appear to alter the replication of CH in RS-SCS ce11s.

Methylation Pattern

AZA, when added to the late S-phase of growíng lymphocyte or

lymphoblast cultures, is incorporated into the replicating DNA in

place of cytosine (Cihak, I974; Viegas-Pequignot and Dutrillaux,

1976) . AZA cannot be methylated because of its chemical structure.

AZA has a nitrogen atom in place of a carbon atom in the fifth

position of the pyrimidine ring and it is the carbon atom in the

fifth position that is usually rnethylated. As a result, cells

treated with AZA have hypomethylated DNA (Jones and Taylor, 1980;

1981). Cytologically, this hypomethylation prevents condensation of

CH in chromosomes 1, 9,15, 16 and Y (Schmid et a1., 1983). These

undercondensed regions correspond well with the distamycin A/DAPI

banding pattern and is the same pattern as the anti-5-methylcytosine

banding pattern (Miller et ãI., 1974; Schnedl et
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a1., 1975) .

If methylation of the 5-position of cytosine pyrimidine ring is

a prerequisite for normal condensation during mitosis and CHP in

RS-SCS ce1ls is due to improper condensation, then it is conceivable

that the CH regions of RS-SCS cells are hypomethylated. Our

findings do not suggest that CHP is due to hypomethylation as CH

regions of chromosomes I, 9, 15, 16 and Y are also susceptible to

AZA.

In addition to the susceptibility of CH of chromosomes l, 9,

15, 16 and Y to AZA, chromosomes 2 and 19 were also susceptíble in

cel1s of controls and patients. In the RS-SCS cel1s of three out of

three patients examj-ned, chromosome 19 appeared to have a greater

susceptibility (albeit statistically insignificant) to AZA than

controls. The significance (or lack of it) of this finding is not

known at the present time but suggests that the CH region of

chromosome 19 is more methylated in RS-SCS cells.

Chromosome 19 is undoubtedly an important chromosome in the

human genome since very few cases of imbalance are known. It has

over 35 distinct gene loci assigned to it (Naylor et al., 1985;

Human Gene Mapping B). A polymorphism of the centromere of

chromosome 19, visible by C-banding, has been reported but no such

polymorphism was observed in the patients in this study and thus can

be ruled out as a cause of the tsusceptibility'to AZA.

Methylation has been irnplicated in gene regulation (Ehrlich and
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Wang, 1981; Felsenfeld and McGhee, 1982; Cooper, 1983; Doerfler,

1983; Busslinger et a1., 1983). Theoretically, the difference in

chromosome l9 in RS-SCS ce1ls could result in altered gene activity.

Perhaps the product from a gene located in or near the CH on

chromosome 19 regulates higher order CH organizaLion and in RS-SCS

this regulation has been altered by methylation so that a gene

product is deficient. Chromosome condensation factors have been

known for some time (for review see Adlakha and Rao, 1986) and

recently a human gene regulating chromosome condensation and

essentíal for ce1l proliferation has been cloned (Kai et a1. ' 1986).

The lack of condensation factors specific for higher order CH

organization would result in CH that is no longer organized in the

usual way.
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4.I .2.I Cocultivation

Partial or complete correction of an abnormal chromosomal

phenotype has been achieved in a number of disorders following

cocultivation with control cel1s. These disorders include Fanconi's

anemia (Nordenson et al., 1980), fragile X syndrome (Eberle et al.,

I?BZ), Bloom syndrome (Bartram et al., 1979; Rudiger et al., 1980),

and xeroderma pigmentosum (Bootsma and Galjaard , 7979). Roberts-SC

Phocomelia syndrome cannot be added to that list.

CHP in RS-SCS was not corrected by cocultivation with normal or

heterozygote ce11s. Six cocultivations lnvolving lymphocytes or

fibroblasts from three RS-SCS patients were performed and no

correction was indicated . I ikewise, rìo induction of CHP was

indicated in the control or heterozygote cells. Thus, the

presence of a |CHP correcting or CHP inducingr factor could not be

demonstrated in this systern. These results however did not exclude

that such a factor was produced but was unable to exert an effect

due to insufficient concentration or inability to enter the cell.

The first possibility, that the gene product was of

insufficient concentration, is unlikely as RS-SCS and non-RS-SCS

cells h,ere cultured together for 96 hotrrs and in trvo of the

cocultivations, three times the numbers of ce1ls from one person to

the other (and presurnably three times the amount of tCllP correctlng

or inducing proteinr) were inítia11y present.

The optimal length of cocultivation was based on mitotic index
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and cell density. Shorter cocultivation yielded too few metaphases

(RS-SCS and non-RS-SCS) and longer cocultivatÍon resulted in poor

recovery of RS-SCS metaphases paralleled with an increased recovery

of non-RS-SCS metaphases. Fewer RS-SCS cel1s relative to non-RS-SCS

ce1ls along with an increased amount of cellular debrj-s observed in

the culture medium of RS-SCS fibroblasts are in agreement with our

findings in section 4.1.1 that RS-SCS cells have abnormal ce11

growth and increased doubling time, and with the findings of others

(Tomkins and Slsken, 1984) that such ce1ls have abnormal

cytokinesis.

The second possibility, that a rcorrecting or inducing factorr

was unable to enter or leave the cel1 is very likely as ce11s were

grown to a density such that there was membrane contact. Tt is

rrnlikely that contact feeding (Migeon et al., I974) or metabolic

cooperation (Friedmann et â1., 1968) was affected by culturi-ng

technique and environment. To cletermine whether or not the lack of

effect was due to nondiffusibility was accomplished by fusing cells

of RS-SCS patients with ce11s of controls or heterozygotes. The

results of such fusions will be discussed in the following section.

4.r 2 -3 Somatic Ce11 Fusion

Intraspecific somatic cel1 hybrids tend to retain a complete or

near complete chromosome complement unlike interspeclfic ce11

hybrids involving nontransformed human cel1s. Thus, intraspecific
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cell hybrids are very useful for evaluating alterations in

chromosomal phenotype i-n a number of disorders. Intraspecific human

cell hybrids have been successfully obtained in such chromosomal

disorders as Fanconirs anemia (Yoshida, 1980), fragile X syndrome

(Bryant et al., 1983) and Bloom syndrome (Bryant et al., 1979;

Shiraishi et al., 1981) and partial or complete correction of the

abnormal chromosomal phenotype has been observed. Roberts-SC

Phocomelia syndrome can now be addecl to the list.

We analysed CHP in the mixed ce11 population from short term

culttrres after ce1l fusion ( i0 days or less) without isolating

hybrid ce1l clones, because of the absence of a complete selective

system for the hybrids and the possible inability of hybrid cel1s to

proliferate as a result of early senescence in RS-SCS cells. The

chromosome analysis in the hybrid cells was not complicated by the

presence of unfused diploid cel1s and tetraploid ce11s resulting

from self-fusion of each parental ce11 line. In fact, the unfused

diploid ce11s and parental tetraploid ce11s served as internal

controls. The fusion experiments showed no effect on the frequency

of CHP in unfused normal diploid cel1s in the mixed ce11 culture,

demonstrating that there was no mutual interaction (as shown

previously in the cocultivation experiments) between RS-SCS and

non-RS-SCS fibroblasts in the mixed cell culture.

In the fusions between cel1s of patients and controls, the

frequency of CHP was reduced, suggesting that the gene product which

is deficient or defective in RS-SCS is supplied in part by the
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normal genome. Alternatively, it could be argued that the observed

correction was not the result of the presence of the normal genome

but rather was the result of a disruption of the two individual

cellular environments to create a ne\{ single larger one. This

possÍbilÍty however can be ruled out as no reduction in frequency of

CHP \^/as observed in RS-SCS tetraploid cells in the mixed ce1l

population. The frequency of CHP was approximately twice that of

the RS-SCS parent diploid cel1s. The correction of the cytogenetic

phenomenon by fusion rather than cocultivation reflects an intrinsic

genetic defect in RS-SCS cel1s rather than an exogenous production

of a CH affecting agent.

hlhen one observes correction (partial or complete) of an

abnormal cel1u1ar phenotype in intraspeci-fic cel1 hybrids involving

patient and control ce11s, one immediately questions whether or not

such a system would be useful in hetero zygoLe detection. As a

result-, intraspecific ce11 fusions between RS-SCS patient and

heterozygote ce11s were performed and ce11 hybrids were obtained.

Such cell hybrids contained three abnorrnal a11e1es and a single

normal a1lele for the as yet unidentified gene defect. The ce11

hybrids showed a reduction in the frequency of CHP as compared to

RS-SCS tetraploid cel1s but that reduction was of the same magnitude

as for the RS-SCS/control ce1l hybrids. These results suggest that

heterozygote detection is not possible using intrapsecific cell

fusion and that the amount of gene product from one gene is

suffícient to obtain correction.

Intraspecific ce1l fusion \^/as also used to investigate the
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possibility of genetic heterogeneity among our patj-ents. Genetic

heterogeneity of a number of bj-ochemical disorders (Nadler et â1. ,

I9lO; Galjaard et â1., I974; Gravel et al., 7975; Horwitz, 1979;

Chang and Davidson, 1980; Hoogeveen et al., 1980; Mclnnes et al.,

1984) xeroderma pigmentosum (de-\^/eerd-Kastelein et al., 1972; de

hieerd-Kastelein et al., 1974; Kraemer et a1. , 1975) and Fanconi's

anemia (Zakrezewski and Sperling, 1980) has been demonstrated to be

due to different rnutations by complementation analyses in hybrid

cells formed by fusing different deficient fibroblasts from each

heterogeneous disorder. I,r/e r.¡ere unable to detect heterogeneity by

complementation analyses in the RS-SCS patients in this study. The

number of different fusions performed was limited by hybrì-d

identification on the basis of sex chromosome complement. As a

result, only four male/female fusions could be performed. Our

results show that ce1ls of patient 1 did not correct CHP in cells of

patíents 3 or 4 or vice versa; and that cells of patient 2 did not

correct CHP in cells of patients 3 and 4 or vice versa. It appears

that the male RS-SCS patients have the same genetic lesion as the

female RS-SCS patients.

Whether CHP expression and the clinical phenotype are

interrelated remains to be determined. All of the patients in this

study express CHP and are on the mild to j-ntermediate end of the

clinical spectrum. Fusion of ce11s expressing CHP from patients on

opposite ends of the clinical spectra, and fusion of cells

expressing and not expressing CHP from patients on opposite ends of

the clinical spectrum would be useful in determining the
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interrelatedness of CHP and clinical phenotype and the existence of

heterogeneity.

4.2 ltfolecular

4.2.I Chromatin Analys].s

Experiments were performed on isolated nuclei. It is assumerl

that in such experiments, most of the original struclure of

chromatin remains unchanged and that the characteristics that make

RS-SCS chromatin in metaphase cells unique are also rnanifested in

RS-SCS chromatin from i-nterphase cel1s.

The accessibility of nuclear DNA to micrococcal nuclease

digestion is limited by the presence of chromosomal proteins. Most

animal tissues exhibit DNA repeat lengths of approximately 2OO base

pairs. There are however exceptions where the length of linker DNA

is shorter. These exceptions have been associated with

transcriptional activlty and development (oshima et ar., 1980;

Brown, r9B2). No difference in linker DNA lengrh in Rs-scs

chromatin was observed in our investigations. subsequently, the

kinetics of CH processing were examined using radiolabelled DNA

probes and no differences were observecl. There appear to be no

additional factors important in restricting the major sites of

action of micrococcal nuclease to linker DNA. The lower 1evel of

DNA folding appears to be normal in chromatin with cHp.

Alternatively, CHP may be a phenonenon restrictecl to a particular

portion of the ce1l cycle. It may not be manifested in interphase

nuclei.
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4.2.2 Protein Analysis

4 2 2 1 Histones

Histones from RS-SCS patient fibroblasts, control fibroblasts

and heterozygote fibroblasts h'ere examined. Histones are a highly

conserved group of proteins involved in the folding of DNA. The

true molecular weight of Hl, H2A , H2B, H3 and H4 are approximately

23 K, 14 K, 13.5 K, 15 K and 14.5 K respectively (Lewin, 1985).

These molecular weights are considerably lower than the apparent

molecular weights as determined from SDS ge1s. The apparent

molecular weights for H1, H2A, H2B, H3 and H4 are approximately 34

K, 17 K, 16 K, 18 K and 14.5 K respectively. The discrepancy

between the true molecular weights (as determined by sequencing) and

the apparent molecular wei-ghts is due to the altered mobility of the

histones on SDS gels as result of their extensive binding to SDS

(l,Jeber and Osborn, 1975). No differences in the apparent molecular

weights of the histone classes \^rere observed between patients,

controls and heterozygotes.

Histone variants and modified forms were also examined for they

have been impl.icated in different roles in the ce1l. For instance,

the presence of H1 is essential for the formation of 30 nm chromatin

fibers (Isenberg, 1979) and Hl variants appear to differ in their

ability to condense DNA (Co1e , I9B4; I-ennox , I9B4). Phosphorylated

forms of HI are involved in chromosomal condensation during

prophase, metaphase and anaphase and the phosphorylation of Hl is
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cel1 cycle dependent and primarily occurs just prior to and during

mitosis (Alberts et 41. , 1983) . In RS-SCS ce11s there is an

apparent decrease in Ì11. This apparent decrease is probably an

artifact as degradation of fli was noted and chromatin srtsceptibility

to micrococcal nuclease was not altered in RS-SCS cells.

hlith regard to I{1", there was generally a higher concentration

in control and heterozygote cel1s as compared to cells of patients.

Hl " accumulates in grorvth inhibited cultured cells (Panyim and

Chalkley , 7969; Pehrson and Co1e, 1980) . Growth inhibition of

control cel1 strains and heterozygote cel1 strains is unlikely as

culture medium was changed one cel1 cycle prior to harvesting and

cell harvesting was generally performed at or near confluence.

Growth inhibition however can not be ruled out because when many

ce11s (the equivalent of 2O to 30 - 150mm plates) are needed for one

protein extraction, it is possible that some of the ce11 cultures

surpass confluence. Cells were harvested when at least 50% of the

monolayer cultures were confluent.

The signi-ficance of the protein above H1 " ( indicated by

arrowhead in figure 22) is not known, but its presence in both

patient samples and nonpatient samples and the discordance in its

intensities between patients I samples suggests it is not related to

the RS-SCS ce1lular phenotype.

No other differences in histones were observed. These findings

suggest that chromatin structure in RS-SCS cells is not altered as a
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result of histone (variant or modified) composition.

4.2.2.2 Other Acid Soluble Nuclear Proteins

\rlhen histones were extracted by the method employed in this

study, a series of other basic nuclear proteins were also extracted.

These protei-ns belong to the group of proteins collectively termed

nonhistones. Careful analyses of the second dimension gels revealed

one consistent difference. A nonhistone protein, migrating to the

same position in each ge1, was missing in all four of the patients

and present in all of the nonpatients (two control.s and two

heterozygotes) . Moreover, the results were suggestive of

quantitative differences of this protein between heterozygotes and

controls. The heterozygotes appeared to have less. These findi-ngs

support an autosomal recessive etiology and provide the first direct

evidence that a gene product is absent in RS-SCS patients. Its

location in the nucleus agrees with our earlier findings on the

absence of CHP correction in RS-SCS cells cocultivated with control

or heterozygote cells and the presence of CHP correction in RS-SCS

ce1ls fused with control or heterozygote cel1s.

The absence of a protein neans either the mature protein is not

but leaves theproduced for one reason or another; or is produced

nucleus, is more sensitive to acid extraction or

and is readily degraded. The reproducibility of the

in the vicinity of the 'missing protein I on the

gels argue against the latter suggestion.

is very unstable

protein pattern

second dimension
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The possibility that NHCP 2 is the unnodified form of NHCP 1 is

unlikely as no ttailingr of NHCP 2 was observed, as is evident in

histone H4 for example where various modified (acetylated) forms

exist. NHCPs 1 and 2 appeared as two distinct entities in samples

from both the controls and heterozygotes.

NHCP 1 migrates in the region of high mobility group proteins

(fMGs) (Davie, personal communication) on SDS gels. HMGs are one of

the best characterized groups of nonhistone proteins. They are

abundant, relatively small and highly charged. IIMGs have been

implicated in gene regulation and chronatj-n structure (Goodwin et

a1., I97B; Levy-hlilson et â1., 7979; Cartwright et al., 1982).

ü/hether or not the apparent molecular weight of NHCP 1 coincides

with the true molecular weight of HMGs 1 and 2 remains to be

resolved.

One can only speculate about the role of NHCP 1 and r¿onder

whether or not NHCP 1 is the primary biochernical defect in RS-SCS

ce1ls, or is secondary to some other metabolic disturbance. If the

'missing I protein described here is responsible for RS-SCS , it

should be missing in all fibroblast strains frorn RS-SCS patients,

unless there is genetic heterogeneity in this disorder.

Investigation of proteins from RS-SCS fibroblast cel1 strains that

do not express CHP would prove useful in determining this. Whether

or not this protein is missing in other tissues is not known at the

present time but such information would gíve insight as to whether

or not we are dealing with a fibroblast specific factor.
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5.0 SUMMARY

Cytological and molecular investigatíons on cel1s from four

RS-SCS patients revealed the following:

Growth Characteristics

l. Ce1l attachment efficiency for RS-SCS cel1s is the same as that

for control or heterozygote ce1ls at 24 hours after plating.

However, it appears that RS-scS ce11s may initially be slower to

attach but are able to rcatch upr by 24 hours.

2. Cell population doubling time for RS-SCS cells is three times

greater than that for controls or heter:ozygotes.

3. RS-SCS cel1s have a lower cel1 density at confluence than

control or heterozygote cel1s. On average they require only half as

many cel1s to achieve confluence.

4. Despite the lower ce1l density at confluence, RS-scS ce11s still

require a longer time to reach confluence than ce11s of controls or

heterozygotes. RS-SCS cel1s required 7 days to attain confluence

whereas control or heterozygote cells required only 4 days.

5. Rs-scs cel1s are very large and have an irregular shape. They

have many processes and cytoplasmic granules. RS-SCS ce11s have the

appearance of tstressedr ce1ls.
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6. Ce1ls from heterozygotes cannot be differentiated from those of

controls on the basis of the parameters used in this study.

Cytoqenetic

1. Not all cells

that express CHP

homologs) .

in any one patient express CHP. In those ce11s

not all chromosomes are involvecl (and not all

2. The reactivity of CH in RS-SCS cells to variotrs sLains and base

analogs i-s not altered by puffing.

3. chromosome 19 in RS-SCS ce11s appears to be more susceptible to

AZA than chromosome 19s in control cel1s.

4. cHP is not induced in control or heterozygote ce1ls by

cocultivating or fusing with RS-SCS ce1ls.

5- cHP is not corrected in Rs-scs celrs by cocultivation with

control or heterozygote cel1s. It is however corrected (at least

partially) by fusion with control or heterozygote cells.

6. Fusion of RS-SCS cel1s wíth control or heterozygote ce1ls does

not result in different amounts of correction.

7 . Based on the lack of complementation in ce1l hybrids obtained by
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fusing cel1s from different patients, there appears to be no genetic

heterogeneity in the patients in this study.

Molecular

1. Lower order chromatin structure does not appear to be disrupted

in RS-SCS cel1s.

2. Chromatin processing does not appear to be altered in RS-SCS

cel1s.

3. No consistent differences in histone variants and modified forms

were found between RS-SCS chromatin and control or heterozygote

chromatin. Thus, histone variants and modified forms can be ruled

out as contributory factors in CHP.

4. A nonhistone designated NHCP 1 is missj-ng in all of the patients

studied and appears reduced in heterozygotes. NHCP I is a nuclear

proteín. It ís basic and has an apparent molecular weight of 17 K to

34 K. ltlhether NHCP 1 is primary or secondary to CHP or RS-SCS ís

not knor+n at the present time and requíres further i-nvestigation.

6.0 CONCLUSION

In conclusion, these investigations have given lnsight into the

etiology of RS-SCS. RS-SCS fits an autosomal recessive model with
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no apparent heterogeneity. Cells of homozygotes exhibit abnormal

growth characteristics in vitro, have constitutive heterochromatin

puffing, are unable to induce puffing in non-RS-SCS cells and

apparently are missing a protein desi-gnated NHCP 1. Ce1ls of

heterozygotes on the other hand exhibit normal growth

characteristics in vitro, have normal chromosomes, are able to

correct puffing in RS-SCS ce1ls to the same extent as control cel1s

and have NHCP 1. The relative amount of NHCP 1 appears lower in

heterozygotes as compared to controls.

The relationship between NHCP 1 and the nondiffusible CHP

corrective factor 1s not known at the present time. NHCP 1 and the

CHP corrective factor could well be one in the same entity. NIICP I

has many potential clinical and basic science i-mplications. It

seems that only now the etiology of RS-SCS is beginning to unfold

and future investigations should prove very exciting.
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B.O APPENDIX

Buffers and Solutions

Acetic acid/r.rrea sample buffer

Antibiotics (100 X)

O.I7. pyronin Y (w/v)
0.75 M potassium acetate, pll 4.5
207" glyceroL
6 M urea

10 mg streptomycin sulphate
10 units pencillin G

ddH20 ro 1 I
Blotto

Buffer A

Buffer O

0.5% nonfat powdered milk (w/v)

10 mM Tris-HCl, pH 7.5
10 ml'l NaCl
5 mM MgC1,

62.5 mM Tris-HC1, pH 6.8
2.32 SDS (w/v)
IO7" glycerol (v/v)
5% 2 -mercaptoethanol &/v)

Buffer E 40 mM Tris
1 mM EDTA

20 mM sodi-um acetate
O.642 HC02H (v/u)

Digest buffer 10 mM piperazine-N, N'-bis[2-ethane-sulfonic acid]I M hexylene glycol
30 mM sodium butyrate
iZ rhiodiglycol (v/v)
2 rnM MgCl^

Adjusr pH to 7.0 wjrh NaOH

Ficol1 DNA buffer (10 X) 12% fícol1 (w/v) in buffe
O.257" bromophenol blue (w

Gurr's buffer 7 rnl'l KH^PO,
om l,t ttalHeöo
Adjtrst pH tó 6.8

Hanks basi-c salt solution catalogue no. 450-1200 (Gibco)
1.75 g NaHCO.
ddH0ro51'

Phosphate buffered saline (pBS) 137 mM NaCl
3 mM KC1
B mM Na^HPOO

1.5 nM rHlpo,
Ad jusr pllzroa5.l

rE
/u)
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PMSF Stock: 1

h/orking:

Prehybridization solution

Reducing Mix

n isopropanol
n isopropanol

phenol red
NaCl
KC1
NarHPOo (anhydrous)
KH:PO, '

4'r a

477" deionized formamide
102 dextran sulphate
1Z SDS

0.54 M NaCl
30 mM sod j-um phosphate, pH 7. O

30 mM EDTA
0.52 blotto
2 mg salmon sperm DNA

00mMi
lmMi

1 M Tris-acetate, pll B.B
ddH?O ( lv)
2-mðrcaptoethanol (1u)
cysteamine ( 1v)

( 1v)

Saline D 0.096 g
640 g
32e

1.9 e
2-4 e

ddH 0 ro

Trypsin

1 X SDS tray buffer:

2 X SDS sample buffer

Sorensonrs buffer

0.1 X SSC

250 ml saline D

2.5 e trypsin
5.0 g dextrose
0.65 g NHCOI
50 m1 antibidrics ( 100 X)
ddH20 to 5 1

50 mM Tris
0.38 M glycine
3.5 mM SDS

O.I25 M Tr:is-HC1 , pH 6.8
4Z SDS

20% gTycerol (w/v)
LO7" 2-nercaptoe thanol
O.OO27" bromophenol blue (*/v)

67 mM

67 mM

Adjus

15 mM NaCl
1.5 mM sodium citrate

¡Po t
fHrd
Hto

KH

Na
pt 4-

b.5

T
oEr

10 mM Tris-llC1, pH 8.0
1 mM BDTA

10 mM Tris-HCl, pll 8.0
10 mM NaCl
2 mM EDTA

I

2
TNE




