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‘ ABSTRACT

The replication kinetics of human chromosomes employing 5-bromo-
deoxyuridine (BrdU) has been reported by only a few individuals. These ;
investigations involved the use of different tissues, amniotic fluid |
" or blood cells, and modified techniques.  Consequently, the origins
of'the-conflicting replication patterns oUblished were indeterminate.

" Technical difficulties characteristic of this BrdU-replication pro-
cedure were reported to be very low mitoticsindices and elongated E
chromosomes unsuitable for‘banding ThlS prOJect was initiated to
resolve some of the contradictory replicatlon klnetlcs and the tech—
nical problems reported. | |

Diploid human female fibroblast‘linew, 46‘XX was selectedifrom
which the replication map of these chromosomes could be constructed

In addition, human female fibroblast llne, 46,X del(X)(qlB) was chosen

whlch had lost a portlon of the long arm of one X chromosome This was ‘"Jf

chosen to determine whether a deletion of a chromosomal segment will
alter intrachromosomal replication kinetics or the interchromosomalv
repllcatlon map. | E
Replication mapping utlllzes BrdU‘ a base analogue of thymld!ne, j"
~which is incorporated into those chromosomal regions which are in the'
process of replicating their DNA during‘the synthesis (S) phase of the
_cell cycle. Such regions’substituted with Brdedecrease the staining
intensity of Heechst or Giemsa. Consequently? regions substituted
with thymidine stain darker than those substituted with BrdU. This
enables the precise localization of early, middle and late S DNA rep-

licating regions of chromosomes depending upon the time of addition




of BrdU or thymidine.

In order to obtain replication.map,.the toxicity of BrdU and
FrdU upon Tibroblasts was overcome and a new experimental protocol
devised. Also, more efficient.staining procedure for the photographing
of sequentially Q? and Gfemsa Replication (GR) banded chromosomesvwas
developed. Ut|l|21ng these procedures a replucatlon map - of human.

fibroblast chromosomes from both cel] llnes was obtalned

-

Each chromosome was found to staln homogeneous]y dark_when'thy-{shhhiﬁﬂ”;4”2h

midine was incorporated for the entire S phase of that particUIar cell.

As the duration in thymidine progressively decreased,hthe staining.

~intensity of chromosomes concurrently decreased and gaps in the'stain4-ffh SR

ing began to appear. These gaps coinc}ded wfth.R;bands »APresomably
these regnons represent the earltest areas to complete 'DNA synthes:s.‘
As ‘these areas wnden and increase in frequency, thlS resu]ts in flrst
the appearance of Q- or G— bands and fxna]]y inaC- bandlng pattern
Homologous X chromosomes were easnly dnfferentnated elther by a‘v

comparison of the bands present or thelr stalnlng lntenSIty Repll-

,catlon klnethS of the structurally abnormal heterocycllc X chromosome fEl

was determlned to be very s:mllar to that of the normal heterocycllc X"
chromosome. The X chromosome with a deletion of ‘a portlon of the
fong arm was consistent]y late replicating, These fiﬁdihgs?éré'dohct'

or Brown and. Chandra _(1973).
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INTRODUCT ION

Replication mapping of chromosomes has been developed very
recently and empioys 54bromodeo£yuridine (BrdU), a base analog of
thymidine; which wiil be incorporated into cellular DNA during synthesis
(S) phase of the cell cycle. When BrdU is administered during the S
phase it W|ll be |ncorporated into those chromosomal - reglons whtch are
i in the process of replicating their DNA. = Such regjons wyth BrdU‘sub-
stituted for‘thymidihe show a marked decondensation. (Zakharor, 1971
- 1972, 1973, 1974) . In addltlon, BrdU possesses the property of quen~
"chlng the fluorescence.of specific fluorescent dyes such as the bis-

benzimidazole dye 33258 Hoechst (Latt, 1973, 1974) or decreasing the

staining intensity of Giemsa (Korenberg and'Freedlender,-1974; Perry‘v_ HE

- and Vol ff, 1974).

The |nterva] of the S phase at which BrdU is avallab]e to a cel]
_wnll determlne the resultlng staining of the chromosome.' Thls make5'°tv g
possible the precise ]oca]nzatlon of early, msddle, and ]ate S DNA rep-:’,;?

~. licating regions of chromosomes Thus research prOJect descrlbes the

replication pattern of human diploid fibroblast chromosomes.tfln add1qf~A}77 e

~ tion, another objective was to determine whether a deletion of a chrom- -

.osomal segment would alter'the intrachromosomal replicetion pattern’
or the interchromosomal replicatfon map. For this purpose a human
ffbroblast stréintSK5239jwas'chosen which had lost a portion orﬁthe
]ohg arm of one X chromosome; This will enable”the chromosomal regiohs.
of late S DNA replication to be precisely compared.

The very nature of the substances involved;xtheir specific Incor=-

poration into DNA of chromosomes in conjunction with the specific effect



upon dyes will enable a more preéise determination of replication
patterns than was previously obtainable with autoradiography.
Only a limited number of individuals have been able to report

the replication pattern of human chromesomes employing a modified Brdu

 technique. Epplen et al. (1975), Grzeschik et al. (1975) and Latt (1975)

reported only the late replicating areas while Kim et al. (1975)

reported only the early replicating regions. All of these researches

~involved the use of amniotic fluid or blood éé]]s. However, discre-

pancies exist in the replication patterns reported.. In édditioq; in*v 
herent technicai difficulties result in very low Mitotic jndices and
poor quality mitoses (Craig-Ho]mes, 1975). Thgrefore, this pfojécf

was initiated tovreso]vé the,contrédictbry replication patternsfv
reported and-also to évercbme@the technical problems reported. Thései
are critical if tHe Qidespread applications and potential of this

technique are to be realized.
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LITERATURE REVIEW

In order to éomprehensively.review this topic, several diverse
but related subjects must be examined. The cell cycle of diploid human

fibroblast derived from fetal tissue must be closely approximated to

obtain informative results. The metabolism qf nucleotides, their incor-
iporation into DNA and sécoﬁdary cytological effects must be ;tudied.v'
‘The molecu]qr basis of thé observed staining effects of Brdu must-be
understood fn order for an appropriate technical prbtocol to_be_defef-

"mined.

The Iife'cyclé'of,metabo]izing‘cé]ls has been divided ;ir;t_o‘ an
intefphase_consisting_of Gi;‘S, and G, périods and é mitotic'bhase :
(Howard.and Pelc, 1953). Chromosomal DNA i§ doubled during a deffned

period of intérphase, the synthesfs or S-phase. After mitosfs<and3
befqre-the S-period, the DNA cbﬁtent'of the intérphase huc]eus iglcoh-

~ stant. This phase ié‘galled the first gap period, or-G] period. Ina ;”filfff S
‘similar manﬁer, the DNA content remains constant éfter the tééﬁinétion

.of DNA synthesis in the S phasé until the chromosohés divide iﬁfmitosié..#
.f_This is the second gap period of the cell cyclé or Gy period.‘ Féf a :

idiagrémmatic représentation of the cell cYc]e‘reFerito Fig.,]'.ﬂiThere-~ f ' o

fore the S-period is preceded and followed by intervals in which DNA , o
synthesis is normally absent a]though RNA and protein synthesis occur
inmost cell types during these intervals (Miller, 1970).

In logarithmically dividing diploid human fibroblast cultures,

the duration of the S period has been reported between 755 to 11.5 hours

and the duration of the Gy has been reported from 4.0 to 5.9 hours,
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Model cell cycle employed upOngwhich the experimental

.protocols were Based. Arrows fndicate'addition of chem-
icals in relation to the cell cycle phase for the 7 hour

~terminal thymidine treatment.
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Table 1, (Defendi and hanson,'1363; Kukharenko et al., 1974;
Moorhead and Defendi, ]963; Porter and Paul, 1974). Both the S and
G2 periods are less variable in duration than the Gy in many different
mammalian tissues and specias-(Aoki‘and Moore, 1970; Cleaver, 1967;
Defendi and Manson, 1963; Gfane]li, ]970). In a heteroploid human
amnion cell line the G] period was the most variab]e portion of the
,‘cell cycle while S, Gz, and M were very constant (Slsken and Marasca,'
1965) . The llmlted varlabllxty of the duration of the S, Gy, and M
;phases is an essential prerequisite for the accurate determlnatlon ofv
a-repTication map. - Under standard experimenta]‘conditiqns‘thesa‘cell
cycle parameters in diploid embryonia strains are very stable frres*
- pective of individual differences, sex, and the number af passages'v
throughout'theit logarfthmic.stage of growth (Kakharenko_gt_él.,1970).“'
During.tha S betiod not'ajlnchromosomes and chromosome regions~
urepliaate DNA synchronously.' Employing autoradlographlc techn:ques,
the heterochromatlc reglons were found to initiate and termlnate DNA '

synthesis later than'the euchromatic regions (Grumbach'et al.;‘]963;

~Lima de Faria, 1959; Taylor, 1960). There also exist minute differences ‘{ ‘

~..in the timing of DNA replication in different cnromosane or different
¢ - : . »
chromosome segments. Although autoradiographic techniques Wére not
capable of detecting these differences, several authors have deman;

. strated that the rate of DNA synthesis was not constant throughout the
S period (Stubblefield et al., 1967; Takagi and Sandberg,:1968)}‘ An

intermittent cessation of DNA synthesis of 1 hour duration in the




Table 1.  Comparisoen of the in vitro duration of cell cycle phases
from a variety of fibroblast or fibroblast=-1like cell

lines. These were determined by the use of labelled
‘precursors and autoradiography.
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IN VITRO DURATION OF CELL CYCLE PHASES -

TABLE 1 .

HUMAN CELL TYPE

 DURATION "IN HOURS

M# :

1 ‘5 : GZ, T REFERENCE
Diploid embryonic fibroblasts 2.5 1.5 b5 - 18.5 Moorhead & Defendi, 1963
Diploid infantile fiSrbbfasfs L.0%.96 id;6¥52 | 5.91.77‘ - 20.5+98 Porter & Paul,l974_
Diéloid embryonic fibroblasts - 2.4-4.6 Tb.jSiSS 5.4:.3 - 18-20 Kukharenko 95_213;1974
Qiplo}d fibrob]ast-liké,’ 4.5f8 7.5’,.‘ 4.6 - 18 Defendi & Manson, 1963
Amniop 6;8.; 2.2 0.6 | Siskan & Morasca, 1965

9-8

- 19.h4

* The duration of mitosis is either shown separately or included in the esfimate of G] and G2 phases.
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mjddle of an approximately‘S hour‘S period of.human epitheliel adeno-
carcinoma cells was detected by autoradiography (Kasten and Strasser,
1966) .

One of the most firnly estab]fshed principles arrivedvat by
autoradiographic labelllng studles of DNA repllcatlon was that a con-
sistent sequence or pattern of synthesis ex:sts (Mll]er, 1970)

Meuller and Kajiwara (1966) demonstrated this when Hela cells were
.Iabel]ed with tritiated thymidine during early S, allowed several.
generatlons of growth, and then labelled with bromodeoxyurldlne (BrdU)
at various intervals of the S phase. Both labels were observed in the
same DNA fragments. This indicated that DNA molecules.tepliéated, -
during the initial part of the S period are rep]icatingbin thevsame

- temporal sequence in re]ation.to the‘other'DNA molecules in subsequent
'S periods of their daughter cells. Consequently,jan'orderly sequencev
islobserved at the level of whoie chromosomes. Partfcularly towards
the end of the S period a pattern exists-of chnonosomalhtegionsvwhich.

are still synthesizing DNA. This is called the ]ate’DNA replication K-V

pattern. Bader gtugi.,(l963); Bianchi end_Bianchif(l965) German (1962
1964 a and b); Morishima'et,e].,(lééz)t Schmfd (1963) provnded the"
first descrlptlons of this late replication pattern in human chromosoﬁes 2
employlng tritiated thymldnne and autoradiography. - This was the’only‘
methOd of identifying individual human chromosomes beyond purely morpho-
]ogical_methods before the advent of'yarious banding techniqUes, such
as Quinacrine and Giemsa banding, and therefore Served as an important

means of chromosome identification. Similarly, there exist characteristic
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early and mlddledS DNA'repllcatlng chtomosome regions. Asynchrony -

in the initiation of DNA synthesns in different chromosomes in pulse
labelled cultured human leukocytes was reported by Blanchl and Blanchl
(1,65), and Kikuchi and Sandberg_(1964). However these segments are
technically harder to deteet'utilizlng autdradlpgraphy and'the pattern
of initiation of DNA synthesis is not as marked as that found at.the “
end of the S period. As a.general‘rule, the initial labelllng_pat-
terns detected by autoradiography appear to be the reverse ef'the ter-
mlnal labelling patterns (Ockey et al.' 1966; Slezinger and Proko-'-v

fieva-Belgovskaya, 1966; Slezlnger and Prokofleva BelgOVSkaya, 1968

‘Sofuni and Sandberg, 1967; Takagi' and Sandberg, 1968, a & b). Two

analyses (Gavosto et al., 1968; Gilbert et al., 1965) show that there

is no sharp time of\transitlon between early and late replicating re-"'

~gions.’ Rather, the late repllcatlng regions start DNA synthesns later o

and show hlgher rates of DNA synthescs than the other reglons Thel

higher rates of synthesns are per unit length of chromosome and do not

imply that the molecular rate is any higher in any one part:cular re= ...

‘gion. The heterochromatnc regions of’ chromosomes, whlch remain con-

densed and more easnly stainable during |nterphase, are always late

’repllcatlng (Lima de Faria, 1969).

~ Recently, a new methedologlcal approach enabling the'viauallzatlon
of DNA repllcating chromosome regions has been developed utilizing
differences in tne microfluorometric properties of Brdu substituted
DNA. When BrdU is admlnlstered at the proper concentration during S

phase it will be substituted for thymidine in those regions which are
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in tﬁe procees ot replicating DNA. This substitution of BrdU into the‘A
chromosomal DNA of mammalian cells has been reported by several authors
(DJordJev1c and Szyba]skl, 1960; Eidinoff" et al , 1959; Hakala, 1958, |
' 1959; Lough and Blschoff, 1976; Simon, 1963; Szybalski and Djordjevic,
- 1959, 1960).
Base analogues cap-be incorporated into DNA only if they can under-
- go hydrogen bonding, within the confines of the DNA double helfx,'to‘the
partner of the base which they are rep1acing (DavidSOn, 1972). érdU is
a base analogue of thymldlne because the van der Waal radlus of bromine E
of 1.95 X very close]y resembles the radius of the methyl group on thy-.‘
midine of 2.0 A (szybalski, 1962) Therefore, it is genera]]y accepted
that BrdU is converted by a salvage pathway to promodeoxyurldlne tri-
phosphate (BrdU TP) (Kornberg, 1974) This triphosphate can compete
‘with the naturally occurrtﬁg debxythymidine triphosphate (dTTP) and
- will be ineorporated into DNA py‘DNA polymerase which accepts.both ’
..BrdU TP and dTTP (Davidson, 1972;“Kbrn5erg, 1974; Lehninger, 1972).
‘The iﬁcorporation of BrdU into chromosoma]~DNA during the S

phase of the cell cycle has eeveral'secondary effects upon the metabo-
: iism of cultured cells, Several hours are required before these con-
sequences can be‘observed. This is unlike fluorodepxyuridine, another -
base analog, whose lnhlbltlon of deoxyribonucleotide and DNA synthesis -
occurs. lmmedxately after exposure of the cells to FrdU (thlman 1966).
The concentration of Brdu, the duration of exposure, and the cell type

studied all determine the effects which are observed. The grewth of
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mgméaiian cells in culfﬁre exposed to BrdU at concentratidns resulting
in gignificant substitution of BFdU in place of thymidine generélly
leads to cell death (Kihiman, 1966). Mammalian cel1sltreated with
bromodeoxyuridine generally have an increased frequency of chromésome
aberrations. This increase depends upon the concentration of Brdu
employed with some cell types increasfng]y sensitive to BrdU than
others (Kihlman, 1966). However, mouse fibroblasts registant to the
| éffects of BrdU have been repbrted (Hsu and Somers, 1962; Kit et al.,
1963)..'ln the majority of cases, resistance results from the loss of
an enzyme‘which is essential in. the éonveréionhof Brdeinto a DNA
precursor. : o | 1

Another cyto]og:cal effect when BrdU is xncorporated into the
chromosomal DNA during the S phase is the marked decondensatlon of
chromo;omes,whlch thus appear elongated (Zakharov et al., 1970, 1971,
1972, 1974). This was observed when BEdU'was adﬁinistered to cultured
peripheral human lymphocytes at a dose of 200 micrograms per ml. 5-7
hours prior to harvestlng which is during the final stages of the S
| period of the cell cycle (Zakharov et al., 1974) When BrdU is ad-
'ministered_to cu]tureé of peripheral_human lymphocytes at a lower
concentration of 20 micrograms per ml. (Kim, 1974) or to human lung
fibroblasts at a concentration of 5X]0_6 M (Miller et al., 1976)~forv
an equivalent or extended period of time no decondensatxon is observed

in the chromosomes .

At these reduced concentrations BrdU is incorporated into the
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chromosomal DNA without. affecting the gross morphology of the chromo-
vsome However, the chromosomal reglons lncorporatlng Brdu wnll dls-
play a reduced lev 1 of Fluorescence when stainéd with specific fluor-
vescent dyes when compared to the unsubstltuted chromosomal segments
(Latt, 1973). The most notable decrease in fluorescence is obtained
when 33258 Hoechst is usedlwhlle Qulnacrlne, Acrldlne Orange,‘and Pro-
flavin show a smaller reduction in the fluorescence of BrdU substltuted'
polynucleotlde»chalns (Latt,_197h); In contrast, the fluorescence of

- daunomycin and ethidium bromide is not reduced by the incorporation

of BrdU into the polynucleotide chalns. This effect of BrdU upon 33258
Hoechst fluorescence in cytologlcal preparatlons appears to be the
result of a reduction in dye fluorescence ouantum yield {Latt and
Wohlleb, 1975). The quenchlngleffect of Brdu incorporation upon

Hoechst fluorescence will.be abollshed,when the slides are mounted

after stainlng with 33258'Hoechst at a pH below 4.0 or in a‘solutlon
containing glycerol, or both; .This Brdu quenchlng~of 33258 Hoechst
fluorescence provides a mlcrofluorometrlc method for the differentia- .

_tion of BrdU substituted DNA. As a consequence, thls characteriStic

may be utilized to determine the replication map of the human genome

when BrdU is admlnlstered to the cells during a speCIflc portion of
the S period of the cell cycle.

A significant technical improvement was achieved when Brdu treated

cells were stalned Wlth 33258 Hoechst and subsequently by Glemsa Dand—
ing method (Korenberg and Freedlender, 197h; Perry and Wol ff, 1974;
Wolff and Perry, 1974). This enabled the cytological preparation of

permanently Giemsa differentiated chromosomes in contrast to the
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Hoeéhst dye which demonstrated a remarkable degree of photo~insta-
'hilkty so that the’fluotescence faded very_rapidly. Petry and Wolff's
- (1974) post-fluorescent stalning treatment included the incubation

of slides for two hours at 60 °C mounted in either 2X ssc (0.3M
sodlum chloride and 0.03M tr:sodlum cntrate) or water. This was
followed by 30 minutes staining in 3% Gurr's R66, ph 6.8 Giemsa
_solution The post- fluorescent treatment of Korenberg and Freed-

lender (1974) nnvolved the :ncubatnon of slides in 1.0 M NaH 2P0,

(pH 8.0) at 87-89 C.fpr 10 mlnutes-followed by staining in 5%

Harleco Giemsa for 2-10 minutes. This was simtlar to the previously
reported techniques of Kato and Moriwaki (g972) end Sehested . {(1974)

- for different application employing non-BruU substituted chromosomes;
Both protocols yielded similar.results. Bifilarly substituted DNA
chromosomat segments, which have BrdU present in both strandsvof DNA

“helix, fluoresced dimly with 33258 Hoechst and etained weakly with
Giemsa whereas, unitilarly substituted DNA chromoéoma]'segments
fluoresced hright]y and stained darkly with Giemsa. The fluorescent
p]us Giemsa (FPG) technique offers additional resolutien'over the con~
‘ventional fluorescent technique. When small doub]e'exchénges occur.
near the tips of chromesomes, these will be seen clearly with Giemsa
whereas aftet fluorescent staining alone, both tips. often appear to
fluoresce because of flare (Perry and Wolff; 1974) . | Other adyantages

. over the Tluorescent technique are the permanence of the preparation,

no‘special optica]'equiphent is required, and the staining can

be adjusted easily to treat new or old slides.
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. Several chemical ba;es of the FPG technique have been postulated.
vLatf (1973) found that the fluorescence efficiency of 33558 Hoechst
‘bound to poly(dA-BrdU) was less than 1/5 of that of the dye bound to -

poly (dA-dT). He considered that the fluorescence of the chromatids
conta?ning Brdu substituted‘DNA was quenched. Zakharov and Egofina
(1972) supposed that BrdU caused physicochemical a]tefafion‘of DNA
molecules probably impairing the synthesis»of chromosome condensing
proteins and theréfore, causing different spira]ization_and Giemsa
stainiﬁg of the BrdU incorporated chromatid segments. Studieé Eave
shown that differentié]ly BrdU substituted chromatids have varying
densities_which is apparent Without heafvéreatment; Also, differen-
tial staining appears to reflect an ﬁnderl&ing structural differencg
~ between thé'chromatids (korenberg and Ffeed]ender, 1974).

lkusima and Wolff (1974) have postulated that differences in the

binding of proteins to Brdu containing chromatids is the soUrcerf
the underlYing structural difference and therefore, the cause of the
differential staining with the FPG.V‘DNA substituted with BrdU has

an increased affinity for chromosomal proteins (Gordgh.gg_gl;, 1973). ‘..
Goto gﬁ_él,, (1975) and Sugiyama et al., (1976) have found strong
evidence indicating that chromosomal proteins are,nof primarily res-
pcnsib]e for the differentia] staining which they determined to be a
function of the. concentration of 33258 Hoechst and the duratfon of
exposure to light. They observed that BrdU.conﬁaining chromatids take

up less azure dyes after Giemsa staining and this loss of accessibility’
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of}éhe aéure dyes to the.chromatids is induced by exposure to

intense light, nght actlvated chemical reactions alter the chromatid
‘components preventing further binding of azure dyes to DNA either by
the masking or degradation of DNA. Because urea and trypsin which
marked]y'alter the accessibility of the dyes to nuclear DNA (Shiraishi'
and Yosida, 1972; Sugiyama, 1968) failed to reverse the djfferential
Glemsa stalnxng, protelns may not p]ay an lmportant role in chromatld;
dlfferentlatlon. The results of Goto et a].,(l975)and Suglyama et

al.,(1976) indicate that the photolysns of DNA is the predomlnant
cause of the differential staining which is consnstent w1th the hypo-
thesis of Kornberg and Freedlender (1974)* The photo]ysns of dlff~
erentially substituted DNA may prov:de the underlying structural
difference which resu]ts in dlfferentlally stained chromatlds
Autoradiographic replication patterns were the only means avail- -~

able which could identify individual human'ohromosomes beyond purely
morphological methods such as overall length, and position of centro-
- mere prior to the deve]opment of chromosoma] bandlng technlques
Extensive autoradrographlc descrlptlons of replication patterns in
normal and abnormal human mItOtIC chromosomes exnst (Bianchi and
Bianchi, 1965; German, 1964 a & b; Glanelll, 1970; Miller, 1970;
Passarge, 1974; Schmid, 1963). Studies comparing late DNA replicating
patterns with C, G, and Q banding are of particufar‘interest (Breg
et al., 1972; Calderon and Schneo]'; 1973; Ganner and Evans, 1971;
Schnedl, 1973). These comparative studies all utilizing autoradio-

graphy have revealed that, in general, the late replfcating chromosomal
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segments correspond to the patterns of G-and Qrbands. Herver, it
has‘been shown with autoradiography that the C~bands are, in general,
among the latest replicating areas. C-bands correspond to hetero-
chromatic regions which have long been known to synthesize DNA
relatively late during the S period {Lima de Faria; 1959) . Autoradfo-

3H—thymidine (Pera, 1968) and studies of pre-~

graphic studies using
mature chromosome cqndensatiqn (Sperling and Rao, 1974) have both
demonstrated that the heterdchrbmatic regiohs»initiate and terminate
DNA replication Iatef than fhe euchromatic regions.

Quinacrine dyes stain AT rich DNA chromosomal segments'(Dev.EE
al., 19725 Ellison and Barr, 1972; Schrecé et al., 1972; Weisb]um,
1973) and tritiated,thymjdine will be ihcorporated preferentiélly Tntb»
these same regiong. This could result‘in the ]abe]]ing of AT rich
Quinacrine positive bands even if ho asynchrony of DNA rep]icatfoh
existed. In an attempt to determine if the correlation between 3H—
thymidine incorporation and Q positive bands is merely a reflection
of the distribution of AT rich DNA within the chromosome, two éuthors
employed 3H-deoxcytidine as a radio active label (Scﬁned], 1973;
Zakharov, 1974). This base anélogue would bé expected té prefefen-‘

- tially label GC rich areas of chromosomes and thus avoid any acci-
dental correlatioﬁ between Quinacrine positive bands and late repli-
cating chromosomal segments. The same, but less distinct; late

labelling patterns were obtained. The preferential incorporation of

3H-thymidine into AT rich bands may enhance the late labelling patterh..
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Howé?er, G and Q positive areas complete their DNA synthesis later
-thah‘negatively stained tegions.' The Quinacrine positive areas, |
incidding the distal portion of the Y as weil ae_the only dull fluor-
escing fegions of human chromosomes; can be labelled both with 3H -
thymidine and Qith 3H —,deoxycytidine. Therefore5 there are no de-

- tectable regions in the human chromosomes which are~composed solely

of AT or GC containing DNA (Schned] 1973) and.there are no late repll-
cating chromosonal regions predom:nan*]y composed of GC or AT base
pairs to an extent whlch wou]d be detected by methods currently em=

ployed (Zakharov, 1974) ZakharOV»EEJEl:(1974) also compared the dif—
ferential spiralization which was inducedlpy administering bfomode*y—
cytidine and bromodeoxyuridine in the_fina% stages of the S‘period of
“the cell cycle. The pattern of chromosomal differentiation‘was iden-
tical when either BrdC or BrdU wes employed. Although the pattern of
thymidine iabeiiing or BrdU incorporation may be=modified by the‘rele?
tive AT comp05|t|on of ‘various chromosomai regions, this does not sxg; 1d
nificantly alter their usefuiness in detecting early, middle, or late
replicating chromosomal_reglons with the sensitivity of these tech-m,
'niques. B
Several authors have reported the replication patterns of human

chromosomes‘emp]oYing BrdU incubation of cultured biood cells (Ego- '
lina and Zakharov, 1976; Grzeschik et al., 1975; Kimet al., 1975; Latt,
1974, 1975; Willard and Latt, 1976) and of amniotic fluid cells

.(Epplen‘gz;gl:, 1975; Epplen and Vogel, 1975). Chromosomal segments
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whiéh replicate their DNA duriﬁg the late S phase were found by these
individuals to correspond closely to the pattern of G- and Q-~bands.
However, exceptions exist with certain G-bands such as, 3p14, 3ql13,

and the centromeric heterochromatin of chromosome 8, terminating rep-

lication quite early during the S phase. Additional bands, 1p36, 8q2h,
12q24, 16p13, 19q13, Xp22, which stain lightly with Giemsa, a}e ]atg‘
replicating (Epplen et al., 1975; Epplen and Vogel, 1975). The pat-
'terns of late replication demonstrated only limited variation between

individuals with these variable regions restricted to known regions of

' Qﬁinacrine fluorescent bo1ymorpﬁism such as the’variaBTe bandsvof chromo- :
some 3 and 13 (Latt, 1975). Chromosome k4 has the distinction of beihg

the autosome wfth the most DNA synthesis dufiﬁg the late S’phase

with fhree very late replicating bands; pi5, q13, and q28. Although

the use of BrdlU at concenfragidﬁs emp loyed fo; replication mapping

may be toxic to cel]é (Djérdjevic and Szybalski, 1960; Hsu and Someré,
1961). This is not believed.to alter the~re1ativebrepTicationvmapbof e
chromosomal seqments (Latt, 1975). However, ft is’]ike]y.tﬁat-the:

overall duration of the cell cycle is. increased followihg exposure

to BrdU. The late replicating chromosomai regions revealed by'the

BrdU-Hoechst or BrdU-FPG techniques are consistent with those detected
by autoradiography (German, 1964 a & b; Gianelli, 1970; Lima de Faria

et al., 1961; Miller, 1970; Passarge et al., 1969; Schmid, 1963; Takagi

and Sandberg, 1968).

Kim'et al. (1975) reported that early replicating chromosomal
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segments coincide with. R- bands. Chromosomes 4 13, ‘ISA.ZI are among
the last chromosomes to start replication along with the heterocyllc X
which is the last to initiate DNA replication. The speed of replica-
tion does not vary sign{fioantly between bands with the exception of
the late replicating chhromosome whose rate of DNA oynthesis is‘sig- '
nificantly faster (Kim et al., 1975). This is in close agreemont With
the results of Gilbert et al. (]965)_who determined‘that the late rep-
licating X synthesizes DNA atba faster rate than the autosomos using
autoradiographic techniqueso

The replication map of the sex chromosomes of %emale-ce]ls hos B
been extensively described with autoradiograbhy (Gavosto et é]., ]967;,
German, 1964 a; Giahe]]i, 1963 1970 Knight and Luzzatti, 1973,
Petersen, 1064 Pfeiffer et gl:, 1965; Priest e _E__L., 1967; Sofonn et
al., 1967), 33258 Hoechst (Latt, 1974; Willard and Latt, 1976), and
the fluoresoenf p]us Giemsa technique (Grzescﬁik g;_gl,; 1975; Epplin
'EE._l:’ 1975) . ~All three methods reveal very similar repllcatlon map
of the X chromosome. With autoradlography, three patterns of the ]ate
repllcatlng X were considered to be the most sngnlflcant X chromosome
uniformly ]abe]led, centromere unlabel]ed, and flnally, the ]abelllng A
‘localized to the proximal part of the long arm of the X chromosomo.
The correlation obtained among ‘these labelling pétterns ano tofal.grain
count indicote that the former represent three successive stages of
DNA synthesis with the last Tabelling pattern.indicating the latest

replicating band of the heterocyclic X. The microfluorometric deter-

mination of X chromosomal regions replicating late in the DNA synthesjs.
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phase is generally cohsisteht with autotadiographic results. How-
ever, use of BrdU ahd 33258 Hoechst or.fluorescent plus Giemsa enabled
an increased differentiation'between the iso- and the heterocyclic X
chromosome and afforded much hlgher resolutlon of repllcatlng bands.
For example, the region of ]ate DNA repllcatlon in the prox:mal part -
of the long arm observed by autoradiography is further resolved into
- two components, one at Xq21 and the other at Xq23 (Latt, ]974 1975
Willard and Latt, 1976).

Studies with the FPG technique revealed'thet both X chromosomes
when compared to the autosomes terminate replication at the very end
of the S period (Epplen e E_ » 1975). ' However the differences ob-
served in the late repllcatlng segments of the X chromosomes do not
appear to result from snmply a phase dlfference in the initiation and
termination of replication as in the autosomes. There appears to be
an actual difference in the sequence of repllcatlon whlch probably
reflects a basic difference malntalned throughout the entlre cell cycle 7
(Grzeschik et al., 1975). ThlS may be related to the appearance of
1 the sex chromatin during interphase. | |

The alteration in replication pattern,'the heteropycnosjs‘durino -
interphase, and the resulting genetic inertness of the late replica-
ting X have been widely essociated as interre]ated phenomena. _Simi—
Iar}y, tissue differentiation has been associated with differences in
the activity of gene loci which consequently may be reflected in differ— ‘

ent replication maps of chromosomes derived from different tissues.
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Thejmajority of autoradiographic studies have not revealed any obvious
4differences between human bldod and-fibroblast chromosomal replication »

- maps (Atkins et al., 1963, 1965, 1966; Atkins and Sanfesson, 1966;

vBianchi and Bianchi, 1965; German, 1964 a & b; Gianelli, ]970; Miller,
1970; Moorhead and'Dgfendi, 1963; Passarge et al., 1969; Schmid,'1963;v
Takagi and Sandberg, 1968). However, German and Aronian (1971) noficed i
differences between the late replicating chromosomal segments of human>
lymphocytes and epithelfal cells derived from meéodermal ahd eétOderma]‘
embryonic tissue-respéctive]y. They postulated'thét this was a ref-

lection of their different cellular function in viVo,-and their appear- .

ances and gkowth characteristics iﬂ.iizﬁﬁﬁ Slezinger and.ProkofiéVé~ »
Belgovskaya (1968), and Slesinger et al. 61974) compared early and late
replication pattern of ]euco;ytes and embryonic fibroblasts. The -
chromosomes of both cell types began DNA synthesis‘synchronbusiy :
however, chromosomes 1, 16, 21, and 22.labe]ledJmore intensely in
fibroblasts while leucocyte chromosomes & and 5 were labelled more _
intensely with a terminal pulse of 3H-thymidine. These intense]y‘
labelled regions would correspond to areas of iate repliéating.DNA., _
This'rep]icatipn‘map is very similar to that obtained by Gerhan and
Aronian (1971). ‘Utakoji and Hsu (1965) also obtained convincing
evidence that the replication pattern of the sex chromosomes differs
between somatic and germ line cells of the Chinese hémster. ,With the
po;r resolution‘that autOradiograﬁhy affords it is not surpriéing that
thé tissue specific replication patterns wefe not reported more fre-

quently.
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| On]y the investigation of Epplen” et al (1975) has studied the
.repllcatlon patterns of dlSSlmllar tissues utilizing the BrdU-FPG -
technique. They found no reeognczable differences in the repTicatiqn
maps of three types of amniotic flﬁid cells and fibroblasfs, However,
- a comparison of the. rep]icétibn map of amniotic. fluid cells (Epplen o
'gz.gl.,71975' Epplen and Vegelt 1975) and lymphocytes (Grzeschlk
_E.g_; 1975) reveals several maJor discrepancies (Tab]e 2). However,_
none of.these studles can be consndered'conCIUSIve due to thevdife

A

ferent techniques utilized by these researchers - and none have com-
paratively studied the chromosomal ,replication’ maps of . several
tissues using the same technique. In order to resolve some of the

contradictory results of the FPG technique, which may be related

to the different techniques and the different tissues employed, and

the inherent technical problems, such as low mitoticv_jndices,‘this o

study was initiated.
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Late replicating bands listed for one author were absent
from the late replication map of the other author. Unlisted
chromosomes had no sxgnlficantly different pattern of late
DNA rep]lcatlon. ' :

-
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TABLE 2

DISCREPANCIES OF LATE REPLICATING BANDS OF HUMAN CHROMOSOMES

o EPPLEN-ET AL.,1975%
CHROMOSOME

EPPLEN 5 VOGEL, 1975%  1GRZESCHlK ET AL.,1975%%

1 P36, p33, 922, q32 q371, qh1

2 a3 . | - a2k, q32, q36

3 q28 - _ , . pik, q13

6 p2k, qik R . —_—

7, = 9t

8 p21 b -- |

12 - - q2h | ' o ;f _ _
14 _ o _— . : q23 | |
16 p13 . DR p12
17 | - N ' ‘plz; q12, g2
19° - q12, q13 R A

20 - “ql1, q13 ERNES p12

* Amniotic Fluid Cells

*% Lymphocytes
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MATERIALS AND METHODS
Diploid human fibroblast cell strain, SPF-46,XX was derived from a

fetal skin biopsy while strain SK5239'—'h6,X,de1(X)(q13) was obtained

Ffrom skin biopsy of patient with atypfcal Turner Syndrome - Both strains

‘were stored in lxqu1d nltrogen at =196 C in medla contalnlng 8% gly-
cerol untll use. Culturing of these f:broblasts was accordnng to stan-
dard ]aboratory procedures. Cells were utlllzed for experlmentatlon
‘exclusively during their logarithmfc stage ot-growth

Demonstration of early to late repllcatlng chromosoma] reglons of

d|p10|d fibroblast strann SPF was achieved by the following protocol
(Flgure 1, Table 3) Durlng the late G] and early S phase fibroblasts -
were cultured in f]uorodeoxyurldlne supplemented media for two hours |

at a concentration of 0.10 ug/m] Subsequent]y, cells were grown in
BrdU, FrdU, and Uridine supp)emented media for a portion of the § phasei
varying from 2 to 8 hours at a concentratlon of 3.0 ug/ml 0.05 ug/m],v”
and 2.0 ug/ml, respectively. The cultures were rinsed twice with Gib*-
co McCoys 5A medium with 10% fetal bovine serum'and’thie mediun eup- |
p]emented with 5.0 ug/ml thymidine was added untll the cells were har- -

‘vested 11 to. 5 hours later. Colcemid (0.05 ug/ml) was added for the

last 3 hours of culture. Control received identical treatment with
the exception that they did not receive a terminal thymidine pﬁlse
Demonstration of ]ate replicating chromosomal regions in the stralni

SK 5239 was achieved by a similar protocol with the_number of treat-

ment groups reduced to one, a 7 hour terminal . thymidine pulse.

Harvesting was according - to . standard technique with
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Table 3. The control was handled simi]ar]yvto the other treatment

groups except that no terminal thymidine pulse was.
administered to these cells.
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" TABLE 3

PROTOCOL FOR GIEMSA REPLICATION MAPPING

Frdu BrdU + FrdU + Uridine Thymidineb Colcemid - ' Totai. 
(hr) - (hr) (hr) (hr) (hr)
2 13 I 3. 15
2 2 omn 3 15
2 b ‘ 9 3 " _1'5'
2 6 7 3 s
2 8 5 3 15

* Control
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thgfexception that the’ce]ls were left in hypotonic for kb minutes.
teils were left in methanol: acetic acid (3:1) fixative overnight
and washed at least twicé in fix before spreading on slides rinsed-
wjth fixatjve and air drying.

. Metaphase chromosomes were v:suallzed by two staining procedures.
Slides were stanned initially either in 33258 Hoechst in distilled
water (5pg/m1) for 15 minutes and mounted in disti]]ed water. The:
alternate protocol involved stalnnng in Quinacrine dnhydrochlorlde
(5.0 mg/ml) for 30 min. fo]lowed by dlfferenttatlon and mountlng in
Mcllvaines (pH4.5). These slides were exposed to 15 watt U.V. ]ight.
at a distance of 24 iﬁches~overnight. Subéequent]y the slides Were
rinsed in distiiled water and allcwed to dry !ncubatlon in I 0 M
NaH2P04 buffer (pH 8.0) for 10 minutes at 84-85°¢ fo]lowed and
staining in 4% Gurrs (pH6.8);}Har]eco Giemsa solution for 4 to 6
minutes depending upon the ége df the slides. #hotographs were taken
on.Kodak High Contrast Copy film using Zeiss Photomlcroscope. Iﬁ -
order to obtain sequentially stained chromosomes these slides were
destalned by the following procedure: xy}ene-!fz.hours to remove“fhe
coverslip, xylgné Il -~ 5 minutes, 3 xylene: 1 absé]ute.alcohoi - 3 -
minutes, 1 xylene: 1 absolute aléoho] - 3 minutes, 1 xylene: 3 abso-
lute alcohol - 3 minutes, absolute alcohol - 3 minutes and fixative-
(3 methanol: 1 acetic acid) - 5 minutes. Slides were stained with
Quinacrine dihydrochloride according to standard procedure (Doug]asA
ef 1., 1973) with the exception that the staining time was increased

to 40 minutes and differentiation time was decreased to 1, 1, and §
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'minUtes. The same metaphases were Tocated and photographed with
H and W film employing Zeiss fluorescent microscope with KP 500

~exclitation filter and 53—0-44vbarrier filters. Developing and

.printing was. performed according to standard photographic proce-
dures.
For the identification of sex chromatin the standard protocol

with Cresyl violet was followed with the exception that the stain- :

ing time was increased to 30kminutes.5 In éddifion, Acridine orange
was employed to fdentify sex chromatin. Slideé were rinsed in SorQ_.
ensen's buffer (pH 6.5) for 5 minutes, Acﬁidine orange (0.05 mg/ml)
for 20 minutes, Sorensen's buffer | for 1 ﬁinute; Sorensen?s‘buffer:
‘lf for 2 minutes, and mounted_in Sorensen's bUffer.‘ These slides |
were photpgrabhed with the same brocedure‘as préviously odtlined;

Chromosomes were identified on the basis of their Q-banding.

In order to establish the replication pattern, a minimum of 20
homologous pairs of each chromosome were examined from each treat- |

ment group. The Giemsa replication banding patterns were recorded -

and then arranged sequéntially so that progressively fewer replica--

ting areas were observed.
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RESULTS

The administration of BrdU,'FrdU, and Uridine had‘muitip]e effects
‘ updq fibrob}asts studied. " Several experimental protocols were tested
before the most appropriate procedure, as outlined in the materials
and methods, was determined (Table 4 ). lnltlally, continuous cultur-
ing of cells for 3 or more 3 phases (Table L , Expt. 3 to 15), approxn-v
mately 5 days, was attempted so that chromosomal DNA would be bifilarly-
substituted with BrdU except where thymfdine was incorporated during. - |
the terminal thymidine exposure: This was in aceordéhee witH the
‘fluoreseent plus Giemsab(FPG) technfque of Korenberg and Freedlender
(1974) who achieved better sister chromatid diffe'rentjat:on with bi-

filarly and unifilar]y BrdU substituted chromatids as compared to uni-

filarly BrdU substituted chromatids and unsubstituted chromatids. " Only =

the former case would be’atteined with this initial protocol.

Because of the secondary effect of_BrdU increaSing the duration‘
of the cell cycle several different periods of exeqeure'fo-BrdU were
tested, from # to 7 days. In conjunction with this, the coneentretion :t
of BrdU was varied from 15 ug/ml to'I.S ug/ml in order fo overcome its
inhibitory mitotic effect.’ However, after'such pro]ohged exposdre to"
BrdU even at very low concentrations a negllglb]e mltotlc index resu]-
ted which precluded the determination of the fibroblast repllcatlon
map.

In the few metaphases Obtained,-differentially stained chfematids
were consistently observed whereas banded chromosomes were unobtainable
(Fig.2 ). Occasionally, differentielly stained and banded chromatids

were observed ,
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Table 4. - The reduced mitotic indices obtained from these experiments

reflected the toxicity of BrdU (Expt; 3 = 11) and of FrdU

(Expt. 8 - 11 and 12, 13) over a period of 4 to 7 days.'_A" A é




~ COMPARISON EXPERIMENTAL PROTOCOLS

BrdU FrdU Uridine

Exposure Thymidihe

Brdu

Observed FPG

Experiment Frdu Exposure Mitotic
Number Pretreatment Time Concentration Time -  Concentration| Chase Index Staining
(Hours) : (ug/m1) (Hours) (ug/m1) | (Hours) ‘
3 . 5 days 15 - -- 5 10 4 Very low Differentially
: : : ' stained chromatid
h -— 667 3. -~ - 5 10 b Very low Differentially
L days stained chromatid
6 - L days 3 -~ -— 5 10 4 Very low Differentially
' ' stained chromatid
8~11 - 5 days - 1.5 - -— 5 : 5 4 Very low Differentially
‘ stained chromatid,
few banded
12,13 - 5 days 1.5 0505 1.0 5-10 5 --  Nil -
14,15 -- L days 1.5 0.05 1.0 5-8 5 -- Nil -—
18 1.5~3.5 2-8 hours 2.0 5-11 -5 -- High Banded chromosomes

3.0

0.05

only -




Figure 2.

Differential Sister Chromatid Staining. Arrows indicate

-sites of sister chromatid exchange. These chromosomes
“were grown in BrdU (1.5 pg/ml) for 4 days and administered

thymidine (10 ug/ml) for 5 hours- followed by a 4 hour

. BrdU chase. No thymidine was incorporated from the g
‘terminal pulse as no bands are visible. '
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However, the differential staining resulting from thymidin; incorpora- |
tionzor sister chromatid exchanges was identical and could be misintgri
preted eééily (Fig. 3 ). Therefore, such chromosomes were unsuitable
for replication maﬁping.

In addition to reducing the mitotic index, BrdU also resulted in
a decondensatioﬁ of metaphase‘chromosomes. In some"instanceg, this
hampered the adequate spreéding of thrombsomes and impaired their
Quinacrine and Giemsa replication banding.

Howéver, when‘thé fibroblasts Wére expésed:to Brdu, FrdU, Uridine,
and Thymidine for only one S phase, the mitoticlindgx'was adequate for‘
replication mapping purposes. When the b?gtoco] outlingd for both .
fibroblast lines was followed, banded cﬁromosdmes were observed in all
treatment gréups with the exception of‘thé controls (Fig. 4). The
controls received no terminal thymfdine pulse:and bands,were not expec-
ted to be visible, only the paracentromeric areaé have stained to any

extent. |

Numerous staining procedures.ﬁere examined‘to determine whiéh
would prove most efficacious. Prestaining with 33258 Hoechst and 
Quinacrine followed by overnight exposure to U. V. light was compared
with both Korenberg and Freedlender's'(197h) FPG technfdue.aﬁd PerrY'

. and Wolff'é (1974) SSC Giemsa technique. After Quinaérine presfaining,
photography was attempted repeatedly in order to attain sequéntia]ly

Q-and GR-banded chromosomes. All of these protocols were unsuitable

for the production of sequentially stained chromosomes and the




Figure 3.

Differentially Stained and Banded Sister Chromatids;':

- Arrows indicate possible sites of sister chromatid

exchange. Thymidine incorporation has resulted in banding
superimposed upon that of sister chromatid differentiation.
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Figure 4. Replication Mapping Control Tréatmen't Cells were not ’ _
administered thymidine and no bands were observed. »
Only paracentromeric heterochromatin was stained.
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procedure described ih’the materials and mefhods section was determined

to be most‘efficient. | ' i
The karyOtypes_preséntéd for the li, 9; 7, and 5 hour treatmentv

groups for both the 46,XX ahd146,X,de}(X)(ql3) fibroblast lines (Figs.

5,6,7,8,9) are composites constructed from several cells of

each treatment group of each cell line. Although these chromosdmes

were selected on the basiquf their spreading, morphbiogy, and GiemSé-

replication banding, they afé representative‘of each treatment Q}oup.
The chromosomes from thé 11 hour términa] thymidine pulse (Fig;

5 ) demonstrates several interesting féatdres. Several cef]é were‘r
obtained wﬁose entire chromosome complement stained uniforlejdark.
This indicates that thymidine was incorporated along the ehtiré
length of the chromosomes. In the remaining cells, regions along the
chromosomes did not stain and therefore, must have cohpleted.DNA'syn-.
thesis before the additionkof thymidine. _Regiqns which are cbnsistently
early in DNA replication such as 3p27, 7q22 and 7932 are parficglar]y '
noticeable fn ?ig. 5 . In addition, Table 5 provides a'comparisoﬁ of
the éar]y replicating bands With those of Kim 23“31. (1975). It is
characteristic of this treatment group that the homologous X chromo-;‘
somes stain uniformly and the early and late reblicating X chromosomes
cannot be differentiated except iﬁ a few instances.

When a thymidine pulse éf 9 hours is,administerea (Fig.6 ) the

bands observed, in general, closely approximate those obtained with

standard Quinacrine and Trypsin Giemsa staining. However, there are a




Figure 5.
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Karyotype Diploid Fibroblast chromosomes. Composite.
of homologous chromosomes constructed from the cells
of the 11 -hour treatment groups. Each homologous pair
was identified on the basis of Q- bands after Giemsa
Replication staining. 2 '
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Figure 6.
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Karyotype Diploid Fibroblast Chromosomes. Composite
of homologous chromosomes constructed from cells of

~ the 9 hour treatment group. Each homologous pair was
“identified on the basis of Q-bands after Giems
Replication staining.
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Figure 7.
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Karyotype Diploid Fibroblast Chromosomes. Composite
of homologous chromosomes constructed from cells of
"the 7 hour treatment group. Each homologous pair was
identified on the basis of Q-bands after Giemsa -

- Replication staining. ’
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Figure 8.
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Karyotype Diploid Fibroblast Chromosomes. Composite
of homologous chromosomes constructed from cells of
the 5 hour treatment group. Each homologous .pair was

- identified on the basis of Q-bands after Glemsa
Replication staining.
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Karyotype 46,X,de1(X)(q13), Fibroblast Chromosomes.
Composite of homologous chromosomes constructed from
cells of the 7 hour treatment group. Each homologous
pair was identified on the basis of Q-bands after '
Giemsa Replication staining. '
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Table 5. Early replicating bands listed for one author were absent o |
from the early replication pattern of the other author. R |
‘Unlisted chromosomes had no significantly different ’
pattern of replication. o '




DISCREPANCIES OF EARLY REPLICATING BANDS OF HUMAN CHROMOSOMES
{ . i

CHROMOSOME

..'59.-/

TABLE 5

KIM ET AL.,(1975)% | PRESENT RESULTS##

1 pter, p34, p32 -~

2 p23, p13, q13, q33, q3.1

q35-qter :

3 P25, 427, 429 a5

4 _plé6 -

5 P13, 935 "pl.l

6 423, 925, q27 . --

7 q3h, q36 --

8 qt1 - _—

9 p13; q22, q32, q34 pll, q11, qi13
15 q24 e
16 p11 q13
17 | qll ' —

18 a1t --
20 q1j -
21 qter M':q1i

* Lymphocytes

*% Fibroblasts
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few notable exceptions. The telomeric regions of chrOmosomes‘16p, 19q,
and Xp demonstrate late DNA repllcatlon even though these reglons are
Qrand G-negative. The chromosomes from this treatment group have
sharper and well defined bandé when Compared to those of the_]l hour o S E}}
group. Also, the non-banded regions stain less intensely than those | |
in the 11 hour group. |

The bands visualized with a 7 hour termlna] thymldxne pu]se

Flgs 7 s 9 ) represent ]ate DNA synthesnz:ng chromosomal reglons.

The late replication of one X chromosome and the.paracentromerlc heéeroJZ
;hromatin on.chromoscmes 1 and 16 is consistently conspicuous. Several
late replicating segments are present which do not correspond tva- or . %
G-bands. These are situated iﬁ the te]omerié regions of éhromo$omes

' 2p, 8q, and 12q. Asynchrony in the termination, énd presumébly in the -
initiation of DNA synthesis between homologous chromosomes fs frequent-b
ly observed. In Fig. 7 , this is particularly striking in the.case of
chromosomes 1, 3 and 6. However, this asynchrony is not characterls- B
‘tic of, nor restrlcted to, these particular chromosome palrs but varles

among cells.

In the 5 hour treatment grouprbands can be observed in some cells
(Fig. 8 ) while only the characteristic C-bands are visible in the

rehaining cells. This is a consequénce of the asynchrony of the cell

population under examination.
On the basis of all the chfomosomes studied from all treatment
groups of both fibroblast lines, a replication map was constructed

- (Fig. 10). Several relevant points must be emphasized. Each chromo~"




Figure 10.° Replication Map Human Fibroblast Chromosomes.
Constructed from the analysis of at least 20 .
homologous pairs from each treatment group for

each chromosome. Horizontal lines indicate repli-
cation patterns found within each treatment group
of 11, 9, 7, or 5 hour terminal thymidine exposure.
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some was found to stain“homogeneons]y dark when thymidine was jncor-
poreted for the entire S phase of that‘particu]ar cell. As the dura-
tion of incubation in thymidine progressively decreased, the staining
'_intensity of the chromosomes-concurrent]y decreased and gaps in the
staining began to appear. These regions represent the eariiest aneas o
to complete, and presumably initiate, DNA synthesns. As fhese gaps
‘widen and increase in frequency, thls resu]ts in flrst, the appearance_
of Q- or G- bandlng pattern and finally in a C-banding pattern.‘

It should be emphasized that although the banding patterns obser- -
ved in each treatment group in some instances overlap, this is to be |
.expected because of the unsynchronxzed cell populatlon Also, this
demonstrates that DNA synthesis is a continuous process throughout'the
S phase and does not occur in discrete sharply defined stages.

As the terminal thymidine pulse'was shortened, the percentaée.of
cells in which the eerly and late,rep]icating X chromosomes were
differentiated sfeadi]y increased (Table 6 ). oOnly 17% of the homo-

- logous X chromosomes were dietinguishable in the ]]vhour'group prim=-

arily by their differential overall staining intensity. ln oonfrest

71? of the X chromosome pairs in the 5 hour treatment group were dis-
t:ngunshab]e by their differential staining.

In the cases where the homologous X chromosomes were differentiated,
the differential staining was dependent upon the length ofvexposure~to
thymidine (Table 7)? The isocyclic X chromosome in the 9 hour group

was consistently distinguished from the heterocyclic X primarily by two




-Table -6.

R

Percentage of differentially Giemsa replication stained
homologous X chromosomes steadily increased with decreased
terminal thymidine exposure. :
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TABLE 6

FREQUENCY OF DIFFERENTIATION

"BETWEEN vHOMOLOGOUS X CHROMOSOMES

CELL

DIFFERENTIALLY

DURATION TERMINAL
THYMI DINE PULSE (HR) NUMBER STAINED
1 30 17%
9 30 2h%
7 27 56%
5 30 71%




Table 7.
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In the 9 hour group the isocyclic X was differentiated
from its homologue by decreased staining intensity of the
short arm which in 34% of early replicating X chromosomes
involved the complete absence of a band at pter. In the
7 hour group this decreased staining intensity of the
isocyclic X was also observed at q23 and q27.




THYMIDINE

TABLE 7

DIFFERENTIAL STAINING X CHROMOSOMES

PERCENTAGE OF 1SOCYCLIC X WITH BANDS AT HETEROCYCLIC X
PULSE pter p21 q21 q23  q25 q27 - UNIFORMLY DARK
(HOURS) : : (%)
9 66 100 100 100 100 100 100
7 33 100 100 33 100 66 90
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characteristics.b.The early X'stainedijess intensely overall than the
late X and the short arm of the early X particularly near the telomeric -
region was stained noticeably lighter than the long arm. |In fect, in
34% of such homo]ogous'pafrs no band was observed at pteh 6# the iso-
cyclic X. However, in the 7 hour group not only was this decreased
staining observed in the shoht arm in 67% of homo]ogou5'pairs but a]so
was visible at two regions of the lorg arm,‘q23 and q27

| In approxnmately 10% of the metaphases from the 7 hour termlna]
. thymldine pulse, the heterocyc]uc X chromosome did not stain unlform]yf
dark but had a banded appearance (an.]]) Consplcuous bands are |

present at p21, q21, q25, and q27. The late X of each homo]ogous pair.

stalns noticeably darker than its homologue in addition to having elther~ .

more bands present or wider bands. Fig.11 also demonstrates/that the
X chromosome with a deletion at ql3 wae consfStentlf*late replicatihg
in all cells where both were identified A]though all of these homo=-
logous pairs were obtained from the 7 hour treatment group, they show
a gradlent of DNA repllcatlon. The pairs for both the normal 46 XX,
and the abnormal 46,X de](X)(qlB) line on the left demonstrate earller-?
areas of DNA synthes:s stalnlng than the pairs on the rlght. The |
heterocyclic X chromosome From the normal diploid cell line on the‘left
~of figure has late DNA replicating bands present at pter and'q23. These
regions have completed DNA synthesis before the addition of thymidine
vin the heterocyclic X on the right of figure and therefore only the
latest DNA replicating areas such as p21 remain’banded,r This same

pattern of late DNA synthesis was visible on the paftial]y deleted
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Figure 11. Homologous X Chromosomes of Dxp]oud and Xg- Cell Lines . - o
from the 7 hour terminal thymidine groups. Early |
replicating X is on the left of each pair while the late
replicating X is on ‘the rlght of each palr.
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heterocyclic X chromosome witH p21 also remaining the Iatést DNA
replicating region of thé short arm.
In order to demonstraté the Hetéropycnosis pf the heterocyclic

X chromosome during the Intérphasé; thé frequéncy of sex chromatin

was determined in both cél] ]inés with Cresy] violet and Acridine
orange (Table 8). A significantly larger percentage of the total
nuclei, 60%, were sex chromatin positive in the normal cell strain
after staining with Acridine orange as compared to 25% positive

after staining with Cresyl violet. This improvement resulted from

an increased resolution of cell nuclei afforded by Acridine orange
(Figures 12, 13, 14, 15). The sex chromatin body appeared as a
brightly fluorescent green mass primarily located at the periphery
~of the nucleus. The nucleoli stained bright red which precludes

them from being mistakenly identified as sex cﬁromatin bodies.

The high degree of cytological differentiation observed made

possible the identification of the sex chromatin éven when located

in the center of the nucleus. |

When the size of the sex chromatin body is compared either with

Cresyl violet staining (Figures 12, 13) or with Acridine orange (Figures
14, 15), the size of the sex chromatin body is‘significantly décreased_
in the fibroblasts with a deletion of the long arm of the X chromosome.
This provides additional evidence for the genetic inactivity and hence

late replication of the partially deleted X chromosome.



Table 8.

..79..

In the 46,XX, fibroblast strain, Acridine orange increased
the frequency of the sex chromatin identification due to
the increased resolution of this technique. Similar ex-
planation may indicate why fewer L6 ,XXq-, nuclei were

sex chromatin positive after staining with Acridine
orange.
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TABLE 8
IDENTIFICATION SEX CHROMATIN
L XX 46 XXq-
STAIN CELL PER CENT . CELL PER CENT
NUMBER POSITIVE NUMBER POSITIVE

CRESYL

VIOLET 631 25 613 | 5.2
ACRIDINE

ORANGE h21 60

L35 3.2
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Figure 12. Deleted X Sex Chromatin ldentified with Cresyl violet
(upper) (indicated with arrow).
Figure 13. Normal X Sex Chromatin ldentified with Cresyl violet

(1ower) (indicated with arrow)






Figure 14. Deleted X Sex Chromatin !dentified with Acridine orange
(upper) (indicated with arrow). Printed in both black and white
and color.

Figure 15. Normal X Sex Chromatin ldentified with Acridine orange

(1ower) (Indicated with arrow). Printed in both black and white
and color.
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DISCUSSION

From the initial experiments ihvolving the continucus culturing
of flbrob]asts for 3 or more S phases (4 days or more) the sensntnv:ty
of cell strain SPF 46, XX to BrduU became apparent Brdu reduced the
mitotic index of these fibroblasts to a negligible,level even at the
concentration of 1.5 ug/ml (Tab]e h) However, the 1nh|bntory effect
of FrdU in addition to BrdU upon cell ‘division was sufficient to com- .
pletely prevent cell division (Table 4, Experiments 12-15). vThis was
in spite of the addition of uridine to overcome the inhibition of

nucleotide synthesis by Frdu.

]
In the metaphases obtained differentfally stained sister chroma-

tids (Fig. 2) were consistently observed after FPG staining whereas

banded chromosomes were not present. When the molecular basis of the

FPG differential staining was.considered it became apparent that these

differentially stained sister chromatids represented cells which hed,under-

~gone only 2 S phases in BrdU instead of the expected 3 or more,- Presumabiy.

this resulted from the CytOtOXJClty of BrdU because even lf the lncubatlon

time was increased from 4 to 7 days (before terminal thymldlne pulse),

only differentially stained chromatlds were observed. As a result of ‘v

this high concentration of BrdU the cell cycle time was lncreased and |

these cells were unable to undergo any further growth and DNA synthesis.
After incubation of the’ fibroblasts for one S phase in BrdU the DNA . 

at the subsequent metaphase was unlfllar]y substltuted wnth Brdu (Fxg 16).

When these cells were grown in BrdU enrlched media during the second S

phase, at the second metaphase one chromatid of each chromosome was

unifilarly substituted (Fig, 17). However the remaining chromatid was
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Figure 16. Effect of Bromodeoxyuridine Incorporation Upon Staining
of Chromosomes (1 $ Phase). ' '
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FIGURE 16

EFFECT OF BROMODEOXYURIDINE FINCORPORATION

UPON STAINING OF CHROMOSOMES

INTERPHASE ' MOLECULAR ~  CYTOLOGICAL

LEVEL LEVEL
TA T : AT AB N N
AT : BA TA .
AT AT FIRST BA TA
TA METAPHASE AFTER AT AB
. : - 1
AT ONE S PHASE BA TA
TA IN BRDU AT AB
TA : o AT AB
AT o ' BA - TA :
TA : . AT AB J U
100% _ 100 % : 100 %
TA: AT AB
AT ' BA TA-
AT AT FIRST _BA- TA
TA METAPHASE AFTER - AT AB
| — |
AT - ONE S PHASE BA TA
TA IN BRDU WITH " AT AT
TA  TERMINAL THYMIDINE AT AT
AT . PULSE BA TA
TA : - AT AB

100% o o 100 %
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H

Figure 17, Effect of Bromodeoxyuridine Incorpor

ation Upon
Staining of Chromosomes (2 S Phases) :
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FIGURE 17

EFFECT OF BROMODEOXYURIDINE INCORPORATION o E?&
UPON STAINING OF CHROMOSOMES | B

INTERPHASE MOLECULAR LEVEL CYTOLOGICAL LEVEL ~ = -

AT. AB BA TA BA BA
BA  TA . AB AB. AT AB
BA TA SECOND METAPHASE AB AB . AT AB
AT AB  AFTER TWO S  BA TA BA  BA
| or ] — | | xw | |
BA.  TA PHASES IN BRDU AB AB AT AB
AT AB | BA TA - BA . BA
AT AB BA TA - BA BA -
BA TA AB  AB AT AB
AT AB .~ BA TA  BA BA
503 50% ' 503 50%
AT AB | BA TA BA  BA
BA TA  AB AB AT AB
BA  TA SECOND METAPHASE AB AB AT AB .
AT AB AFTER TWO S BA TA  BA BA
R | e =] ] o | .
BA TA  PHASES IN BRDU AB AB AT AB.
AT AB WITH TERMINAL TA TA TA  BA
AT AB  THYMIDINE PULSE TA TA TA  BA
“BA TA AB AB - AT B
AT AB - BA TA . BA BA

50% - 50% s 503 502 503
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bifilarly substituted. ’After staining of these chremosomes Qifh FPG
technique this resulted in sister chromatid differentiation of all cells .
which had progressed ehrough 2 S phases in BrdU.-

Occasionally differentially stained and banded chromatids were
observed (Fig. 3). This must have resul ted from a termlnal thymldlne
pulse during the second S phase in BrdU (Fig. 17) The chromatld differ-
entiation resulted from unifilarly and bifilarly substituted sister . |
chromatids. However, the regions of chromosomes which had undergone

DNA synthesis during the terminal .thymidine pulse incerpofated this base

and therefore stained more intensely with the FPG technfque., Consequently,

this resulted in the cytological observation of bands superimposed ﬁpon
that of chromatid differentiation. The staining broduced by either
Giemsa replication banding or differentiation of sister chromatids is
quite similar and can be mistaken. Therefore such chromosomes were-
unsuitable for repllcation mapping purposes._

From these experiments it was concluded that the cytotoxicity ef

-

BrdU was sufficient to prevent the growth of the hajority of these

fibroblasts beyond 2 § phases. Subsequently, it was decided to decreeselr .

the exposure to BrdU to 1 S phase with a terminal thymidine pulse

(Fig. 16). These chromosomes were unifilarly substituted with BrdU as
opposed to complete bifi]af substitution after 3 or more S phases of
incorporation of BrdU. When a terminal thymidine pulse was administered
after 1 S period in Brdﬁ, any DNA synthesizing Chremosoma] regions would

not be substituted with bromodeoxyuridine (Figure -16). This
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difference in level of Brdu incorporation resulted in differential
staining and hence the producfion of bands. These tegions have an
increased staining intensity with thé FPG technique when compared to
unifilarly substitutéd fégions. Théféfore; banding resulted from the
differént staining charactéristics of ﬁnsubstitutéd as compared to uni-
vfilar]y BrdU substituted chromosomal régions. Korenberg and Freedlgnder‘

(1974) reported that the cytological differentiation obtained with

this differential in BrdU substitution was’less than that from bi-
filarly and unifilarly BrdU substitutéd-chromosomes._ However, when-;;' .
their FPG technique was applied to thesé’chromosomes obtained after 1

S phase in BrdU and thymidine; sufficient differentiation resulted
which permitted replication mapping.‘ Equally importantly,'a'hjgﬁ
mitotic 'index was obtained with this médified technique which made '
rep]ication‘mapping feasible.

When these chromosomes were stained with the $SC~FPG broéedure of
Perry and Wolff (1974) and Wolff and Perry (1974) the resﬁlting cyto-
logical differentiation was not comparable to thét obtained after
staining with Korenberg andereedlender's (1974) FPG technique. In
addition, the SSC protocol has been reported to produce a backgroundv
staining of G-bands (Grzeschik et al., 1975). This may be critical in
the détermination of an accﬁrate replication map. A]so,:the.SSCfFPG
technique was not as reliable as the NaHzPoh—FPG procedure which‘con-
sfstently_produced reliable banding. |

The quality éf Giemsa replication‘bands obtaiﬁed resulting qum

either Quinacrine or Hoechst prestaining were compared. Quinacrine
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was essential for the identification of chromosomes. No difference in
Giemsa replication (GR) banding was observed when ejther Quinacrine or
Hoechst fluorescent prestaining was performed.. Howevef, when these
Q-banded chromosomes were photographed they either failed to stain with
Giemsa while other metaphases on the same slide had highly differentiated
GR-bands or were removed from the slides as a result of incubatfon with‘_
IM NaHzPOlI (pH 8.0) at 84-85°C for 10 minutes. When the exposure‘td
fluorescent light was decreased by shorfening,the duratioﬁ of photo-
graphic exposure faint GR-bands appeared. Similarly, when the ]ight
soufce—was changed to a 15 watt U.V. light instead of the Osram HBO 200
watt/h Super Preésure mercury light on the fluorescént microscope, sharp
GR-bands resulted. Therefore to achieve optfma] GR-banded chromosomes
overnight exposure to 15 watt U.V. iight source at a dfstance of 24" was
chosén. Because sequentially Q and GR étainéd chfomosomes‘were essentiai;
for conclusive chromosome identificatiqn, especially of the C group,
destaining of the GR-banded chrohosomes and restaining with Quinacrine
was attempted. This yielded banded chromosomes wiih.sharply definéd
‘standard Q-bands. This reverse technique offeréd several édvantages.
Metaphases were se]écted oﬁ the basis of the quality of thefr GR-bands

as opposed to Q-bands. Often sister chromatid separation was masked by
flare from the fluorescent stained chromosomes which on subseduent
bahding had unsuitab]e.GR-bands. Scanning of slides was simplér'and
faster using light microscopy. Finally, even weakly fluorescing meta-
phases were photographed With long exposure time without regard to the

quality of GR-bands which had been photographed previous]y. This
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procedure proved to bexthe most efficient for the sequeﬁtial staining
of Q- and GR-banded ehromosomes.

'These vafious stain}ng/procedures generated information regard{ng
the mechanism of Giemsa replication stainingt. Several models have been
postulated to explain the effects of Brdu incorporatfon_upon subsequent
Giemsa staining and Hoechst fluoreecence) Zakharov and.Ego]ina (1972)
theorized that ErdU ceused an alteration of the DNA molecule theteby ',
impairing the synthesis of ehromosoma] condensing proteins and caosing
differential spiralization and Giemsa’stainfng of BrdU substituted .
segments. lkusima and Wolff (1974) postuleted that the difference in
binding of proteins to Brdu contalnlng chromatids was ‘the source of
structural dnfferentlatlon and therefore, the cause of differential
staining with FPG procedure. Both Zakharov and Egolina (1972) and
Ikusima and Wolff (1974) viewed with great Importance the effect of
BrdU upon chromosomal proteins. Because both urea and trypsih{‘whico
markedly alter the binding of chromosomal proteins, failed to reverse
this differential Giemsa staining, pfoteips are not believed to oe
sighificant in producing this differentiation (Goto ggqgi,, 1975;
Shiraishi and Yosida, 1972; Sugiyama, 1968, Sugiyama et al., 1976) .

The mechanism proposed by Comings (1975) supported this concept. .
Hoechst is believed to bind directly to the outside of the DNA hellx
by lnteractnng with the base pairs. This type of binding ‘results in:
greater sensitivity to the base composition than occurs with inter-
calating agents. Therefore, any base substitution would directly

effect the binding, and hence the fluorescence, of Hoechst producing
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bands (Comings, 1975).
The results of Goto et al. (1975) and Sugiyama et al. (1976)

indicated that the photolysis of BrdU substituted DNA was the predomi-

. nant cause of differential staining. This mechanism explains the

observation of Pefry and Wolff (1974) which was confirmed by thevpresent
investigations. When metéphase chromoscmes were exposed to én intense
Tevel of exc}ting light _during .~ the process of photographing Q-
banded chromésomes, subsequent Giemsa differentiation of chromatids
was very weak and indeed, was not observed in many' instances. vThe
final staining protocol, as outlined in the Materials and Methods
Section, proved to be reliable and eﬁabéed the photographing‘of seéuen-‘
tially Q- and GR-banded chromosomes.

Kim et al. (1975) reported that the éarly replicating-régions
coincide with bands produced by the R-banding techniqﬁe (Dutrillaux
and Lejeune, 1971). - . The results pfesented (Table 5 ), in general,
confirmbthis. The reason that Kim et al. (1975) reported more early
replicating bands than those presented in Table 5 ﬁs primarily due to
fhe different experimental protocols émployéd. The ear?y'repiicating
segments of Table 5 were identified as gaps fn the banding of’chromOQ
somes from the 11 hbur treatment group while Kim et al. (1975) Qisua-'
lized early replicating DNA by the reverse experimenta]iprotocol Whiﬁh»‘,
yielded bands. This could be expected to yieId a greater number'of
early DNA synthesizing regions due to the increésed sensftivity of this
reverse experimental protocol. | |

The bands obtained following a 9 hour thymidine pulse were
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similar to those ooserved after standard Quinacrine or Trypsin Giemsa
staining. However, severa] add:txona] repllcatlng bands were stained.
In addition to those bands indicated in Table 9 for the 7 hour treat-
ment group, the telomeric regions of chromosomes 16p end 19q are late
replicating‘although G- and Q-'negative.'

| Following a 7 hour thymidine pulse the bands observed closely
approximate Q- and G- bands. The additional late replicating bands
which are G- and Q- negative'are indicated fn Teble 9. Severa] Q- -

and G- bands replicate earlier in the S phase than the majority of Q-
and G- bands  such as a portion of bands 3plh and 3q13, the centro-
meric heterochrematin of chromosome 8, and 9p12. A comparison of late.
replicating bands between Epp]en et al. (1975), Epp]en and Vogel (19755;
Grzeschik et al. (1975) and these results revealed severa] contradxc-

" tory bands (Table 10). The late replicating bands of chromosomes 2,

7, 12, 13 and 16 are identical in the case of Grzeschik et al. (]975),.
and these results, while the late DNA synthesizing segments of chromo- .
some 6 are more similar in these results and those of Epp]en and

Vogel (1975)

When the terminai»thymidine pulse is decreésed to Slhours, one
of the most freeuent]y observed banding patterns is the charecteris-
tic C~-bands. These heterochromatic‘regions have been shown by auto-
radiographic techniques (Lima de Faria, 1969) and by Giemsa replicaf
"~ tion procedures (Grzeschik et al., 1975; Epplen et al., 1975; Epplen
and Vogel, 1975) to replicate very late in the S phase of the cell

cycle. These results confirm this observation with the heterochromatic
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!

Table 9. Bands listed remain unstained after G- or Q- banding pro-
cedures but were determined to be late replicating from
the 7 hour terminal thymidine group.
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TABLE 9

G- AND Q- NEGATIVE LATE REPLICATING BANDS#*

CHROMOSOME , BAND

1 pter
2 i P25, pi15° .
3 . p23, qi2
5 _ P15,
6 : - q25 |
7 L p22, pl11, ql1
8 . p23, q24
9 . p2h
10 1515, q26
LR B : éter
12 qter
13 g2
.1‘4 q32
17 q11,> q25
18 | pter
20 : - ' qTZ,_dter
21 qter :
X ' . pfer

* Taken from 7 hour terminal thymidine group
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Bands listed for any author whiéh were conflicting with the

late replicating bands of any other are indicated. Unlisted

chromosomes had no significantly different pattern of
replication. : '
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TABLE 10

DISCREPANCIES OF LATE REPLICATING BANDS OF HUMAN CHROMOSOMES

PRESENT#:t

EPPLEN ET AL., 1975% ,
CHROMOSOME EPPLEN & VOGEL, 1975 GRZESCHIK ET AL., 1975%x RESULTS

1 P36, p33, q22, q32 - 431, ghi | P33, 431, b1
2 931 | ' a2k, q32, q36 92k, q32, §36
3 928 TR | p1k, q13 o1k

6 p2h, q14 : B - p2h, ql1k

7 - | . o q11 q11

8 p21, qtér ' qter- -

12 q24 : . , R -

13 -- S 433 q33
14 -- S q23 q23

- 16 p13 | o p12 | p12

17 -~ _ | p12, ql2, q24 p12, q12, q25
18 -- -- pter

19 q12, q13 « -- q12
20 a1, qi3 p12 12, q12, q13

% Amniotic Fluid Cells *% | ymphocytes %%k Fibroblasts
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regions on chromosomes ]; 3;h4; 9: 13;’14:'15; 16,321, and 22 repli-
cating consistently very late as evidenced by the 5 hour treatment
' group: The late repllcatlon map of the 46, X del(X)(q]B) fibroblast
strain was determlned not to significantly d:ffer from the normal 46
XX cell strain. This is consnstent with the concept that the repli-
cation of each chromosome is independently regulated.

The terminal DNA replication kinetics of human chromosomes in
human lymphocyte/mouse fibroblast hYbrids were studied (Lin and
Davidson, 1975). The sequence of late DNA replication was”oetermined
to be the same in hybrids as ih the corresponding chromosomes in hu-
man lymphocytes by autoradiographic te;hniquee.v Also, the_maintehance
of normal tetminal replication sequehces of human chromosomes in these -
hybrids was not dependent upon the presence of any specific human chromo-
'.some The present results fully support this conc1u5|on.

The differential staining of the homo]ogous X chromosome is pri-
marily determined by the tnmlng of the addition of thymidine to the cel](
culture (Table 6). |In the 11 hour treatment group' the maJorlty of homo-

logous X chromosomes, 83% of the cells where both were identifiehle had

not initiated DNA synthesis prlor to the addition of thymidine. Consequently‘.

both homologues lncorporated thymldlne along their entire length and
stain uniformly dark with the FPg procedure. In the 17% of the cells
where the isocyclic X and heterocyclic X were distihguishable, this
differentiation resulted from the addition of thymidine when the iso-
cyclic X had comp]eted the replication of a portion of its DNA while

the heterocyclic X had not initiated DNA synthesis, Consequent]y;'
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th}s results in diffetentia] BrdU/thymidine substftution‘with the late
X fhcorporating thymidine and therefore etaining darker with the FPG
* technique (Fig. 11).

The intrachromosomal replication pattern of both X chromosomes
preseﬁted in Fig. 11 was found to be very similat.- The varidUsiy.
‘banded isoeyclic and heterocyclic X cﬁromosomes wete readily ordered.
to detive their replication map. However, the initiatioh and comple-
tion of DNA synthesis differed with the inactive heteropycnotic X
replicating later. This is in agreement with autoradiographic analy-
ses.which have established that the inactive X can be distinguished
from its active homologue by a delay botﬁ in the initiation and termin-
ation of DNA synthesis (Priest et al', 1967 b; German, 1964 a). Willard
and Latt (1976) also reported that the internal replication klﬁethS
of homo]ogous X chromosomes are similar with the exception that DNA
synthesns of band q23 is delayed in the late X while DNA synthesus of
. band q27 is delayed in the early X. Grzeschik et al. (1975) found no
iconsistent pattern of delayed replication of bands q23 or q27 put |
reported considerable t]uctuation in the timing of DNA synthesis ot
these bands and the replication kinetics of the‘X chromoeomes in
general.

Additional evidence for the late replication of the heteropy-
cnotic inactive X chromosome was derived from the fibroblast strain
SK5239. The structurally sabnormal X eﬁromospme with a deletion at.
q13 was consistently late replicating (Fig. 11) end the nuclei of this

fibroblast strain showed consistently smaller sex chromatin mass than
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the ‘normal dip]oid fibroblast strain (Fig;‘lz 14). This is in agree-
ment w:th autoradlographlc resu]ts which lndncated that the structurs

a]]y abnormal X chromosome was 1nvar|ab]y late replicating (Glanelll,

- 1970; Fraccaro and L[ndsten, 196h Atklns et al., 1965; Steinberger
et al., 1966). The constancy of the lnactlvatlon of the structurally
abnormal X chronosone may be a result of cell selection. Cells wnth

an active deleted X may not have elther the reproductive potentlal

nor the life span and may not pre]iferate as readily as the converse

» case, |
The consistent genetic inactiVation of the deleted X chrdmosbme‘

provides further evidence regarding the mode]s of X chromosome inacti-
vation in female eutner;an mammals. Grumbach (1964), Lyon (1964)
. Russell (1964), and Therman et al., (1974) proposed.that X chromOSqmet
differentiation in mammals is under the control of a singie site or
locus within the X. The concept has developed that an inactivatfon
center within the X exists from which some substance spreads to in-
activate the entire X chromosome. These results 1nd:cate that there

cannot be one inactivation center on the long arm of the X chromosome .

. as proposed by Therman EEUEL'(1974)' The consistent inactivation of
the deleted X chromosomes strongly suggests that if thie model is cor-~

rect, several inactivation centers must be present.- Cattanach :(1975)

reviewed the-results of several investigations which serlously questlon
this hypothe515 of X chromosome inactivation,
Although the previously mentioned hypothesis is based on the pre=~

mise of inactivation rather than activation, several models propose
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‘the converse mechanism. Comingsf(f968) provided evidence that chromo_
somee are attached to the,huclear membrane with the attaChment sites
bossibly corresponding to points of initfation of DNA synthesis. He
proposed that only one such site may exist for the X chromosome and
additional X chromosomes not.attached to fhese sites might contract

and attach randomly to the nuc]ear membrane where they mlght replicate
later than the rest of the chromatin ln the cell. This concept is com=
patible with the resolts_obtanned from this study. |

The hypothesis of Brown and Cﬁandra (1973) and Chandra and Brown
(1975) isva]so based upon_the oremise of aotivation.of'the X ohromosome.
rather than inacfivation. -Basically;_thei} mode] requires that a recep- o
tor site on the X chromosome be activated by a single |nformat|onal en- .
tlty which resu]ts in the activation of the chromosome. If the receptor
site necessary for the X chromosome activation is absent in the deleted
X chromosomes, this would result in the‘inactiVation of these struc-
turally abnormal X‘s. The model of Brown and Chandra (1973) is con-
sistent with these findings and other autoradlographlc findings (Gtanelll,
1970 Fraccaro and Lindsten, 1974; Atkins et al., 1965; Steinberger EE
al., 1966) which indicate that the structurally abnormal X chromosome
was invariably late rep]icating.

These resulte could not conclusively resolve the contradictory
replication kinetics between lymphocytes, amniotic fluid ce]]s,vaod
ifibroblasts solely on the basis of a tissue specific rep]fcation map.
These results from fibroblasts were found to be in agreement with exther

the lymphocyte or amniotic fluid rep]xcat:on map dependlng upon the
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soecific chromosome invo]ved (Table'IO).’ It is probable that several
contradlctory replication bands may be resolved on the basis of a tls-
sue specific replication map.. However the dlfferences observed may
also be derived from the dlfferent experlmenta] procedures employed
and the fact that €ach study was performed on tissue from a dlfferent
individual. When the tlssues are derived from the same individua]
and similar experimental protocols are employed;7valid’resu]ts may
be obtained which may demonstrate the existence ot_tissue specific
replication maps. | |

The specificity and resolutlon of this technique lndloates that
several areas be investigated. 1In a synchronized cell populatlon the
accurate de]ineation of the duration of the S and G2 phases of the .
cell cycle in a wnde var:ety of cell 1lnes with differing chromosome
complements may be determined. As mentioned previously, this modlfled
technique will permit the comparlson of the replication klnetlcs of
several tissues. " In addition, similar comparisons could be made in
cei]'hybrids with varying human chromosome complements which may pro-.

vide further information regarding the independent control of chromo-

somal DNA synthesis. Transformed cell lines may differ in thelr repli=-

cation pattern either from normal cells of the same tissue or from the

same pre-transformed cell line. Investigations of lines with various

deletions and translocations involving the X chromosomes will certainly

‘ generate new information regarding the replxcatlon patterns of the X

chromosomes.
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