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Cytogenetics and Fanconl's Anemia:

. Experimental and Other Studies of a Family
William-D; Loughman
ABSTRACT

_.Thé genetic and qytogenetic literature pertaining:f
to Fanconi's Anemia:(FA) is raViéwed.‘,AﬁcaseTié madé”
against the simplistic view of FA etiology. Physical‘
and clinical data aregiven far a caseidvaA, hef-liv-
ing family,land three deceased FA sibs; A pedigree of
188 individuals in 7_generations is diécussedt- The in-
cidence of ieukemia and diabetes is unfemarkable; but
! 1nfant'mortality iS;elevated, reaching 21% in the pa-
ternal kindred. | o | |

Experimental studies span 5 1/2 yeafé'from diag—-
nosis to terminatioh of treatment. FA b6ne marrow
cells contained no chromoéome abnormalities. Cultured
'FA lymphocytes contained chromatid exchanges, gaps, and
breaks; with multicentric chromosomes but virtually no
bother aberrations. Chromatid exchanges’ware more com-
mon 1nitially.thanvchf0ﬁat1d breaks; thia‘fatio was re-
versed after 5 1/2 years. The chromatid exchange ffe-.
quency.declihed expdnéntially with a halftime similar
to the halflife of lymphocytes, and concordant with the
period of clinically effective.treafméat. Multicentric '

- chromosomes deélined in frequencyvthrough the course of



ix

vtreatmentuand were less frequent thanfchromatid ex-
changes. Simple chromatid breaks did not decline in
frequency. Homologous chromosomes werelinvolved in
"exchanges_sonewhat more frequently than'were non-homo-
"logs; long chromOSOmes were involved more frequently
thangShortlv Cells with endoreduplicatedlChromosomes
-were_uncommon; But increased at_the terminationfof‘,
d’tnerapy. Other family members' chromosomeS'were nor-
omal. | o |

| vMi‘tot'ic index ‘determinations on cultured FA 1ymph-
ocytes'indicated either multiple.cell populations or a
cell cycle disturbance. In vitro survival of-FA lymph-
ocytes was below normal and biphasic after 48 hours of
culture. Some reduced survival was spurious, and in-.

_dicated a cell membrane defect.

' Cultures of fresh normal lymphocytes with FA plas- .

‘ma did not show increased chromosome aberrations.
Older cultured normal lymphocytes in conditioned FA me-
'l,dium displayed a seven- fold increase in- chromatid
breaks. o
| Electron micrographs of fresh FA lymphocytes were
vnot different from normal. Micrographs,of cultured FA
: lymphocytes displayed,unusual lacunae.in'the endoplas-
mic reticUluﬁ, reduction in ribosome numbers, .an in-
‘crease’ in granules thought to be glycogen, and large
mitochondria with unusual cristae.-

";Cell_cycle analyses were performed. Thevmother's"



Gl phase probably was prolonged the durations of
either or both of S and G; were variable in both par-
ents. Cell cycle phases of the normal sib were the
same as in controls. The FA cell cycle times were not
determined- a large fraction of her dividing cells
‘falled to label with radiothymidine. A smaller frac-
.tion of “both parents' cells failed to label This
_-phenomenon is suggested as the basis of a simple test
for the-FA carrier—condition;} A small fraction of the
“mother'sdcellsflabelled late‘in Go. Only the FA case
-and her mother had a small fraction of intensely la-
»belled cells. Normally—labelling_FA cells_were con-
sidereddto_consist of two populations,'one with an ab-
-:.normal cell cycle. .

Hexokinase end thymidine kinase activitiesvwere
normal or elevated in blood cells of the FA case and
her famlly.'

Lymphocyte chromosome repair time during Gl was
measured in all family members, all were approximately
4 hours as in_controls. The results in the_FA case
suggested an extreme dispersion of repeir times, or the
existence of multiple‘cell'populations. |

X-ray induced aberration ratesvduring the first
G, and the last G, of cultured lymphocytes were the
same as controls in ell subjects' cells. '

~Cytogenetic abnormalities‘in FA lymphocytes occur

in a simple pattern inconsistent‘withvchromOsOme'fra-,



xi -

gility and‘m1s-répa1r. The "éxdhange"Vthéer of
chromosome aberrations is more in accord with the ex-
perimental evidence.

’The action of a physical agent on FA chrbmosomes _ .
is inconsistent with the.available'evidence. The ac-
tioﬁ of-a virus is consistenf with but not proven by
the experimehtal evidence provided. '/”  | |

The recessive gene hypothesis of.FA causationvwas
.reQexaminedj a more complex genetic bésis-was Qonsidf'

e

‘éred iikely.

LN



| INTRODUCTION

Fanconl first described the somewhat enigmatic
disorder which how bears his name in 1927 [34]. Since
then only about 200 cases have been reported in the
world's medical literatufe [140,141].. Despite the
rarit&-of the condition, or perhaps becaﬁse-of it, a
number of clinical reviews are availabie‘t2?,35;44,73,
79,140,141]. | : o

Aiso Known as congenitalvpahcytopenia, or familial
hypqplastic‘anemia 6f childhood, Fanconi's Anemiaf(FA)‘
1s a rare and usually fatal condition;. It is charécfif
- terized by its familial occurrence, a_progressive énd , |
severe pancytopenia with bone marrow hypoplasia, and
a spectfum of'congenital anomalies. The latter may
include some or ali‘of fhe followlng: patchy brown
skin pigmentation, short stature, strabismﬁs, hypogen-
italism, hypoplasia of the thumb'and radius, hypopla;
‘sia of‘the kidneys and spleen, microcebhély, micro-
phthalmia, mental.and sexual retardation, and othér'
less common symptoms. The pancytopenia'and marrow hy-
poplasia usually develop within the first decade of
iife [27,35,140,141]. Death most often occurs before
sexual maturity, and only a few adult cases are known
[17,27,103,128]. Both sexes are affected, but there
is a'nearly two to one preponderance of male over fe-
male cases [35,44]. There is no*evidence'of predilec-

tion for occurrence in any ethnic group or geographi-



cal area [27,140].
| For 25 yeers after Fanconlt's original case re-
popt,}there was an increasing but largely circumstan-

tial-belief that FA was due to homozygoslty for a re-

cessive gene. Then Reinhold et al, reviewing 21 cases

of FA 1nh 14 families, provided more substantial sup-

port for the hypothesis [98]. Using the "cast out the
propositus" method of Haldane [48], they concluded the

'incidence of FA in families was "...compatible with...

the recessive gene hypothesis." Subsequently Nilsson

reviewed 22 families with 47 cases of FA among 125
sibsd[79]. This ratio is compatible with receSsivef
inheritance, ‘and without statistical analysis Nilsson
agreed with Reinhold et al.

f,This'view is widely held now, but WaS'disputed by
-a numbef of later workers. ‘A series of 117 cases was
reviewed by Weicker [138] and Weicker and Fischel |
[139],'who found a 1:1.17 ratio of affected to unaf-
fectedesibs.. They belleved a dominant gene was 1in-
volved. -In several_single case reports, recessive in-
. heritance seemed improbable: Imerslund described a
- mother with cohgenita1~abnormalities like those in FA
who gave birth to a typical FA child [60]; she consid-
ered dominant inheritance iikely. O'Neill and Varadi

reported an FA child born to an FA mother (87]. Hoef-

nagel et al reported typical FA 1n two cousins, and

expressed doubts about recessive inheritance [55].

¥



Fahcbni himself has suggeéted a domlnant gene may be
involved in FA [35]. Congenital'anomalies, hematolog-
iCallsymptoms, or chromosome ébefrations (disdussed
.below) have been observed in'non—anemic relatives of
FA cases [44,55,91]. Van Buchem gg_gl,aescribed three
FA sibs; ohe‘gave‘birth to-a child with Sever9_9ong¢n-
1tal abnormalities who dled shortly after birth [17].

These difficulties and others have been reviewed -
by séVefal authors: Schroeder and Kurth are led to
believe the diverse symptoms of FA, 1n¢luding effects
in non-anemic cases, are due to a "weakened constitu-
tion" which is determined genetically*in part [116];
‘'Fanconi considers them the result of "intermediate"
inheritance and "extreme plelotropy" [35]. Dawson has
suggested the diversity of FA symptoms could be,the
result of "variable gene expressivity" [27]. German
surmised that FA may be geneticaily heterogenous [41].
‘ . Several authors have invoked eitefnél factors
acting on é susceptible genotype-to explain the varied
congenital anomalies and the delayed onset of pancyto-
penia in early childhood. Amdng othéfé, Séhroeder and -
'vKurth suggest as yet undiscovered agents may be affect-
ing susceptible individuals [116]; while Swift and
Hirschhorn have proposed viral‘infection as the causa-
tive agent [128].

FA appéars to predispose its sufferéfs and even

their relatives to risks other than anemia. Garriga



and Crosby demonstrated a markedly increased incidence
of leukemia in FA patients and their near relatives
[37], a finding generally confirmed by Bloom et al, and'
by Schroeder and Kurth [11,116]. Swift showed an in-
creased risk of malignaﬁt neoplasm among presumptivei
heterozygotes for the FA gene [i27],"More recently
Swift gt_g;{shOWed a six-fold increase in the inci- -
dence_df diabetes mellitus among female,}but not ﬁale;
FA heterozygotes over that found in an age-matched
eontroi group [129].

Cytogenetic studies in Fanconi's Anemia have been
most 1nterestihg good but selective reviews have
been provided by Bloom et al.[11], German [41], Schmid
[108], and Schroeder and Kurth [116]. In 1964
_ Schreeder demonstrated the important fact that cul-

‘ tured blood leukocytes from FA cases showed a high
frequency of chromosome abnormalities [115] ~This ob-
'serVation'was confirmed by Schmid'gt;§l5[109]. Along
with Bloom gt_gi,[ll], they could find’no chromosome
abnormalities in bone marrow cells. vDisputing the
latter finding, Swift and Hirschhorn found chromosome -
abnormalities not only in marrow cells, but also in
cultured skin cells in addition to cultured blood leus
kocytes [128]. |

1 The often remarkable dlsplay of chromosome aber-

rations in cultured FA cells led many adthors to wrlte

of the "spontaneous breakage" [116], the "increased



_ instability" [41], or the "susceptibiiity" to chromd_
some breakage [35,128] of FA chromosomes. Higurashi
and Conen provided formal support for'theSe ideas ﬁhen
théy found a 2- to 4-fold increase over control values
:in the radistion-induced chromosome abefration rate in
cultured FA cells [54]. Schuler et al.also found in-
¢reased aberration rates in the chromosomes of FA -
¢ells treated with an alkylating agent [117]. |
o A number of investigators have‘remafked upon the
vpredominance of chromatid-type o?er.chromosomeftypé
aberrations in cultured FA cells [109,112,114,115].
Bloom et al, have found no chromosomeétype'abérrations
in cultured FA tissue [11]. Schmid considers the
chromosome-type aberration to be little;-if any, more
freduent in FA than in normal cells [108]. Chromatid
exchanges'in normal cells are very rare, being present
in about 0.02% of all cells counted [69,70,108]. vYet
this type of chromatid abnormality is among the most
common found in FA cells, sometimes beingvpresent in
more than 25% of the cells [108]. Coupled with the
observations of Lohr g&_g},[65,66], this led Schroeder
to propose a chromosome repalr defect arising from a
hexokihase deficiency in FA. She perosed two forms
of FA, with and without deficiency of cellular hexo-
kinase, and with differing patterns of chromosome ab- \
nqrmalities [113,114,116]. Schmid cohsiders the chro-

matid éxchanges seen in FA cells to be a priorl proof



of the existence of mis-repaired simple_breaks;.he
thus implicitly denies the existence of a quantitative
repair defect [108]. In reviewing_tﬁéir,own and
othéfs?Hcytogenetic investigations, Bibbmvgg_g;,con_
cludéd‘thaﬁ.chromatid éxchanges, in FA_célls at least,
arise from an undiscovered mechanism distinct from
simplé'misrepair of pre-exlsting chrdmaﬁid breaks [11}_
Earliér,‘Germénv[39] and German and Cfipba [43] had
cited the phenomenon in FA as evidenéelof somatic N
crossing-over. _ . - |
1A-number of authofs have reported'iﬁcreased endo- 1
reduplication in cultured FA cells [11,55,91,id8,115,' |
117]Q'ﬂSchm1d, howevef, considers this to be very un-
cbmmdn'and not at all charactefistic [108]. |
- It is difficult to relate the”chfomosome aberra-
tiéhs found in lymphocytes to the myelold cell pancy-
topenia so'characteristic of FA. Thésméfrow, whose
cells show little_or no chromosome abnéfmalities, is
markediy hypopiastic; nb known pathoi6gy_1S»associated
.with the lymphoid cells or lymph nodes [27,35, 44,140,
1. | - B
The possible role of chrOmosome‘abérrations in
- causling both congenital defécts and leukemia in FA has
not been overlooked, nor ﬁas the potentilal role of vi-
ruses in causing all threeAphenomena (116,l28]. And
yet,_S¢hmid among others believes the chromosome dam-

age 1s symptomatic and secondary to aﬁ unclarified

!



cell-lethal process [108].

" ' sﬁmm1ng'ali-the'foregoing makes apparent some
disagreément'in both the genetlc and cytbgénetic evi-
dehce,béaring on FA. The majority dfﬂfépOrts have
been;descripti?e_or‘observational;'oﬁly a few déscribe
ekpefimentélrstudies designed to clarify the fundamen-
tals of'FA etiology.. Most experimental studies are in
need of either cqnfirmation or extensibn; Long_term
consecutive studies of FA individuals, more extensive
familybétudies, and further experimental studies are
needed,

This report presents experimentai studies and ob--
servations spanning the 5 1/2 year survival of a case
of FA, with concurrent studies of her parents and only
surviving sib. The experiments were designed to test
hjpotheses derived from observation, and in turn they
~lead to new hypbtheses of the etiology bfrFA. Experi-.
ments bearing upon the nature énd origin of the chroma-
- tid exchanges seén in FA are described. Evidence is-
presented for alterations of cell membrane permeability
and the dell cycle in cultured FA lymphocytes. The
\'data presented are compared with previously published
‘ material, and with the various hypotheses -advanced by -

earlier authors.



REPORT OF A CASE OF FANCONI'S ANEMIA

The Propositus

Patty H., a 14 1/2 year old Caucasian female born
1n April 1958, is this study's propositué;  She is the
second daughter and the fourth of five children born
to normal parents of Irish-English-Welsh ancestry.
TwWo y0unger_brotheps and probably é~1atef-sister, all.
described.below, succumbed to FA. An older»sistervre?“'
maiﬁSfﬁhysiCaily and hematologicaliy normél.

»Patty's birth.and earliest childhood.were_unre—

" markable. She contracted and recovered ffom many of
the usual childhood 1lllnesses without sequeiae.r At
age 8 she appeared physically normai, and hematologi-
| cal and othef studies perfofmed then révealed.nothing
unusual. | 7

Firét clinical signs of 1illness were noted in
'mid—1967,’following é yéar of severe upper respiratory
infections. A definite diagnoéis of FA was made in
OCtobef 1967; the child was then 9 years old.. Treét-
ment,Adescribed below, was begun at this time.

"At'the present (January 1973).Patty has a below- ;
normal stature. A skeletal survey showed no abnormal-
1t1eé, éxéept.for unusually'short middle phalanges 1in
the fifth fingers of bofh.hands. The child's skeletal
age 1is normal. Her eyes are smail; her ékin has a
- yellow-tan cast, with a few rounded 5roﬁn,maculab areas

(cafe-au-lait spots) on her chest and arms. Apart



from these, therevaré none of the bthér'physical stig-
mata of FA. She 1s of-average or higher»intelligence,
and she‘had been active in school and socially. Men-
strual perigds and breast development -appear to be
._ normél; following a deiay which may have been occa-
sioned'by recently discontinued androgen therapy.
Initial clinical findings included marked reduc-
tion in all formed elements of the blood except lymph-
ocytes,'and a hypocellular bone marrow, .Slow clinical
" improvement wés obtailned wiﬁh only hemafihic'thefapy
(folic acid, vitamin Bios pyridoxine). This became
"‘1neffect1ve in Febfuary 1968, following a relapse ap-
_‘parent19'prompted by an upper’respiratory infection.
,'Althdugh édrenal_gteroid fherapy (Prednisone)-Was be-
gun in March 1968, the child's clinical condition did
not improve. Transfusions of whole blood and plate-
lets, with édministration of antibiotiés and gamma
glqbulin, became necessary. Experiméhtal'endosteal
curettage was performed in October 1968, without sig-
nificant effect [136]. As a last resort, androgen
therapy (Delétestryl, théh later Halotestin) was begun
in December 1968. The hematological responée was not
marked, ahd transfuéions continued to be necessary.
: M$s¢ulinization‘with hirsutism; deepeﬁed voice, acne,
and 6ther éhanges'resulting from androgen therapy were
~marked within four monthé. At this time Patty's peri-
pheral blood showed hemoglobin levels 1ﬁ;the 9 grams-



"percent'range, maintained large1y‘by trénsfusion. A
.Whité blood'éeli,counts, largely compoééd of lympho-
cytes,_were 2200/mm3, Platelets were 4O,Odo/mm3, and
the_bonevmarrqw remalned markedly hypoplaétic.

in an attempt tovminimize the maséulinizing side-
i éffects of -androgen therapy,_treatment was changed in
April 1970 to an experimental androgeﬁ‘(oXymetholone,
Syntex Labbratoriés); Unexpectedly, hemoglobin rose
td normal levels (13.9-15;6.gramsapercent), and white.
‘blood cells and plateiets tripled. Thiétgood hemato- .
logic reéponse continued for 2 1/2 years, but was nét
accémpanied by remiésion of mascullnization.

In Séptember 1972, with the still severe and dis-'
tressiné,masculinizing effects of the:éndrogen therapy
uppefmost 1n.hef mind, Patty insisted bn discontihuing
all medicafioﬁ. 'She was fully aware that this could
_causé feappearance of her dilsease, or_eien death, Af-
terhexfénsive consultation with the parehts, th¢
cﬁild, and medical experts, the attending physicians
acceded to Patty's wish. |

Four months;iater, in January 1973,vthe child ex-
hibited a decfease in facia1 ha1r. A'long-standing
problem with insomnia disappeafed, aﬁd'she continued
to feel well. Her very first two menstrual periods
occurred, exactly 28 days apart. Tendernéss over the
breasté and some breast tlssue growth was noted. Hemo-

globin levels had fallen to 11 grams-percent, white



blood cells were down to 23900/mm®, and platelets were
reduced to 40,000/mm®., At this time Patty H. has_sur-
vived with FA for five ahdAone-half years.

A 5 l/2—year'summary of'hematological parameters
for Patty H. is shown in Figure 1. The Figure also
bshows the schedule of drug therapy, and the dates on
‘which were obtained the blood and marrow'samples per—‘

tinent to the data given in this report..

The Family

~ Cathy H., born uneventfully in Marcht1954 and now

19 years old, is the family's first child._ She con-
tracted'the usual.childhood diseases,'recbvering from.
them'without séquelée. At present, Cathy is physical—
ly and hematologically normal, with at least ‘average
1nte111gence and normal sexual development.

John H.vls the family's second child and first
son; he was born in August 1955 when hié;mother was 38
years old. At birth he had a reduplicated right thumb
but no other congenltal ébnofmalities. ‘This was cor-
rected surgically in February 1957, at which time he
was hematologically normal. Anemia was first noted in
‘1959, when he was four years Bld:ahd after a bout of
measles., One year 1atef in November 1960, after a
largely unsuccessful treatment regimen Qf hematinics
- and transfdsions, a dlagnosis of Fahéoni's Anemia was

~glven, Prednlsone and androgehv(Halotestin) therapy

11
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Figure 1. Clinical parameters of the pfopositus:

N \ 5'1/2 year summary. :
‘Sterotids in mgs pér.day. _Ahdrogén8~ih mgs-per day:
A = Delatestryl; B = Halotestin; C = oxymethblone.
Note that the improved piatelét counts and hemoglobin
levels'were coincident with Halotestin therapy, but

WBC improved coincident with oxymetholone treatment.



Hemoglobin (g/100 | ml)

WBC/mm?®

Platelets (1000/m m?)

14
12
10

ON B O ©

 STEROIDS  ~ Hh

ANDROGENS
STUDY DATES

80
60
40
20
0
6000
4000

2000
0

16

e

— —>[[M}< TRANSFUSIONS

—ENDOSTEAL"
CURETTAGE

‘.

STOP THERAPY

40 =

100§

| BLEEDING

|

CLINICAL _

|

| I

|

1967 1968 1969 1970 1971 1972 1973 1974

DBL 734-5108

137



14

Wés 1n§tituted, withdut'encquraging reéults. Further
transfusions were nécessary, but by April 1963 he re-
quired hosp1tal1zation'for cutanebus'ahd internal hem-
orrhégé} ‘He did not respond to heroic tHerapy, and
‘died ih'April 1963 at the age of 7 1/2 years; a bit
mofé'thén 3 yéars after;the diagnosis of FA.

_VV.DaV1d7H.,'the-th1rd child and second son, was
- born in December 1956, His birth and very earliest
‘childhood were uneventful. David's growth was slow;
'by.5,yéaré of age he was unusﬁally shoft.in stature
andvbelow“norhal in weight. He waé miéfocephalic with
a degree‘of mental retardation. Strabismus was presé'
_ent. The middle phalanges of the fifth fingers of
thh hands were abnorﬁally small; his bone age was re-
tarded. The child's skin was of a markedly darker
cast than was found in cher memberS»df_the‘famify,
and this was exaggerated in the perigenital and anal
Qregibhé éhd_irrégula}ly around the neck and over the
v v _ o

- David ehjbyed.geherally good health until Septem-
ber 1961. Over a period of seVefal_months he ‘had a
'”number of infectlons and'illneSSes‘inéiuding chicken-
poxX. These were followed by a series of "not éerious"
upper resplratory 1nfections; During this-time, his‘
appetite fell off, he was noticeably pale, and his par-
ents brought-him to medical attentioﬁ. A.diagnosis of

FA was made in February 1962, following clinical exam-
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~inations which revealed anemia, pancytopenia, and hy-
poplastic bone marrow. o

Over the next two years treatmentlconsisted of
Prednisone, and‘then also testosterone; 'Splenectomy
was_performed. All therapy was without Significant“
effect;.the child's condition declined and.transfus-
sions were necessary. In February l964‘he suddenly
developed acute gastroenteritls and died at the age of
7, almost exactly two years after the diagnosis of FA.
An autopsy verified the cause of death, and revealed
in addition'atrophic adrenal glands and a significant-
ly enlarged heart

Marjean H. was the last child born to the parents.
Her birth in November 1959 was normal, but ‘she died
shortly after birth with multiple congenital anoma-
lies._ These included: encephalocoele, "slant" eyes,
eiabsent external auditory canals, syringoﬁyelia,'micro-
gyria;'cerebellar agenesis, a snoernumerafy thumb on
‘the right hand, and a prehensile thumb on the left
_hand. No.hematoloéical data were aveilable fofiMar—*
~ Jean, but she wasmsaid to be exceptionally pale at
birth, - B |
| The fanily hes adopted a daughter aged 7vyears..'
‘Margaret H;'was born in April 1966 and has been a well
child. Not included in this study, she:is mentioned
hére only for completeness. u

Ellen H., aged 55 years, 1s the mother of the
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fivé.éibs described above. She was born uneventfully
‘November 1917, the second child and only girl in é
-sibship of three. Aside from a long-since relieved
episode of "Bright's disease" 1n childhood, herAearly
life-énd young adulthood were unremarkable. She con-
,tfacted diabetes in April 1971, two_yéafs after herv.
_vlast'éhild was born. This has been treated with insu-
.lih'énd Diébinase. Apart from this, Elien 1s physi-
cally; hematologiéally, and intellectually normal.

Her 53vand 57 yeaf 01d,brothefs are liVing and well,

- Elleh'évfather_died aged 32 in the 1920 influenza epi-
demic;'her mother died at'age 46 post-operatively af;’
ter‘goiter removal. Both Ellen's parents are from |
largé'fﬁmilies: her paternal’grandfatﬁef}is a progeni-
tor‘of ", ..one of the largest families in Utah..."
(UniVerSity.of Utah fecords); Ellen's first éhild
(CathY) was borh_When.she was-37 years‘olﬁ; her last
(Marjean) when she was 42, She has had nb miscarriages
or ébortionq. A housewlfe and motherAMOSt of her aduit
11fe,”E11en has had no exposure to excessive radiations
or hazardous chemicals; She has not received unusual
medications,

Harold.H;; aged 46 years, is thé fathef of the
five éibs - described above. He was.bOrh in April
1926, the third child and third of four sons in a sib-
ship of five. Following an uneventful birth and
childhood, he has enjoyed good health throughout his

5



life. Harold is physically, hematologlcally, and in-
teiigctuallyvnormal; A younger brother died at age .
l.i/é'ygars of complications following measles and
pneumoﬁia; the other sibs are alive and well, Still
living at age 82, Harold's father became "mildly dia-
betic late in life", and his mother 16 aiive and in
good héalth_at'age 75. - _

- Like his wife, Harold has had no unusual medica-
tidns or X-ray treatments. For many years employed as
~a rallroad office worker, Harold has no known exposure

to other radlatlons 6r hazardous chemlcals.

Thé Kindred, and a Pedlgree

v Mf; and Mrs. H. are of the Mormon faith (Churéh
of'Jesus Christ of the Latter Day Saints); wilth their
help access was galned t§ the}remarkable_records of
the Churchlin Sélt Lake Clty, Utah. Ffom these records
and additional information obtained directly from fam-
i1ly members, a pedigree of the H. family and its kin-
dred was cbnstructed. This is shown in Figuresvz and
3. - |

Other than 1in direct'line of ascent from the pro-

posiﬁus, marriage partnefs are not shoWh; Ascértain-
ment of bilrths and deaths 1is complete W1th1n four of

the seven generations deplcted. Miscarriage and abor-

tion is not indilcated; this 1nformatioh'has proved very

difficult to obtain. As shown, the kindred contains

17



Figures 2 and 3. Pedigree of the kindred.

1l

0O = male; O = female; © = sex unknown.

Il

deceased.

g

/7’= The propositus of this study.

C/%= twins, zygosity not known.

. j}\;=Children from multiple marriages. -

AScertainment'of births and deaths 1is complete 1n gen-'

erations IV-VII. Individuals III-3 through III-14 all
had large families. Individual III-3 héd,several‘

~wives, one of whom (alive at age 104) is the progeni-
tor.of.one of Utah's largest famllies. Other than in
dibect iine of ascent from the propositus, and 1n‘the

primal generations, marriage partners are not shown.
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Table 1. Infant death, neoplasia, diabetes,

and FA in the kindred

R Age at S
- Subject Sex death Cause of death/comments
: INFANT DEATH
Iv-2 F 2 days Unknown
Iv-8 F "infant"  Unknown
Iv-9 M 1 year Unknown
Iv-15 F at birth Unknown
Iv-18 M at birth Unknown
IV-21 M "{nfant" Unknown
Iv-22 M ‘"infant" Unknown :
V-5 F 6 months Failure to thrive, infec--
tion
V-13 M 1 week Unknown; "very pale"
V-30 M 1l year Possible viral respiratory
infection .
V-31 F '"few days" Intestinal hemorrhage
V-36 M 1 year Complications of measles
VI-23 F at birth Stillborn
VI-55 F 2 days Fanconi's Anemia (see below)
VII-40 M 1 week "Soft bones; pale; not de-
: veloped"
MALIGNANT NEOPLASTIA
Iv-5  F 62 years "Cancer"
Iv-16 F 66 years "Cancer"
V-1 M "aged" "Stomach cancer"
NON-MALIGNANT NEOPLASIA
Iv-23 F - Ascltes tumor, age 79;
_ living at age 83.
Vi-19 = F - Benlign breast tumor; living
. v at age 20.
VI-20 F - Benign tumor of Jjaw; living

at age 19.
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Table 1. (Continued)
' ' - Age at .
SubJject Sex. death Cause of death/comments
DIABETES
Iv-7 F 47 years. Post- operative for goiter,
, ‘ diabetes shortly before
o she died" -
Iv-27 M - Mild diabetic late in 11fe,
‘ : living at age 82.
v-18 F - Mother of FA propositus;
living at 55 years.
V=35 M - Living at age 52.
VI-41 F - Diabetes: age 34; 11V1ng at
- age 36.
FANCONI'S ANEMIA
VI-52 M 7 1/2 years Acute internal and cutah-
' o eous hemorrhage.
VI-Hh3 . M 7 years Acute gastroenteritis.
VI-54 F -- Living at 14 1/2 years;
' survived with FA 5 1/2
' ' years.
VI-55 F 2 days Multiple congenlital anoma—

lies; "exceptionally pale".
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188.1ndividuals. Ascertalnment of cause of death is
complete for all 55 deceased mémbers of ‘the kindred;
ascértainment of the condition of health of the 133
living members 1s lncomplete but continuing. »The med-
lcal status of nearly 704 of the living kindred is
known with reasonable reliability at the»present time
(January 1973). | .
~ The paternal ancestors were Welsh who emigrated
to COlofado, and Irish-Scotch who emlgrated to Pennsyl-
vania and thence to Colorado. From Colorado branches
of the paternal kindred migrated to Nevada and Cali-
fornla. | |

" The maternal ancestors were English who emigrated
“to Utah late in the 19th Century. Since then branches
'of the family have taken up residence in several West- !
‘ern_States, primarily in Utah and California.

It must be noted that the progenitofé of this
large kindred were all born in the British Isles; in-
termarfiage at some time in the 19th century cannot be
ruled out oﬁ'the evidence presented. However consan-
guinity of any ancestors of the propositus is not shown

through the three generations preceding her own.

‘Leukemia, Diabetes, and Infant Mortality

Garriga and Crosby first suggested an assoclation
between FA and leukemia [37], and the presumed assocl-

ation now 1s widely accepted [11,41,116]. Additional-
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ly; Swift has reported an association between FA and
non-leukemic malignant néoplasm [127]. 'df the 55
deathé_which have occﬁrred in the kindfed pfesented
here, records cértifying fhe cause of death show three
individuals died of cancer, Eighty—two of thg 133
1iving members are known to be free of neoplasia, but
-‘3 have felatively benign‘fumors. The health of the.
48 rgmaining living.members is not knéwn;'but'the in-
cideHCe to date of neoplasia in this.large kindred ;s”
not impressiQe; L SR

Swift gE_gi,haVe demonstrated an association be-
tween the putative FA gene and diabetés.[l27]; The
. records used to.construct the pedigree given here usu-
ally do not shbw medical conditions which were non-
contributory tb death. Therefore the ascertainment of
diabetes within the kindred is quite incomplete, often.
being:bésed on verbal information from'family members.
At this time? wlth incomplete information, the inci-
dence of diabetes in the kindred does not greatly ex-
Qeed the 1-2% expected in the general population [56,
127]. _Among the close rélatives'of the propositus,
her mother; a maternal firét cousin, and her paternal
uncle énd grandfather are or were diabétic._

| With only scantvcomﬁeht on tﬁe observation,

Nilsson reported an 8.8% perinatal mortality among the
79 "uﬁaffected" siblings of FA cases which-he re-
viewed [79]. In the FA kindred shown here, 14 of the

+
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166 births in generations IV through VII;'exéluding
the FA case, were infant deaths: an ihgidence of 8.4%.
The 1ﬁcidence i3 most marked in the paternal kindred,
where early postnatalAdeatbs occurred'ih 21¢ of known
births, not counting those 1n'the stud&ﬁfamiiyl. So=
cial and economic conditions within the kindred have
certainly varied with time and place, as must have -
also the quality and availability of medical care.
These factors must influence the infant_mprtality '
rate; nonetheless the incldence of early posﬁnatal
mortality in this kindred seems altogether too high.

| Table 1 lists kindred members known to have died
as 1nfahts, those known to have had diabetes or neo-

plasia,’and,thosé known to have had FA.
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INTTIAL OBSERVATioNs, AND A ﬁYPOTHESIS.

| o iron.kiﬁetié‘studies,had.beenvpeffgrmed on David
| H. atvtﬂé:annervLaboratory;'University of California,
Berkeley,.during-the éourse of his illness with.FA."“
As a "fol1ow-on" to that investigation, the propositus
'bv(Pétty_H.) became available tb research phjsicians at
“the Labbratbry. Initial cytogenetic stﬁdiés were per-
-formed on Patty's lymphocytes, marrow_éells, andvf14
broblasts as abggg.gggmg adjunct to clinical examina-

tions and iron kinetic studles.

Materials and Methods

Lymphocytes for culture were obtained in the fol-
lowing way: Peripheral blood obtainéd by puncture of
the cephalic Vein:was aspirated into'plasticbsyringes
containing 50 I.U. heparin per ml of blood. After . |
“mixing by inversion, a fresh covered needle was at-
tachedlto the syringe and it was allowed to S£and .
ﬁeedie—up in.é rack at ambient'tempefature. Superﬁa- 
tant plasma (and white cells) exceeding 10% of the
~original blood volume was obtailned after 1/2-hour of
red cell'seqimentation; After bendihg the syringe
needle té enter thé moufh of a'small sterile screw-
kcapped'Eflenmeyér—tybe fiaSk, the white—éell rich su-
pernatant plasma was expressed into the flask by care-

ful movement of the syringe plunger.



Two volumes of_fresh tissue culture»mediumlvwefe-added
to the flask, along wlth approximately i/2-gram of
fihely diVided 1roﬁ powder?, The_suspension-was mixed
gently by swifling,‘and the tightly-capped flask was
plaeed'in a shaker water bath at 37°C.> Tﬁe shaking
cycle waé adjusted to 100 strokes/ming, with suffi-
cient amplitude to Just suspend the 1ronﬁpoﬁder with-
out foaming the fluid medlum. After'one hour the flask
was‘removed from the bath, and a strong miniature Al-
nico magnet was held against 1ts-bottom'f0r three min;
utes.__Mature granulocytes and mqnocytes; having phag-
ocytized iron partieles, were magnetically removed

- from suspension. Thils procedure was necessary to in-
sure consistency of lymphocyte behavior in vitro from
experiment to experiment, and between subjects [68,
137], After decanting the supernafant fluid, the'mag-
neticgeell—removal procedure was repeéted, andva sam-
ple of the supernatant fluld was suitably diluted to
obtain a cell count 1n a hemocytometer. This complete
_procedure 1s essentlally that of Hastihgs‘gg_gi.[BO].
In earlier studies, the method censistehtly produced
the best combination of high yield and high purity in
comparison with other methods [68,96,121].A Lymphocyte

1mCc 199 or NCTC 109. Microbiological Assoclates, Al-
‘bany, Calif.

2Tron Powder, Reduced Electrolytic Grade. Matheson,
Coleman and Bell, Cincinnati Ohio.
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purif& regularly was 95-100%,_ahdvabsolﬁ£e ylelds were
‘ aboVé 50%.. Prinéipal contamination cdﬁsféted of
‘plateiefs and redjcélls;\both were reduced orders of
magnitude bélowvtheirlconcéntration ih who1e blood.
Prior to culturingvthé cells, the suspenSion was con-
centrated by centrifugation, or'diluted'with both me-
- dium and fetél bovine serum (FBS), to yleld a concen-
tration of 105-10° lymphocytes/ml, with 5% v/v autol-
_ogous_plésma and 5%vv/v FBS.v Although“aséptic préée-
1dﬁré$'and sterile glassware wefeQused throughout the
précedures described'abéve, antibiotics were added to
the cultures. Each ml of final culture medium con-

* tained 330 units offsodium_pehiéillinz;ul7o ug of
streptbmycin sulphate3, and 33 units of nystatin (an
ahtifungal agent)*, As a mitotic stimulant, phyto-
hemagglutin-M (PHA)S was added to a concentration of
2% v/v [84]. Five or ten ml aliquots of the lympho-
cytevsuSpensipn were planted in 15 ml screw-capped-
tissué'culture tubes. These were placed in récks at a

45° glant, and with caps loosened they were placed in

,*Fetal-bovine serum. Micrbbiolbgical Associates, Al-
bany,”Calif.' - '

" 20er-0-cillin. Up john Co;, Kalamazod, Michigan.
311 Lilly and Co., Indianapolis, Indiana.

*Mycostatin. E.R. Squibb and Sons, Inc., New York,
New York. : '

SDifco Laboratories, Detroit, Michigan.
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a darkened 37°C ineubator. The incubator'atmospheré-
was 5% CO, in air, with a relative humidity above 98%.
»v81xty-e1ght hours after initlation of cnltures, mitot-
lc arrest was effected by the addition of vinblastine
sulphate® to a final concentration of 5¥7inanograms/ml
[19,50,72]. | -
Bone marrow cells for direct examination or for
culture were obtalned as follows: Under 1ocal anés-
thesia, the attending physician aseptically obtained
2-3 ml>of bone marrow from the 1illac érest by,aépira—
tion into a plastlic syringe contalning 500—1000 I.U.
heparin. After rapid mixing by 1nversion, the speci-
men was divided into two unequal parts. The smaller.
nart was placed 1mmediatély into a culturé tube con-
taining medium and also Velban. The lafger part was
diluted with medium and FBS to yield 10 ml aliquots
having a packed cell volume of approximately 0.2 ml.
To fécilitate later observation of fibroblast cells,
some aliquots were planted into 5 ml plastic Cooper
tissue culture dishes2®. The remainder.were planfed in-
to 15 ml capped culture tubes for development of
erytnroid and myelold célls. All aliquots, and the sam-
ple containing Velban; were placed into a 37°C incuba-

tor as described before. }After 24 and 48 hours, Vel-

lvelban. El1i Lilly and Co., Indianapolis, Indiana.

2Cooper tissue culture dishes. Falcon Plastics, Los
Angeles, Calif. o
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ban wés added ﬁo some aliquots'to effect mitoticvar-
rest. | | ' .

| 'Fibfoblast4like célls'ﬁere found attached to the
Coopef dishes'after 01g§rously flushihg»aWay the loose
marrowléells with a jet of warmed medium_24 hours af-
ter planting. birect observation with”phase—contrastv
.microsddpy revealed several hﬁndred célls attached to
each dish. Twenty-four and 48 hours after medium re-
pleniéhmént and éontinued 1nCUbation,'Vélban was added
'-to-the dishes'to effect mitotic.arrest.

| Chﬁomosomé pfeparatidns_Wé?é madé frbm'£hevédl—
turéd cells usiﬁg minor modifiéationsfof standard |
methodstor lymphocytés [50,59,75] and‘mérrow [62,
132]. Three hours after addition of Velban, tube con-
tehts were mixed vigofously and transferred té unster-:
:11e conical 15 ml éentrifuge tubes; The cells were
washed énce.ih physiological saline soiution by éen-
trifuéationvatvéoo gravities for 5 minutes. Approxi-
-mateiy 0.1-0.2 ml of loosely packed cells were suspen-
ded by vigorous agitation in 4 ml of 0.075 M KC1 [59].
After 5 minutes (lymphocytes) or 10 minutes (marrow)
the céil‘Suspénsion was centrifuged for_S'minutes at
200 gravities. The supernatant Tluid was discarded,
leaving approximately 0.2 ml in which the cells were
thoroughly resuspended.. One ml of fixative (glacial
acetic acid 3 parts, Qith-methanol 1 paft, by volume)

was added slowly to the suspension. The cells were



allowed;to remain undisturbed at room témperatufe?for
15 minutes. |

. Squash'chromosome preparations were.made by dareé
.fully pipetting a,small volume of cells from the bot-
tom of the centrifuge tube, and placing them into
abnutvo;E ml of lactic—propiono—orcein stain (LPO)*
[30]. A small drop of the vigorouslyin1Xed stain/cell
suspension waslplaced under a cover—slip on a clean
glass slide. The cells were'squashed'bylfirm pressure
on the éoven—slip under layers of filter.paper,'and
thelcbver-slip edges were sealed with panaffin-on rub;
ber cement. | v

Air-dried preparations [104] weré made by washing

the fixed cells in three changes of fixative, leaving
the final suspension lightly hazy. Very small drops
-of the final suspension were placed on very clean glass
slldes and quickly dried with an electric halr dryer.
. These pneparations were stainad for 20 minutes 1n LPO,
or 5 minuﬁes_in 3% glemsa stain? at pH?6.C. After a
brief‘rinse in distilled water, slideslwere dried and
"‘:»Per.'nio'unt3 was used to attach a #l 1/2 thinness cover-

slip. | o

~ Chromosome preparations-of fibroblast-like cells

lOrcein,‘natural G.T. Gurr, London, England
2Uni-Tech Chemical Manufacturing Co., Sun Valley, Cal.

%permount. Fisher Scientific.Co., Fair Lawn, N. J.
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attached to Cooper dishes were made ig'gigg., At 3, 8,
or 24 hours after the addition of Velban, the medium’
'waé-cafefully remqved by'éspiration. HypOtonic KC1
was added to half-fill the dish, and after 15 minutes
1 mi of fixétive was added slowly. Aftervremaining |
’undistrbedfatverm temperature for 15 minutes, the
- fluid wés half—removed'by asplration and a similar
vqlume_bf fixative was added slowly. uThis.proceSS'was
'repeatéd once, all fluid was removed, and undiluted
fixétive was added slowly to fiiiuthevdish."After 10
.minﬁfes:the fikatiVé was femoved.by'aspiration, the
bottom of the dish was-dried'quickly:with an electric
hair dryer, followed by staining_lg_gl&g"with LPO or
giemsa.v After rinsing and drying, thé walls of the
dish'wérg removed,}and temporary mounts»were made with
glycefin and glaSs cover-slips. N
F'Both observation of chromosomes and'photomicrog-
-raphy were performed with.Zeiss microséopes and attach-
ment cameras, and later with the Zeiss Photomicroscope
II{' Cfitical observations were made W1th an achromat-
ic-aplanatic N.A.'l.4'00ndensor.oiled to_the‘slide and
a Planapochromatic 100x N.A. 1.3 oil-immersion objec-
tive. .Visual obserﬁation was performed ét 1250 diam-
~ eters magnification; photographs were taken at 400 ai-
ameters and later enlarged to 3000 diameteré magnifi-

_cation. Good contrast and resolution were obtained

through the use of a 550 millimicron wavelehgth inter-



ference filter in the 1llumination path.,

Karyotypes were made from'a number'ofvphoto—-
grapbed metaphase cells. Negatives oniKodak High Con-
trast Copy film were developed in D-4115to}retain good
'tonal rendition. Prints were made on Kodak Kodabro-

. mide or Dupont Varlgam enlarging paper,'nsually con- -
trast grade 4. Chromosomes cut from prints were ar-..
ranged on white cardboard in 7'groups,“piUSvthe‘sex

chromosomes, according to the agreements-of_the Chi-

- cago Conference [22]; chromosomes 1—3,‘16918,‘and Y

were individually identified. When possible, abnormal

chromosomes were identified according.to the chromo-
somes from which they were derived. |
‘Chromosome aberration scoring was performed after

selection of well-spread metaphase'cells under low

poWer;'selected cells were examined at 1500-2000 diam- -

eters ﬁagnification. Seventeen distinct classes of
chromosome aberration were tabulated to retain the in-

formation content of the visual observations; Verya

rare aberrations were described separately whenever en—_

countered. Figure 4 is a 1list of the tabulated aber-
rations, with symbolic representations of their meta-

-phase appearance.-"

Estimates of the expected frequencies of pair-

1p-41 is made by the addition of 0.12 grams benzotria-

zole (Kodak Anti-Fog #l1) to each gallon of Kodak De-
veloper D-76. Negatives are developed according to
the schedule for D- 76

33
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_ Figure'4. Types of chromosome aberrationé'scored dur-
1ngvthe study. _ |
Column headlings are terminology based on the aésumption
that chromosomes or chromatids b:eak elther during G
or Go+S of the cell cycle, followed by reunion of.the
broken ends. Diagramatic chromosome aberrations rép—v
resent the configurétions'as seen at metaphase; the

locations of the putative breaks are not indicated. -
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Wisé'chromosomé cbmbinations in chromatid exchanges
were obtained in the:f0110w1ng way: The chromosome
lengths given by ﬁhe”Chicago Conference report [22]
were recompﬁted to g1vé chrbmosome lengths as percen-
tages 6f the complete female‘haploid set. The total
1ength bf each chromosome group as a fractibn'of the
haploid set length was téken as proportiénal to the |
probability that a member of the group-would be in--
volVed in an exchange. The product of*the'probabiii_.
_ ties of two groups was taken as the pfbbabiiity of“in-
teraction between members of the groups to form chrdm-.
jatidvexéhanges.' The probabilities offlike and indis-
'tinguishable pairwise combinations wére summed. The
resultant'figures were taken as the expécted frequeh—
ciesvinﬁchrométid'exchanges of the different pairwise
combinations, and they are tabulated in Table 3 along
v With{thg observed frequencies. This very simple modei
assumes‘that'the expeéted interactibn‘by classes will
'vbé Sbme random- function of both chromosome length and

numbers in each class.

" Results | |

Bone_marrOW cells_and marrow-dérived fibfoblast-
like,célls‘were obtained first from the propositus in
late October 1967. Patty's lymphoéytés were culfured
first.ih early November 1967. The distfibution of

chromosomes perAcellrwas.determihedrfrom 50 or moré



cells from each of marrow andflymphocyté cultures; the

results,are gi&en in Table 2. The chromosome abbera-
tionrffequency in both mafrow and:cultured lymphocytes
was obtained from observation of 260'cells in each
sample;»the results age shown in Table;3._ The fre-

‘quencies with which different chromosome classes were

, represénted in chromatid eXchanges, fouhd'by-observa—--

tionAof lOO’ce11s; are shown in Tableiu.. A represen-
tative marrow cell karyotype is shown in Figure 5,
while'a commonly seen abnormal lnterphase mafrow cell
is shown 1in Figure 6. A karyotype obtéihed from
lymphocyte culture, containing an A/D'Chromatid ex; _
change, 1is éhoWn In Figure 7, and additional chromatid
exchanges are shown in Figure 8. :

In these initial cultures_of both lymphocytes and
bone mérrow cells from the propositus; the dlstribu-
tion of numbers of chromosomes per cell.is that expec-
ted of normal humans'. There is a sharp mode at 46
chromosomes per ceil; the straggling incidence of low-
er numbers likely is a preparative értifact. Cell
lines with hyperdiplold chromosome numbers are hot
seen;.specifically there 1s no tetrapioidy or endore-
duplication. | | |

‘The chromosome aberration frequency:seen in bone

marrow cells, directly after biopsy and also after 24

lLoughman, W.D.  Unpublished observations'ofxover 8000
cells from 14 clinically normal individuals.
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Marrow
Lymphocyte

Marrow

fibroblast

Table 2. Distribution of number. of chromosomes per cell in
.. marrow and cultured lymphocytes of the FA propositus

5’_.40' omn yo 43 Ly 45 46 47 >48 ~in > Iin . cells
6t 2 b N 2 6 78 "' 2 100
0.7 1.3 2.7 3.3 92.0 - o 1s0

No dividing cells found - 500

Number of chromosomes per cell

Total

lrabulated values aré percent of:cells observed,

8c



_Table 3. Initial frequenc1es of chromosome aberrations in marrow and

lymphocytes from the FA propositus._

CHROMATID ABERRATIONS : CHROMOSOME ABERRATIONS -
BREAKS ~ CHROMATID EXCHANGE C/C 1S0/CD 1 -
INTERCHANGE INTRACHANGE INTER | INTRA ) DELETIONS |
INTER-ARM | INTRA-ARM . R |l
CTD 1ISO | SYM [ASYM| SYM | ASYM| SYM | ASYM 7 biC RING,_ TRI R - l..D. TERM | GAPS
MARROW | | , i | |
| 3 hour | 05 ‘ ' ' , 2.5
24 hour | 0.5 : . 0.5 | | |15
48 heur | 15 | - ] 1 1 05 | 25
LYMPHOCYTES | 55 | 10 | 50 | 45 05 | 25| 45| | e

. : . ‘ ‘l)BL _73ﬁ-51_2h -
200 cells were observed in each sample, tabulated values are .
frequencies per 100 cells = aberration percentage.



Table 4.

A
(23.24)

B
- (1.98)

cC+ X

(38.29)

D

(9.98)|

(8.63)
(4.58)

| (3.52)

propositus (Nov. 1967)

Chromosome associations among chromatid
interchanges in lymphocytes of the FA

M
5.40
8 3
5.74 1.44
21 | 9 22
1 17.80 9.18| 14.66
9 | 2 | 4 |None|
4.64 24| 7.64| 1.0
2 1 3 "1 | None
'4.02| 2.06 6.6 1.72 0.74
1 None 1 None _None None
2.12 1.1 3.5 0.92 0.8 0.21
1 .| None 1 None | None | None | None
1.54 0.8 2.54| 0.66| 0.58 0.3 0.11
A B C+X D E F G

DBL 734-5111

100 cells were examined; block numbers are observed
frequencies, 1talic numbers are expected frequencies
Numbers in parentheses are summed lengths

(see text).

of chromosomes in each class expressed’ as percentages
of the female haploid set length.




Figure 5.

Representative normal karyotYpe from a mar-
row cell of the FA propositus (Oct. 1967).
Magnification = 3000x.
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Figure 6. Representative abnormal interphase cell from
the marrow of the FA propositus (Oct. 1967).

Most such cells had similar numbers of miecronuclei.

A few had only one or two, while rarely extreme nu-

clear fragmentation and destruction was found. Ana-

phase configurations were rather uncommon, but no in-

stances of anaphase bridging were found. Magnifica-

tion = 3000x.
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Figure 7. Representative abnormal karyotype from a
cultured lymphocyte of the FA propositus
(Nov. 1967).
This cell contains no chromatid breaks or other aber-
ration besides the symmetrical chromatid interchange
shown. The interchange is between members of the A
and D groups, clearly showing the participation 1n éx-
changes of non-homologous chromosomes. It 1s the long
arms of the chromosomes which are involved; this was a

common occurrence (see text). Magnifilication = 3000x.
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Figure 8., Chromatid aberrations from cultured lymph-

ocytes of the FA propositus.

These chromosomes from different cells have been iden-

tified by karyotyping in November 1967. Size varia-

tion among homologous chromosomes are due to technical
differences; magnification = 3000x.

a,c-f: symmetrical chromatid interchanges.

b, g-k: asymmetrical chromatid interchanges; h is in-

complete.

1-n: isochromatid/chromatid interchanges with two cen-
tromeres, found in cells without visible frag-
ments.

o: asymmetrical inter-arm intrachange; the only intra-

change in 2100 cells from 7 cultures.,

p: dicentric found 1n a complete cell without vislble
fragments. Most such aberrations are considered
here to arise from asymmetrical chromatid inter-
changes following one cell division (see text).

q-s: simple chromatid breaks; s shows a chromatid gap.

Chromosome identities:

Al/Al; b = D/D; ¢ = A3/A3; d = Al/B; e = A/C;

C/E; 1 = A/C; J =C/E; k = A/B;

Al/Al; n = C/C; o = A2; p = A/A; Q-8 =

a

i

f =C/E; g = A/D; h

Il

1l =C/E; m

C-group.
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and 48 hours of culture, 1s both unremarkable and
‘quite normal. This is.én unexpected finding, for al-
most 3% of the interphase cells in the_pétient's mar-
row ﬁiopsy had the appearance of the ceilvianigure 6.
Suchfmultiple'micronucleated cells aré often seen in
cultured cells after X—fay or radiomimétic drug'expo;
sure, and they are associated then_withaextenSive.
chromosome damage.

The chromosome aberration frequenéy found ih cul-
tured lymphocytes is striking: Simple chromatid
breaks, and also dicentric chromosomes, are elevated 
5- to 10-fold above normal_valueé. The 12% incidence
of Chfomatid interchanges is 700 times normal?t [70],
and twice the incidence of simple breaks (t = 2.05;.

P < 0.05), All other aberration categories, including
other forms of chromatid exchange, are virtually non-
exlstent. | |

~ Table 4 shows that non-homoldgoué §hromosomes as
wellvas homologs particlpate in chromatid exchanges.

- The longer chromosomeé, homologous and‘non—homologous
alike, are more frequently 1nvblved than the shorter.
chromosomes. | _“ |

Fibroblast cultures exhibited no perceptible

growth, ahd no dividing cells were obtained even after

lLoughman, W.D. Unpublished data. -One chromatid in-
terchange in 8000 cells of normal individuals =
0.0125%. Combining this and the data given in [70]
gives a frequency of 0.017% (2/11,720). B



extended exﬁosuré to Velbén, ‘At the séébndlday of
cuiturévthe'cells were firmly'atfadhed to the culture
dish, well 1301ated»one from énother, énd without evi-
dence of colony formation. .Mérked cells ﬁereﬂobserved'
by phase micrbscopy at intervals for seven days.' NeiQ
ther cell division_hof colonies could be'found.'1The
éeiié had normal-appearing 1ntracellUlar,féatures.'v 

'Fully 98% of the cells excluded eosinl dye within the

half-hour after its introduction into the cultures on

theffifth,and seventh days. By the criteria of dye
exclusion, normél appearance under phase microscopy,
and continued attachment to the culturévd1sh.as single
‘cells, these cells remained both viable.and non-divid-
vving fof_seven days after biopsy. '

| Attempts to grow marrow-derived fibroblasts from
| this FA'patient were made on three additional occa-
sions in the following three. years. Ndhévof the cul-
tureé~Were ever vigorous and the diViéion rate was alé
ways fér ﬁpo low to be useful; the attempts wefe‘abah-

doned. 

Discuséion

The.failure to. grow fibroblasts frbm‘marrow biOp-'

'sies was. disappointing; a study of these cells con- .

lEosin B, Allied Chemical and Dye Corp., National Ana-

1line Division, New York, N.Y. Stock solution 0.01%
w/v in physiological saline, 10 drops from #21 gauge
hypodermic needle for each 5 cc. of culture medium. :



curréntAwith those on lymphocytes was desirable; Yet
the fallure 1itself was 1nterest1ng;-1f‘sngge3ted a
pdééible»metabolic or nutritional deficiency.» A sim-
ple experiment to check this possibility.ié described
1n’a later section. | .

'Even more 1nteresting wés the'unusnéllyihigh.fre;

quency of micronncleated'cells,vwithont any evidence .

of serious chromosome damage, in the batiént's_mafrbw;i '

This suggested two cell populations, 6ne subject to

the lethaily damaging effects of some'aéent, and the

other escaping 1ts effects. Since others have claimed

that a viral agent might be importantiin the etiology

_of FA, 1t was supposed that a past viral infection
couldfhave affectéd many cells then present 1n the
marer,» The cells observed in this study would then
represent both the remaining lethally affected'cells,_
and the normal cell population from the_survivors |
which repopulated the marrow. This pnssibility seemed
7a bit'strained, but with other observatinns described
laten it promptéd a search:for’virug by electron mi-
crOSCpr. The results are presented-in‘a later sec-
- tion. |

» ‘The general observation that this-patient.has a

" normal karyotype, without any constant and specific
vnumerical or structurai.chrbmqsome abnormality, is in
accord‘with all previous repdrts.« Theﬂabsence of en-

doreduplication contrasts with the findings of others
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'[11,55,‘91,115,117], but agrees with that of ‘Schmid
v[108]?. - o : . e SR |

:Every'preﬁicus cytogeneﬁic study chFA has're-
vealed a marked_elevation 1ﬁ ncn—specific etructurél
eabnormalities of.chromosomes'in cultufed biood cells.
The present study 1s'no exception. “Some . workers have
found tﬁeee aberrations in marrow cellscés we11:[128];,'
theapresent work reveals none 1in this'patient's;marf'
.I'OW, ccnfirming.the'observations of both Bloomvgg_gg:
[11] and Schmid [109]. | -

German.claimed that chromatid’exchahges'in FAV
lymphccytes represented somatic croSsihgéover [39,43].
: Crceeing—over 18 thought of usually as being'restr1c-e
ted'to'homolcgcus=chrom080mes. In ﬁhisvsehse,'the |
data cresented here, like that given by>0be'[85], can;
not support the contention. From Teble % 1t is found
that homologs are more frequently-found;in exchanges
' than might be expected (364 found; 23;6%’expected),.
and from Table 3 1t 1s found that intrachanges are .
rare. If the concept cf croseingfover 1e,mod1fied to
include exchange between ﬁoh-homolcgcue'chrohosomes,ev
" the reletive lack of 1ntrachangee couid.Support Ger-
.man's'view. FA o

The increased frequency of hoﬁolcgs_in eichanges
is found entirely among the longer chromosomes. The
-1ncreased involvement of longef chromosomes is general,

and not restricted to homologs. 'Ncn-homologous ex-



changes in groups B and C are expected 1in 32. 7% of ex-
changes, but found in 38¢. If all long chromosomes
are,eonéidered (groups A through c), 54.2% are expec-
ted, but 744 are observed. ,Cpnversely,’the short
chremosomes (groups D through F) are expeeted to be
‘involved in 45.8% of exchanges but are found in only
261, ‘ | ‘ : _
| The observations accord Qith expectation of ex-
change association as a function both of chromosome
length and of numbers of chromosomes with similar
1ehgths. However the expectation of a58001ation fre-
quencies simplybproportionate to the product of chrom-
osome_lengths must be modified. shorﬁ'chromosomes are
found to be less frequently 1hvolved than expected and
longer ones more frequently, thus confirming a pre-
vioué observation on induced exchanges [85]. Thus the
probablility of a chromosomet!s involvement in chromatid
exehanges may incfease exponentially with-an increase
in its length. Elkind and Whitmore have diécussed
this possibility in a different context, and agree on
its likelihood [31, p. 455]. Griffin et al.have found
1ndﬁced breakage 1in Bufo chromosomes is exponentially
related to chromosome length [45].

A very large body of-evidence‘suppofts the pres-
ent-day view that chromosome_rearrangements are the
resulﬁ of chromosome breakage followed'b& incorrect re-

union of the broken ends [31]. In this "breakage
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first" model,'the'ihcidéhce‘of.fearrangeméhts 1pvolv—
ing.one break in each of two'chromosomeé is a function .
of the product of the separate ffequenciés of simple
4»breaks. "To a rough approximation, the‘fiVe- to ten-
fold eiévatibn of simplevchromatid breaks observed
should be associated with a 25- to loo-fold 1hcreasé
in chromatid éxchanges. Yet the 12% observed inci-
dencé_is roughly an order-df-magnitude higher than:
would be predicted'by thisvmodel.’ Fﬁrther,vthe model
-would predict an elevation in other aberrations as
well. Apart from a modest increéSé in the frequency
of dicentric‘chromosomes,‘thisvis not seen. : |

In short then, 1ﬁ‘this patlentt's cells the ratlo
of simple breaks to exchanges 1s inverted, exchanges
are mofe frequent than expected,:and dicehtrics are
virtuélly the only other aberration claés'seén in this
FA patient's cells. - |

‘Amdng other sources, dicentric chfomOSdmes‘can a-
rise frdm chromatid éxcﬁangeé after one cell divisibn
[e.g. 118].. It is generally agreed‘thatrmany of the
'div1d1ng'cellsvin.68-h6ur cultures 6f human blood are
in the second or even later division. Thus the dicen;
tric chromosomes seen 1h the patient's lymphogyte cul-
tureé may be derivatlves of'chromatid 1ﬁterchanges.~
The data in Table 2 support  this view: Chromosome-
type breaks, the other likely precursors.bf dicentric

chromosomes, are absent along W1th virtually every



other chromosome-type aberration.

~ Having raised the poSsibility that ohly chromatid
aberrations need be considered in this.patient's cells,
,1t'may be argued that the'damaging meéhanism.opefates
only when the chromosomes are funetionally double, in
'the S and Gp stages of the cell cycle. Whlle this
cannot be excluded as a possibility, it is'not 30 eaasay
to imagine a chromosome breakage mechénism which is
both restricted to a small portion of the cell cycle,
~and aléo restr1cted as to the épecific type of abnor-
mallty arlising from misrepair-of’the breaks. |

If the "breakage first" hypbthesiS'ié an unsatis-

fying model for rationalizing the patfern of chromo-
some aberrations, another model must be sought. A
plausible alternative to the "breakage fifst“ model
has been proposed by Revellv[99,100]. In his "1n¢0m-
| plete exchange" model, most simple_breaks'and theilr
presﬁmed.derivatives are the consequehcesfof incom-
plete exchanges of chromosome parts. This model does
not permit éxplaﬁation.of the virtual ébéence in ﬁhe
FA case of éhromosomeAaberrations other.than the three
discussed above. However even more difficult questions.
are raised if the "breakage first" model 1is appliéd fo
the data. Brewen and Brock [14], Heddle and deycbte
[51], and Heddle gﬁiél. [53] discussed the alterna-
tives and conclude that certailn aspects‘bf the exchange

model could be correct in part. Chromosome aberra-
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tions in normal cells therefore may arise from two in-

dependent and co-existent mechanisms.

A Working Hypothesis

As a working hypothesis then, it may-be argued
that a normally occurring_exchange procéss is both
predOminant and also aberrant ih tbe FA case's lympho-v
cytes;' Direct tests.éf this.hypothesiévére not made :
readily.in the material at hand. The élterhative,”pfé- 
dominance of the breakage-and-reun1on procéss;_may 5e j
tested by examining its cbnseqﬁencés in ‘the patientfs‘
cells;. Through ekclusion, failure to Qerify predié—
tions from the breakagg model would 1éhd suppbrt to
the exchange hypothesis. | |

On the “breakagé first"vhypothesis; explanatioﬁ
of the 1nverted ratio of chromatid bréaks to chromatid‘
interéhanges clearly must require a greatly augmented -

. reunion process: 'A_gréatly increased frequency of
chromatid breaks would be masked by this’augmented;re-
palr, as many more breaks than uéual wouid "heal" and

- become unobservablé. At the same time, a proportion-
.ate increase in mis-repailr couid be expeéted. The high
frequency of chfomatid'exchanges would be the observ-
able evlidence of this. With'bofh increased breakage
and increased repair and mis-repair, the inverted ratio
could be obtained.

Augmentation of a normal chromosome repair process:



could occur in at least two ways: There could be a
longef—than-normal time available for chromatid break
repair at the normal rate (lengthenedts or Gé.cell cy-
cle stéges); or the rate of chromosome'répair could be
higher than normal. The time avallable for repalr may
be determined by direct analysis of the.time segments
of the cell cycle. Should "unscheduled".DNA synthesis
occﬁr [88], it could be observed incidental to this a-
. nalysis. The rate of chromosome repa1f may be inferred
by observing directly the.time required_fbr'fepair of
Xéraybinduced chromosoﬁe breaks [142]. N

| An alternative, and opposite, explanatioh for the
inverted ratio of exchanges to breaks is given by
Schroeder [112,113]. She has proposed ﬁhat some FA pa-
tients are deficlent in hexokinase, the rate limiting |
enzyme in the glycolytic métabolic pathwa&. Reduced
glycolysis would lead to a reduction in the levels of
celiular:ATP needed.for normal chromosome repair.
VInefficient" repalr would lead to both unrepaired.
breaks and mis-repaired breaks. A deficiency of hexo-
kinase could expléin the poor gfowth of“fibroblasts
from this FA patient, but could not explain fully the
data given in Table 3. Hexokinase may be determined
by direct blochemical analysis.

 The "breakage first" hypbthesiS'féqﬁires an in-

crease in simple breaks beforé ah'incréaSé in complex

rearrangements may be observed.' This 1is tantamount to
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.requiring théi"increased fragility" or“ﬂinstabilityu
of FA chromQSOmes’which has been postulated [35,41,
116,128].’ Evidence purporﬁing fo-dembnstfatevthisv
fragility has been presented [54,117], but these in-
- vestigators hed not ruled out altefﬁatiue explana-
tione.'eThe "exchange first" hypothesis“does'not re¥ 
'QUire:ehfomosome susceptibility to simple’breaks; and
failuﬁe to find the postulated inereased eusceptibilé
'ity-tolinduced breakage'Wouiaulendesupport'téVéhe hy—.
. pothesie. Comparieon_of X-ray induced chromosome
breakage rates in FA end'control cells might be made
1in the sameveXperiment used to deferhine chrOmosoﬁe
repeir‘times; The susceptibility te‘bfeékage of
chromoéomes during the'Sland G2 stages-ef'the cell cy-.
cle might be assessed by measuring induced aberration
frequencies following‘X-irradiation.dufing those per-
iods, | | _

| Apart from the hypetheses Just deSeribed; the cor-
ollaries of ‘the increased chromosomevabefratien-fre—
queucy inuFA are of. considerable 1ntereét, and a num-
ber of questions may”be asked. Do the chromdéome aber-
ratiohs lead to decreased suruival of the cells con-
talning them? Many cifculating lymphocytes'are iong—"
1ived cells [83]: " Are the aberrations the result of
damage accumulated during the long 1nterphase,'or do
they arise de novo in each cell geﬁeration? Are any

of the cytogenetic abnormalities found in the patient's



parents, presumably_hetérqzngUé‘for ﬁhé FA gene?
Previous reports of Cytogenetic'investigations in FA
agfee.bn many points;‘yet there‘are also areas’of
'greét disagreement: »Is;the frequency of'aberratidns
féundlin_FA cells cénstént through thé»course of the
~ disease? 1Is the pattern of éberrations‘conStaht-_
through.the course of the disease? Doeé the medical
treatment 1nfluence‘the aberration frequency»or pat-
tern? | | o

The following Sectioné describe the-results of.

experiments designed to test the hypotheses given, and

the questions asked above. A number of additional
queStions were ralsed by the sometimes unexpected re-
sults; these too are answered by éxperiment whenever

possible,
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=VIABILlTY/AND.MITOTIC INDEX OF CULTUREDvLYMPHOCYTES

| A.number of trial experiments.with the patient's
lymphocytes were faildres;"bn grounds of abnormal’v
cell morphology and stainlng reactions,jsome-cultures
were subJect to a very high cell death rate, while
others appeared to be much less affected According—
ly, a study of the in vitro viability of the patient's f
lymphocytes was made. » - | |

Some of the trial experiments, e g. those on

_chromosome repair time, required cells in the first di-
vision after experimental treatment. In some of these |
cultures no dividing cells could be found until the |
third day. This contrasted with experience showing
: dividing cells in normal cultures as early as'30vhours_
after exposure to BHA-M. hThe,subJective impression
gained:was of great variability in mitotic index pat-
terns‘between cultures established on different dates.
Therefore the time-dependent variation of the mitotic
index in the FA patient's cultured lymphocytes'was-'

studied.

Materials and Methods

The ig_vitgg_mitoticvindex pattern of the patient's
' lymphocytes was:assessed as follows: iLymphocyte cul-
tures were established and incubated as previously '
described with antibiotics added to some cultures but

: omitted in others. At 24 hours of culture, and at 5- .
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hour intervals thereafter to a total of'90 hours,'012
ml of medium and cells from a well—mikedbculﬁure were
pipetted into a centrifuge tube.. After céntrifugation
for 5 minutes at 1000 g, the supernatant medium was
discarded and a small drop of LPO stainIWés added.
Féllowing thorough miking of the stain and cells by
repeéted pipetting with a Pasteur pipétte, a small
drop‘bf'cell suspensibn_was placed on a microscopé
slide under a coverslip. After squashing the prepara—
tion unaer blottiﬁg4paper, it was.éxamined under the
micfoscope‘using,a 25X dry objecti?e at a final magni-
fication of 310 diameters. The microscope oculaf’was
fittéd'WIth a reticuiocyte counting'reﬁicle, and a
differential count of 4000 cells was méde by scoring
celis_in interphase and cells in any stage of mitdSis.]
The equivoéal status of occaslional cells was resolved
by examination with a 100X oll-immersion objective at

a final magnification of 1600 diameters;'.To avold ré—
movai of excéssive medium and cells from any one cul-
ture, several replicate cultures were used for alter-
.nate sampling.> Interculture varlation was controlled
by occasiohai interculture cross;checking of results.
These procedures were followed bothvfor cultures with
antiblotics, and for those without. When there were
no significant differénces between cultures with and
without antiobiotics, asvdetermiﬁed by standard statis-

tical procedures ("Student's" t test [123,125]), these



resuits'were-combined Standard stétisticel methods

were’ used to place 95% confidence limits on the deter-

minations [25]; all statistical computations were car-

( _
ried_out on a small computerl. Resu;ts were expressed

as percent ofbceils in division; and.plotted as a .
function of time after culture initiation. All the
above procedures were repeated on eelis from a normal
(control) individual. | | |

“The in vitro viabllity of the patient's lympho-
eytes was assessed as follows: Lymphocyte cultures |
were established as previously desorioed. Some cul-
| tures were provided with PHA, some -with antiblotics
only, and some with both. At the time-of culturelini—
tiation, and at 2h-hour intervals thereafter to a to-
tal of’168 hours, 0.2 ml of medium éhd.celis from
well-mixed cultures were pipetted_ihto small vessels
conteining.a volumetrically hegligible quantity. of
dry, pomdered.eosin B. .After thorough mixing a por-
tion of the stalned cell sﬁspensioﬁ was placed into a
hemacytometer wh;ch was stored in a small moist cham-
ber to allow the cells to settle. :After 10 minutes
the'oells were examined and counted under the micro-
scope at a magnification of 400 diameters. A differ-
ential count of binkéstained (dead) and viable (color-

less) cells was made, along with a total cell count.

lprogramma 101. OlivettiaUnderwood1Corporation
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The tétél cell count was normalized to total cells in -
10 ml of culture through multiplication.by factdrs ac;
counting'for cell loss by sampling and_fOr;dilutionv
during counting.r Totalvviable-cells'was computed bj
~multiplying the percent viable cellé»by the total cells
in iO'mi. These procédures were perférmed on cultures
" with and without antibiotics, and when no significant
differences were found the resulting data were com-
.bined; The results were éxpressed as_percent'viable
cells, and as total cells and total viable ceils as
perdentages of thé origlnal ihﬁculum. Ailvwere
plotted as functions of'tiﬁe after culture initlation.
Asvbefore, data differences were assessed for sighifi4
cance and 95% confidenée limits wére'computed‘using
standard statistiéal methods [25,123,125]. All proce-
dures were repeated on the cells of a normalu(control)

individual.

Results 7

The results of the mitofic index determinatidns
are shown in Figures 9 -and 10, Five séparate deter-
f minations were made on the propbsitus's cells, and two
.on control cells, in March, Jﬁne, August, and Septem-
ber of 1969. Dividing cells could be found at low
frequency 1n control cultures as early'as 30vhours
after culture start. Thé graph showing the-ffequency
of dividing cells is a curve which rises steadily with



Figure 9. Mitotlc index patterns of cuitured -lymphc-

cytes FA cells compared with normal cells.

The dotted line in all four graphs is the average mi-

totlc_index pattern_of two different control-cultures.

In the FA carves,.eitherethe first mitotic peak at 44 .

hourS]ia reduced (Type III curve), or the second at 60

hours_is reduced (Type II curve), or both early peaks
are reduced (Type I curve). Each type'of FA:curve’has

been found on at least twovoccaSions,-,Notice_that al-

though the early peaks are reduced in amplitude, divi-
ding cells are present ln the cultures. The third
peakain‘allvFA cultures appears to be of normal ampli-

tude and time of occurrence.
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, Figﬁrevlb. The average mitotic index pattern of cul-
| tured FA lymphocytes. |

The average mitotic ihdexvpattern of five FA lympho-
cyte.cuitures 1s compared wiﬁhrthe average mit¢tic‘1n-
dex pattern of two normal control cuitufes. The ab-
sence of the,first two mitotic peaks'1n the FA compo-
site, wlth a mitotlc index steadily rising with time,
suggests considerable division aéynchrOny'among cells

of a nofmally synchrondus lymphocyte subpopulation.
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time, and which has distinct peaks at 44, 60, and 72
houré; with the'suggestion of anOther'peak bccurfing
‘later than 92 hours. o R |

-‘Surprisingly, mitotic index curves.ffom_the FA
éultures are'ofvthrge types: In the firSt,:both eéfly
peaks-are absent or greatly reduced. In_the s¢cond
typé:the first peak is present but th¢ sécondfis ab-
sent; the'reverée is true in the third'type of‘curve.
All three curves showAa peak of mitotib ébtiv1ty:which |
corresponds well to the third peak_in‘coﬁtroi curves;
Thére was no difference between cultures treated with
antibiotics and those without antibiotics. 'Theré was
no apparént pattefn to the seqﬁence of thése curves,
and no apparent relationship with clinical data‘or
treatment modes. |

‘The results of the in vitro viabiiity'studies are

shown in Figurerll;' The graphs pertain’to a study
made ihfFebrﬁarynl970, but less detailed determina-
tions 1in 1969 and 1971 agreg well'wifh them. There
weré no significént differences between cultures with
“and without.antibiot1¢s, and the data were combined.
All cultures show reduced viability with time, but
fhose withouﬁ PHA showed the greatest:réduction. Cells
from the propositus are'markédly less viable than
those from controls. |

'In control cultures without PHA, the pefcent via-

ble cells declines exponentially wlth a half—time



Figure 11. Survival in vitro of cultured lymphocytes:

FA cells compared with normal cells.

The percent of cells excluding dye in FA cultures de-

clines slowiy uritil 48 hours, then'declines rapidiy )
in an eXponential fashion; The decline of percent
cells excluding dye 1is much more rapid than the de-
cline of total cells in culture. This suggests that
some cells taking up dye must be 1living, and hence 1s

ev1dence for a cell membrane defect.
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(Tl/e) of about eight days. In Cultures,from'the pro-
positué, the same decline is seen until 48 hours.
Thereafter the décline is more marked;_with a Ti/2
(corrected_graphically for_the-control'raté) of about
'l_3/4ldays,vor.42 hours. A similaf procedure aﬁ—
plied tQ cultures with PHA producgs: cqntrol T1/2 = 21
days (over the T7-day obserVétion periOd)ijA T1/2 =

2 1/2 days, or 60 houré. The curves for total viable

cells are composites and éannot be analyzed so simplyQ _

Discussion

It seems fair1y well established'that the lympho-
'cytes_in circulating blood of most mammals and man may
be di?ided 1ntogsubpopulationé [7, 102,111,145].
Theirbproportions and signifiéance partly depend on

the techniqueé used to detect them. Bender found ear-
ly peaks in lymphocyte mitotic activity“correspond to
eariy—dividing radiosensitive cells, while later_peaks
correspond to a later-dividing léss radlosensitive
populétion [7].. From survival curves obtained from
.1rradiated cells,‘Schrek and Stefanl postulated the
existence’of two iyﬁphocyte populations; one radiosens-
| itive and thé'other radiorestant [111]. 'Variability

. of mitotic activity in the FA cultures could result

- from sensitivity of a ceil subpopulatiOn to some un-
knoWn insult, |

On the other hand, Behder found he could not al-
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ways detect his early/sensitive cell pbpulation3in se-

quential cultures ffom the.samevceil aonor [(71. Al-
‘ though'absence of the early'peaks in lymphocytefcul-
' ﬁures from normal donors has never beéh seen in this
' laboratory; it may be én 1nfrequent1yfeanuntered nor-
' mélAphehomenon which has been accentuated in the FA
cells., _ | _
ItAshould_be ﬁofed that while mitotic peaks were
"absent in somevFA cﬁrves, mitotic éctivity was pres-_
ent. This=could'be a consequence of mérked asynchrony
'1n a cell pqpulation‘which would nofmaliy‘divide more
or 1e$s synchronousiy. The possibility.df diviSion_
asynchrony 1is discuSSed further in conneétion'with |
descfiptions'of_experimentsbbn thé lymphbcyte cell cy;
cle.. ﬁ | | | |

,Viability curves of'cohtrol lymphocytes_show geﬁ—
erally higher:survival'of cells lg.glggg than was
fouﬁd b} Schrek and‘Elrod [ilO], and.Stewéft and Ingé
ram [126]..iThe net increase in cell humber found by
Stewart énd Ingramvin théir study of PHA-stimulated
';ljmph6Cyte culturesvis not seen here; the difference
is not explicable from the data. |

. Decreased viabiiity in the Fa culfures 1s more

interesting. The known cytotoxicity SfﬁPHA_[49]_does
not account for 1t; as the greatest decrease 1is foﬁnd
in FA cultures not exposed td_PHA. This fact elimi-

nates cell division as a pfécipitating,eVent: normally
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no dividing}ceils are foﬁnd in iymphoéyte cultures
without PHA. Prior_to.48 hours, cells in culture with
;or without PHA survive as well as contfoi cells. It
could.be that é.cytotoxic pfincipie is réleésed by-the
cells, the concentfation of which rises to injurious
| 1eveis by 48 hoﬁrs. The principle could'be a virus,
as viral association with FA Has’been suggeéted [116,
128]. This possibility 1s examined by experimehts
‘described in a later section. _

"Another exblanation for the decreased V1ability
of FA cells is possible. The total'number of viable
cells, defined by dye exclusion, declihes_more fapidly
with time than does the total number of cells in cul-
ture.z Either some dead cells do not cytolyze,-or'dye 
uptakevoccurs in some living cells, These possiblili-
ties cannot be distinguished with the facts at hand;v
althbugh many eosin-dyed cells were morphologlcally -
normal. The exclusion of eosin dye frqm a living cell
is thé result of an active process malntalning the se-
lective permeability of the cell membfane. If 1iving
cells absorbed dye, they must have had a defect in
their éell-membranes.or in thelprocess ma1nta1n1ng its
seledtive permeability. o

The atypical mltotic index patterns‘and poor in
!1339 survival of cultufed FA lymphoéytes help explain

the failure of many initial experiments. These phenom-

ena were taken'into account 1n subsequent experimehts.
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CELLULAR HEXOKINASE - | |
>:Aﬁdeficienéy of cellular hexokinase in the cells
of FA patiehts,‘as suggested by Lohr gi'g;,[65,66]_énd
Schréedgr [113,114], could explain both the poor in
zi££Q viabi11ty of Patty's 1ymphoc&tesfand also the
fallure to obtain in vitro growth of her fibroblasts.
The pdséibility of a hexokihage deficiency in Patty
andvhér 1mmed;ate relativeé was'examined'by.biochemi-i
cai anaiysis of three different blood cell types.  In
}:additibh, increased growﬁh Of fibroblasts was attemp-

ted uSing a specific augmentat1on in the growth medium.

‘Materials and Methods

‘ IWthe blood was obtained from the propositus and
her‘immediaté,rélativqé 1n'Septémber'1968, and'again
'in March 1970. Red blood cells (RBC) were obtained by
('sedimentatiqh of the heparinized blood for 1/2 - 2 |
hQﬁfs&at‘fobm teﬁperature. White blood éells (WBC) 

were obtalned by centrifugation of the plasma overly-

- ing the sedimented RBC. Lymphocytes were obtalned from

separate blood samples by sedimentation and separation

as previousiy described. Each sebarate‘sample was di--

luted with tissue culture medium without PHA or anti-
blotics, and sealed into a Sterile'15:mlrtissue cul-
ture tube retaining aboﬁt 0.5 ml air volume. The coded
tubes were immersed in 1cé contained in a foam-insula-

ted shipping package, and then flown by commercial alr-



vcrafb to an‘independent laboratory.fof heXOkinase ac-
tivity‘assayzon'a "double-blind"'basis.;Sevén hours
elapsed'between‘bloodvdrawihg and-receipb of cell sam-
"ples in the cooperating iaboratory. Upon receipt the
cells!' viability was Judged to be within hormai 1im-
1ts. - | | o

RBC, WBC, and lymphocytes were aésayed for hexo-
| »kinaSé activity using the}methods describéd by Vaiéné
'tine;gﬁ al. [135] and Baughan et al.[6]. Briefly: A
measured number of cells‘are lyéed by,frééze—théwing.
In vitro, glucose-6-phosphate is quantitatively con-
Verted to 6;phosbhbgluconic acld up0n7thébadd1tion of
'cryétallinebglucosé-G-phosphate dehydrogenase.and di-
phosphopyridine nucleotide (NADP). 1In the reaction
NADP is converted to NADPH, which 1s Serially deter-
mined by absorption spectrophotométry:at'340 mu for
' one hour at 37°C. The results are expréssed in "en-
| zyme units", defined to be the number of micromoles of
pyridine nucleotide converted per minbte per 101°
bcellé at 37°C. Following the determihatiohs, matching
- of samples with the appropriate results'was made by
f.interiaboratory‘domparison of the idenbification
codes., . | | _

Ih'Septembef 1968 and again in July 1969 marrow
-fibfoblastélike cells were obtained frombbhe'proposi;
tus. A sterile solutionlof glucoéeé6—ph03phate was

added to replicate fibroblast cultures at final concen-



trations of 1; lO, 100, and 1000 ug/ml. Previouély
marked‘cultureS Were obsefved-at-zu héur intervals for
7udays to detect celi-divisibn and-coion& fbrmatién.
Some réplicate,cuitﬁres were checked for'viabiiity by

the dye.excluSion test as previously descrlbed. -

Résulté;

. A. laboratory mistake preventéd aqcurate decoding
of the results for September'l968 blood cell sampies.
However, fhey were all réported to be within»the nor-
mal range. The.results of the March l970.determiha-
ticnS'are.given in Table 5.' The pfopdsitus'has values
~within the hofmal range for all cell'typés.‘ white
‘cell values for the mother are elévated,-those for the -
normal sib and the control -are depreased. |

T,There was no evidence of growth or division in
any of the flbroblast cultufes at any congenﬁration of
'glucosé—6—phosphate. In some cultures'héving highef
concentrations, there was considerable accumulation of
‘denSe granules 1nvmany cells, and a subjectively-de-

termined'increase-in cell detachment and loss.

Discuséion. _

_Deyiatibns from pormél hexokinase values seer in
céﬁtain of the white cell samples are not considered
blologically signifiéant. They may be éxplainéd most
éimply as artifact produced by cell élumping, giving

rise to counting errors when preparingvthé assayse. .



Table 5. Cellular Hexokinase

Micromoles
NADPH/minute/101° cells

- ¥ - , _ Lympho-
Subject Relationship Red Cells White Cells' cytes
PH Propositus 0.3% k2.6 20.1
Ki  Normal sib 0.20 18.22  12.5
EH  Mother ’  ©0.25 77.82  10.4
. HH Father 0.19 35.3 16.3
EC Unrelated 0.21 . 9.62 - 16.8

- control , ‘
., Normal - Not es-

range 0.17-0.31 24-58 tablisheds®

1a11 élasses of WBC, 1ncluding lymphocytes.

2These values, outside the normal range, may be arti-
fact (see text).

'3The range established for lymphocytic cells in chronic
lymphocytic leukemla is 10-20 micromoles NADPH/minute/
1019 cells.
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Pure 1ymphocytee do'not clump as:readilj as do granu-
locytes, ‘they would be much less affected by this
source of error.’ The RBC of the propositus have the
highest RBC hexokinase activity of all the subjects.
‘She is anemic, with a reticulocytosis, it may be as-
sumed many of her circulating RBC are young.' SYllm—.v
Rapoport _3 al. eport increasedaRBC hexokinase‘actiu-
'ity-in'youngras opposed to older RBC [130],'and'this
may explain the FA subJect's high RBC hexokinase val-
ues.: In any. event there 1s no deficiency of hexokinQ
ase in any of the 1isted cell types from>the proposi—
tus. | | | ' - |
Hexokinase cataiyzes the prcduCticn'of glucose-6-
phosbhate-from glucose. Suppiementing the fibroblasts!'
‘medium with that metabolite should have resulted in
growth 1if the cells were deficient in hexokinase.
With no evidence of growth in the augmented medium, it
may be assumed that the fibroblasts also,were not de-
ficlent in hexoklnase solely. Poor grOWth of FA fi-
broblasts has been noted by»othérs-[46,77]; failure to
_obtain any growth at all is inexplicable. In this
connectlon it might be noted that the FA‘subJect's mar-
rowlcavitiesvig_xizg are either hypoplastic or aplas-
“tie, but do not show fibrotic changes. Perhaps her
fibroblasts are deficient in growth potentlal in vivo
as well | |

Schroeder had proposed that FA might exist in two



forms [113,114]. One form was supposed to be hexokin-
| ase deficient and display increased chromatid ei—
ohanges; the other'wasvsupposed tolbe.hexokinaSe.nor-
malfwith much less striking chromosome'aberrations.
The present finding,.normai hexokinese'levels aocom-
panied by markedly increased chromatid'excnanges,
would be a third FA form on Schroeder!s'hypothesis.
Other cases of FA with normal hexoklinase ac¢tivity are
known, and that of Schuler et al. [117] has chromosome'
abnormalities differing somewhat from those reported
by Schroeder and from those_reporfed_here. On the
-prinoiple,ovaccam's Razor, a proliferatiOn of varie-
ties of_FA seems unlikely. It 1is simpler to view hex-
okinase deficiency_as an uncommon symptom. in the FA‘
syndrome, varisble in both frequency and severity as

‘are many of the other symptoms.
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LYM?HOCYTE GELL CYCLE ANALYSIS 1§ 112ggv » _
"Elongated Gé or sttagés'of'the Qéll cycle have -
5éen,suggested in earlier éections'asfevents possibly
n associated with the lérge chroﬁatid ekchange‘frequency
in cultured lymphocytes ofbthe prdpositué. _In an
early expéfiment-to"obtaiﬁ rédiofhymidine_labelling.
paﬁﬁérns'of her chromosomes, there was virtually no
‘uptake of label by the chrdmoSomes asvﬁuch as 6 hours
- before mitosis. 'Bbth the questions andgthe observa-
‘tions indicated pérformihg a complete~¢e11 cycle anal-
.ysis on Patty*s‘lymphocytes. This was_dqne'1n october‘
' ;969vahd also in March 1970. On théllétter date sim-
ilar studiésvwere performed on all-Pattyfs.family-mem—

bers.\

Materials and Methods

_ : Pufe'lymphocyte suspensions were obtained from
ail.family members by methods previousiy described,
All celirbatches wéfe washedﬁtwice by,ceﬁfrifugation
before they weré'planted in culture_withAPHA but with-
out antibiotiés. Fbr'thesé.experiments the cells of
‘each subject wefe cultured in sevéral Erlehmeyer-typé'
culture flasks. After 96 hours of cultufé;.to obtain
an'apprbximatioh to "sfeady staté"'cuiture coﬁditions,
the qontehts of'each subject's flasks were combined
and-thoroughly mixed, then redistributed to 9 ml _

culture tubes as identical cultures. 'At. one hour in-



tervals thereafter tritiated thymidinel_waé added to
successive cultnres at a final doncentraﬁion of 1 uci/
ml. ‘The radlioactive labelling compound either was re-
moved after 10 minutes (pulse labelled cul tures) or
permitted to remain until culture harVesf (continuous-
ly labelled cultures); Removal of the radiolabel from
pulse labelled cultures was accomplished by adding non-
radioadtivé thymidiné‘to abfinal concenﬁration-of 10
»ug/ml, then wnshing once by centrifugétion in mediumf
containing the same concentration of “cold" tnymidine.
This was followed by replenishment.with'bre—warmed‘
fresh medium, and continued incubation. .Thé "ecold"
thymidine.added in the removal step_waé_s times the
usual concentration in medium, or enough to block fur-
ther thymidine uptake [31, p. 561; 57]."Removal of
the radiolabel from continuously labelled cultures
occurred during the harvesting steps.

All cultures were harvested and cell fixation was
accomplished 120 hours'after planting, or 24 hours af-
ter the_first cultures héd been exposed to tritiated
thymidine. After one-hour exposure to Velban, cul-
tures were harvested and chromosome preparations were
made by methods described previously. To minimize
cell loss through osmotic disruption, the time in the

hypotonic fluid was reduced by 154. Concurrent sepa-

1Thymidine methyl-T, sp. act. 5 Cl/mM. Amersham/Searle
Des Plaines, Illinois.
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rate determinstions of eell_viability uere made as
- previously described. | _ | S

Chromosome preparations were stained]with,LPO.'
‘This is inert to~autoradiograpnic film end does,not
produce spurious silver grains [31, P. 562 107] Af-
ter this, autoradiographic film was affixed to the
slides in the dark using methods described by Pelc
[89,90] and_Doniac and Pelec [28]. Briefly: Under a
verysdim Kodak Wratten #l safelight; AR.ib stripping'”
filml_was cut inte'4x6»cm‘rectangies;dremovedufrom its
backing under>70%_ethanol, and floated emulsion-down |
on thevsurfacelof fiitered de-ionized uater at 18°C.
The film was stripped under ethanol tpieliminate grein
artifact resulting from static discharges. After the
film hadvabsorbed water and flattened on' the surface,
it was raised from the water with a chromosome prepa-
ration slide. The cells on the slide and the emulsion
of the film were in apposition, and the free ends.of
the film werevallowed‘to overlap on thers11de's re-
verse side [67]. Excess water was drsined from the
slides andtthey were placed in a lightétight chamber
and gently dried wlth a current of filtered room-tem-
perature air., After drying, the reverse sides of the
slides were painted with a dilute synthetic resin to
stabilize further the emulsion durlng later handling.

lAR 10 Autoradiographic Stripping Film.- Kodak Limited,
London, England. v



Dried slides were placed in light-tight boxes with
capsules of silica gell. Thé boxes,wéré seéled with
tapé'and'stored in the dark at 4ec, |

. After 16 days eiposurertime, determined by prior

. experience and trial development of repliCate sample

'slidés,'the autoradiographs were brought to room tem- -

perature slowly and developed. Under very dim safé—
light 1llumination, the slides were devéiopedhin Kodak
D-19 Devéloper for 5‘m1nutes at 18°c, fo;lowed by a
‘rapid rinse in de-ionized waﬁer and fiXafion in Kodak
Rapid Fixer with Hardener. After 10 minutes in the
fixer, the slides were washed for 15 mihutes under
vgentiy'running tap water and dried under é gentle cur-
rent of room air. Coverslips (#1 thinness).Weré af-
fixed with Permount.

The stained and developed autoradiographs were
examined microscoplcally at magnifications of 400 and
1250:diameters. The background frequency-of silver
grains was established by counting gralns in cell-free
~portions of the slide. An eyeplece reticle defined an
area equal to the averagevarea of a well-spread meta-
phase cell (about 30 microns diameter)°

Differentlal counts were madevof labélled cells,
unlabelled éells,_labelléd metaphase cells, and un-

labelled metaphase cells, and the mitotic index of

1mDriaire" Dessicator Humi-Cap.: Driaire'Iné., Nor-
walk, Connecticut. '
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each~preparationfwas'determined._ Tooobtain_the per-
centagevof'labelledecells, 300 —.SOO_eells'were_obe |
served;_‘To obtain the:percentagé gfvlabelled meta-
. phase cells an additional 100 - 200 metaphase cells
were observed. The 95% confidence limits_on the per-
eentages were calculated by:standard methods [25].
For each series of determinations a graph was made . .
showingnpercentage of labelled cells'asfavfunction of
radlothymidine addition time. R |

'The curves of percent labelled metaphases from
 pulse labelled‘cultnres‘(PLMp)lwere analyzed by the
method'ofiQuastler and Sherman [95] to obtain the
- lengths of the cell cycle periods. The G, period ex-
‘tended from the time of Velban addition.to the 50%
labelled point on the rising limb of the curve, ' The
time between that point and the 50% labelled point on
the descending 1limb of the curve was the S (DNA synthe-
sis) period : The Gl period could be estimated only,‘
1t extended from the 50% labelled point on the de~
v scending curve to the point at which the ‘least label- v
| ling was next observed._pv

The curves of percent labelled cells from pulse
labelled cultures (PLCp) were analyzed to_obtain‘the
fraction of labelled'cells, and to determine the con-
stancy of that fraction thronghout the experiment -
The appropriateness of linear regression was deter-

mined [76], and the regression of labelled cells on

~.,
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time was obtained by standardﬁmethods'aldng with the
significance of any difference of the regressibn line
from zero slope. The numerical Vaiues ef mean la-
belled fractions were divided by viablé”ffactioh val-
ues determined mid-way in the study td.obtain "true"
fractions labelledbof viable (cycling):cells. -

| Curves of percent‘labelled metaphases from coh—-
tinuously labelled cultures (PLMc) were anélyzed as |
aboﬁe to obtain a replicate estimate of the Go period
length. PLMc curves should show a'plateéu‘of 100% la-
belling'for all thymidine addition times'earlier than
about mid-S. Plateaus with less than 100% labelling
provided an estimate of the fraction of‘cells reaching
metaphasevwithout uptake of radiolabel. "Fallure to
reach a plateau was considered to be eVidence of cell
population kinetics not cenforming tO'the requiremente

- of the analytical method.

The curves of percentage labelled cellsvfrom con-
tindeusly labelled cultufes (PLCc) showed.a rising por-
tion and é plateau. Both}Were checked for linearity
- and regressions were obtalned as before. The slopes
of the rising portions of the curve provided the raﬁe
at which eells passed the Gl-S beundafy. The time at
lwhidhvthe plateau was reached was a measure of Tg-S =
G2+M+G1; By substltution thls ylelds G,. Deviation of
the plateau from 100% labelling wae a.measure of the

fraction of non-labelling cells.  Any significant dif-
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ference between‘this fraction and'the.separatelv de-
termined non-viable fraction of cells was a measure of
the fraction ‘of viable cells’ not using the radiola—;
belled thymidine.

v Corrected estimates of the lengths of S and Gl
- were obtained by the graphical method of ‘Okada [86],
using mitotic indices andsz times, with the estimates
of TG and the corrected "true" labelling.fraction, as
| the four required parameters. | B |

Counts of silver grains overlying metaphase

chromosomes or labelled nuclei were not performed, but
gross differences in label uptake among_cells,and be-

tween subjects were noted,

Results

PLM and PLC curves from pulse andchntinuously
labelled cultures from the propositus and her family,
and control subjects,_are shown in Figures 12 through
15. A smoothed representation of Figure‘lzlis shown
in:Figure 16, and the regression lines obtained from‘
Figure 15 are;shown in Figuredl?. Labelled fractions
obtained from the data of Figure 13, and mitotic in-
dices, are shown corrected for cell viability in Table
6. |

‘The use of Okada's graphical analysls method ap-
plied to.control cultures is shown in Figure 18. A

summary'of the best estimates of cell'cycle parameters
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Figure 12. Percent‘labelled metaphase cells in pulse-_

1abe111ng experiments. | |

A. Control curves have rapidly ascending and descend-
ing portions, defining G2 énd S phases father
sharply. Both curves much mdré nearlyvreach 1009
labelling than do the parents' cﬁrves in Figure 12

~ B.

B. The normal sibling has a labelliﬁg curve ldentical
to those of control individuals.v The parents?
curves do not quite reach 100% labelling during the
S phése, and are wlder in extent thén control cufvesl
during part of S or G; (see text).

C. Cultured lymphocytes of the FA casé_hardly show

| 50%,0f metaphase cells labelled_at'any'time during

the 24 hours prior to metaphase.
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Figure 13, Percent labelled cells in pulse-labelling
experiments.

.The curves for all subjects approximate.horizontal

lines, indicating "steady-state" conditions in the

cultures with regard to constancy of labelling frac-

tion.
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A.

.Figure 14, Percent labelled metaphase cells in con-

tinuous- labelling experiments.
Control curves reach 100% labelling later than do
the comparable pulse labelling curves, indicating

a radiation 1nduced lag. -

The parents' curves show a defieitfin labelling at

& time when control cells have achieved 100% la-

belling. A small fraction of the father's cells

do not label even when exposed to radiothymidine-
for a period well in excess of a normal cell gen-
eration time. The normal sib's curve is the same

as control curves.

‘A large fraction of metaphase cells in the FA cul-

ture does not become labelled, even when cells are
exposed to radiothymidine for a period greatly'in

exeess of a normal'cell generation time.
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Figure 15. Percent labelled ¢cells in continuous-la-
belling expériménts. .
The initial slope of these'curves represents the rate
at which cells enter S phase from G; phase; this rate
1s’Virtually-thé éame in ail subJects, The time.at
Which the curve reaches a.horiZOntal ﬁlateau i1s a mea-
' sure of Tq-S; by subtraction of the known Go and M
durations, the duration of G, phase maybbe estimated.
After correction of the curVés for déad cells, the FA
and mother's curves have the same amplifude as the

other sﬁbjegts (see Figure 17).
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1Figure:l6. Smoothed representation of-percént la-

| belled mataphase cellsuin_pulSe—labelling

experimehts. . |

The data of Figure 12 areredreMm;'curves fbr control
énd FA Subjects are composites, and th¢7curvés are
superimposed. The wide extension of the S phése por-
tions‘of the mother's and father'svcurvébis seen easli-
ly. The FA compoéité curve 1s grossly abnormal, and

there is a suggestion. of two labelling peaks.
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Figure 17. . Regressions on time of percent‘labelledd'

cells in continuous- labelling experiments.
Regression lines from the data.in Figure 13 are

not significantly different from horizontal, show-

-ing'"steadyéstate" conditions in the cultures with

respect to the labelling fractions.

The regressions in A adjusted for the'fraotion of
dead cells at the mid-p01nt of the experiments.
All have virtually the same amplitude.
Regression‘lines for both.the rising and plateau
portions of the-curves}in Figure 15. |

The regressions in B adjusted for the fractlion of

dead cells at the mid-point of the experiments.

~All ourves have virtually the same amplitude. The

slopes of the rising portions in both mother's and
FA curves are not'signifioantly different from the

control slope.. It is interesting that their slopes

“are the least of all subjects, suggesting the pos-

sibility of reduced rates of entry to S phase from

Gl-phase.
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Table 6. Mitotic indices and labelled. ffactions.of

cultured lymphocytes, corrected for fraction
_ viable cells. .

of in-

Mean ’ © "prue" Observed

"True"
Mitotic Viable mitotic labelled labelled
index = cells index fraction fraction
| (® (& (#H (% ®
Control 1 ~ 4.1 ~ 83 kg __38.9 46.9
Control 2 4.4 87 5.0 - 34.0 39.1
 Average _ 85 4.95 43,0
Normal sib 2.9 75 3.9 34,7 46.3
Father 2.5 .78 3.2 33.9 @ 43.5
Mother 1.3 4 3.2 . 15.3  37.3
Average o4.7 3.43 42 .4
FA case(l) 1.7 66 2.6 25,3  38.3
(2) 1.6 - 145 3.6 15.4  3h.2
Average 55.5 3.15 36.3
MacKinney  <1% - -- L n 40-45%v
et al '
(Ref. T1)

Mitotlc indices and observed labelled fractions are
means of all observations; percent viable cells are
single mid-study values. "True" values are observed
values divided by the fraction of viable cells.
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 Figure 18. ,Cell cyc1e:compOneht durati¢né:4Okédafs
method. | | | » _

The ordinate is iogarithmic;‘the'absci§Sa linéar.
Reliaﬁly estimated quantfties are shoWnAby-heavyvnum-
erals and heavy lines. Derived quantitiesvaré shown
by light humeréls. This graphical method §£ céli‘cy-
_cle'éhalysis is used pfimarily to‘obtéinfgood_esti-
mateévbf S'and”Gl phaseé, for which Quastler's tech-

nique [95] provides spuriously high estimates.
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“Table 7.

Estimated durations of cell cycle components in cultured lymphocytes

Raw Data Estimate

G, S ey Ty Gy S

o Corrected Estimate

(Range)”

(Footnotes on_foliowing page)

oyt Ms;*. .
Normal Sib - 5.3 7.6 4.1 16 - 3.6  T.43 4.1 0.9° 164
. - L ' 7.35% . 0.62° .
Father 2.6 12.8 3.6 19 N 7.2° 3.6 0.8° 162
5.3 i 6.95 ~  o0.51° |
Mother 5.0 12.8 3.2 20 5.7 6.4° 3.1 0.8% 162
| | . | - 5.9T7° B 0.518 :
FA —-- Not estimable --- 2 5,85 ?  0.5% 16 2
Control (Av) 2.7 9.3 3.7 - 15.7 40 . 6.75° 3.7 1.0 15.7% -
: 5.6% o T 8
Cave 4.6 9.5 3.5 17.6 _— - _— - ——
(Ref.21) o T T P B T
Subjects mem mme v adl e 3,64 6.4-7.4  3.1-K.1 0.8-1.0 15.7-16.0

20T



Table 7. Continued

1From PLMp Curves in Fig. 12, and PLMc curves of Fig.’lM

2p ssumed: Vaiue'of normal sib from Fig. 12

By Okada's method, uéing'TG shown

4From correcfed mitotic index

SFrom cbrfected aVefage'labeliing-index X 1ndicated TG
SFrom correcfed mitotic 1ndex x indicatéd TG
7w1thout‘FA'va1ues, and without mother's G,

8From PLCc curves in Fig. 15, and calculation

€01
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is giﬁeh in Table 7. |

FEOm'the‘curVe of PLMp in Figures 12;ahd 16 it is
seen that neither the mother nor the féther reach the
maximﬁm labeilihg of the control curves. The widths
of thé:curVeé at_SO% labelling’are‘exténded, indicat-
ing greater variébility among S périods than found in
_ cdqtrols. The normal-sib.pfesents atcurVe virtually -
v identiéal’to that of the controls. The FA propositus
hasffemérkabie andlhighly unusﬁal‘cuEVeé wh1¢h.héfdly 7
reach the 504 labelling level, and then only briefly.

‘_The PLCp curves in Figure 13 are eSégntially hor-.

1zontal lines, without significant deviation of indié
vidual data points. This is 1ndicative.of "steady
state" conditions in all cultures, in the sense of la-
belling index time constancy [38]. Pch'curves for
thevnofmal sib and the father are QirtUally the same
as controls: all show labelling indices between 34 énd
.39 pérdent; The curve for the mqther iS‘virtually the
same as thoée_of the FA propositus, bothvyielding.ré—
duced_iabélling 1ndicés_of 15 to 25-pércent. Correét-
ing all data for fhe’fraction of inviable cells pro-
~ duces similarvlahelling ihdices in ali.éﬁbjeéts but
‘the FA propositus. Her labelling index remains about
15¢ lower than the mean value for the other subjects.

As expected, the G, intervals obtained from the
PLMc cﬁrves in Figure 14 are the same és those found

from the PLMp curve. Again however, the curve of PLMc



forthe.proposltus_is remarkablé and hhusuél. The la-
belling index never approaches 100%, thdugh the curve
spans a period in excess of thevéontréisf generation
time. The remainder of the curves approiimate the
100% labelling level 6 hours later than expéctéd on
the basis of the PLMp curves. This 1s a measure of
,the'lag produced 1n either or both of S and G, through
eontinual éxpoéure to radiation. PLMc curves for the
mother and father do not reach 100% labelling. At all
times after reachling a plateau, these curves are ap-
proximately 5¢% below the control 1ndei (100%) .. This
must'represent a‘proportion of cells Which reach meta-
phase without utilizing the exogenoﬁs radiolabelled
thymidine. | |

In Figure 15, PLCc curves for the mother and FA
proposlitus are the same, and show lower labelling in-
dices than the other subjects. As befofe, correctlng
the ihdices for the frequency of_inviéble cells ylelds
curves which are virtually the same in all subjects.
The plateaus of the curves for the control and the
~ father, dlose to 80% labélling; are an independent es-
timate of the viable (or dycling) cell_fréction; these
valﬁes agree fairly well with those‘obtained by dye-
exclusion (Figure 11; Table 6). The plateaus appear
vat 20vhours.' Subtracting the 6 hour'radiatioﬁ-induced
vlag gives 14 hours as an'estimate of Té}s. The esti-

mated durations of G2 and M (Table 7) are_subtracted,
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yielding 5.3 and 5.6 hours as éatimates:for the’Gl dur-

'atiohhin the father and control'respectively.  The nor-
mal sib's G) éannotfbe-estimated‘directly, but 1s like-
1y to be similar. Both the FA case and her mother show

anomalous plateaus in, and reduced slopes of, their

PLCc curves. Assuming 1inear labeiling*increases*(Figé7

ure_l7) and.1abe1l1ngfof all viable cells (Table 6),

then either or both of Gl.and Gy, 1n tbesé subjectévmustv

bevlengthened}» Their anomalous plateaus 9ould indicate

radiation-induced blocks in those cycig.phases.

-Discussioh

 The cell cycle of human lymphocytes in vitro and
in gigg.has been 1hvest1gated by.others_[4,lo,2l;6l,
122,131], and the uncorfected normal éell cycle times
givehvhere agree well with thé raw data provided in
thosé'fépérts.' The corrected normal Iabeiling indices
from'PLCp curves_agree well with those found b& Mac-
Kinney g&bg;, but their mitotic indices were lower
than those found ihlthis study:[71]. The oneéhbur Velé
ban_mitqtic 1hdex}was used here, and‘is doﬁsideréd lit-
tle differént froh‘the 1nstahtanéous miﬁbtiq index.
Prior experience indicated iess_than éo%'increase in
_ MI_ovef'one'hour exposure to Velbanivtﬁe éction of the
drug 1is not quite immediate [69].

_The PLMp, PLMec, PLCp, and PLCc curves for .the nor-
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mal sib;are‘virtually identicallto those ‘of the oon-
’trols.? Her_cell‘cycle times obtainedtby Okada's
method therefore'correspond weil‘to.those‘of the con-
trols. - | -
| N Cell cycle times for the mother and father are
-‘not:soieasily:estimated from the PLMp‘curves.' The re-
quirement of small variability in 8 and Gl times 1s
>not met, as shown by the lower-than control peak. la-'
belling in S and ‘the wide extension of the curves
.'[38] ‘However the father's Tg may be estimated from
.the PLCc curve after correction for the radiation in-
v'duced lag shown by the PLMc curves, and proves to be
ciOse_to thattof’the normal sib. Lacking-thisbsort of
dataifor the‘mother, a similap calculation cannot be
made,. However her PLMb curve 1s neariy_the same as |
_the father's; and thefe seems no reason'tohbelieve her
Tq 18 grossly different. Using the iGehour Tg of the
normal sib to estlmate the_TG's of mother.and father,
their:corrected cell cycle times are found to match
the control with one exception: the mother's Gl isral-
most. 30% ionger than that of the other subjects. The
significant observations then are_increased variabili-
ty in either or both of S and G in both parents, and
a lengthened Gy in the mother's cells."

Cell cycle component durations deterﬁined by
Okadais method  are vefy sensitive to the value of Tg

used. Since TG‘is obtained from PLMp curves, and 1is



an approximation; all cell cycle times given in Table
7 must be considered estimates of the absclute values.
However comparisohs smOng the subjects are reascnably
made”S1nce allsTG's are assumed equal cf nearly so.
The:motherﬁs long G could be an artifact of the
method, but this likelihood is reduced by the observa-
" tion that her other cell cycle times are not greatly
different from those of the other subjects.ijeasoné

able upward adjustments of the other components still

108

leaves the mother's-Gi the longest amdné“the subjects. -

The PLM curves of the propositus virtually defy
analysis. A curve similar to her PLMp curve was ob—
served by Baserga and Welbel in ascitesrtumor cells
from‘fésted,'but not from well-fed, mice [5]. There
1s no reason to believe the cells were starved In cul-
ture: the medium used was rich in nutrients, and other
subjects! cells produced normal or nearly normal
curves. In any event the curve of PLMc never reaches

100% label in well over a normal cycle- time. It is

1nescapable that the FA culture contained_a-large pro-

portion of cells'(between 40% and 60%) which did not
incorporate the exogenous'radiolabelled>thymidine into
their chromosomes. Ih addition therevmust becvery.
greét‘variability in'the.cellvcycle times ofhthe la-
belling population.‘ After correcting;the PICc and |
PLCp curves of the FA case for dead cells they are

fairly close to those of the other subjects. A be-
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" 1ievable but perhaps'naivé ekﬁfapdlation from’th1s
daté sﬁggésts the FA Subject's,averagé Té_may be close
to normal. If so, it is possible to hold that the la-
beiling cells shown in thé'PLMp curvés consist of two
_}or'mofe populations having the same average Tg, but a-
" markedly lehgthéned G2 in one. Bianchi and deBianchi
bclaim this is a normal feature of a very small ffac—
'tionvof human lymphocytes [101.‘ Both'PLMp»curves con~-
taiﬁ a suggestion of a plateau shortly'prior to mi—‘
tosls; ‘this may be interpreted as:evidénce for a pop-
ulatioﬁ of céils with a normal Go o Aécepting this pu-
tatiVé plateau as 100% labelling for the presumed nor-
mal fraction of cells, and graphically subtracting a
normal curve df this amplitude from the first of the
PLMp'FAvcurves,'reveals the component’éurves shown in
" Plgure 19. " The presumptive abnormaliy labelling pop;
.ulation then 1ig seen to have a lengthened G2 and a '
shortened S. The same operatidn on the'second FA PLMp .
curve gives a similar but less striking feSult}

After correcting for inviable Celié, the "true"
-labelling fraction of prOpositusB célls‘is about the.
same as those of the other subjects;  This implies a
relatiVely nofmél'S/TG_relationship;j Yet from the PLM
'curves; about 50% of metaphasé cells do not label, im-
_ plying that the S/TG relationship-caﬁhot be normal.
The data are incompatible, and can be reconciled only

if one or the other was erroneously derived. The PLM




Figure 19. Putative components of péreentvlabelled

v | _ ’ metaphase curves of the FAvpropositus.
" The . early rising portion and the early plateau on the
observed data curve are assumed to represent a normal-
,1y labelling cell population, with a labelling frac-
tion at 7 1/2 hours the same as in controls.- The con-
trol'curve isAdrawn in proportien to'that value,'and
is shown as Population 1. In turn, these data points
were subtracted graphically from the observed ‘data,

yielding the curve shown as Population 2.. The upper

graph shows. both Population 1 and 2 in real proportion

.to_the'observed,data. The\loWervgraphvcompares Popu-
lation 1 and 2 redrawn-in proportionvto 100% labelling
for their maximum labelling»data points;v'The putative
Population 2 then is found to have lengthened Go - and

'shortened S phases.
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)

'bcurvé.muSt'be correct, as the-metaphase éslls must
have been‘living; the."trus" isbelledifracfibn'mﬁst'be
incorrect. 'it-is derived from:the obssfvedjlsbelledv
fraction, which cannot be disputed, and—fhe'pefcentagé
‘of "{nviable" cells defined;bj.dye-exciQSion. This‘
ordinarily_is a ressonable criterisn,:but mustsbs in-
»appropfiate in this case;'somévlivingvcslls must have
taken up dye and been misidentified as dsad. If a

" higher fraction had been identified as 11&ing, the
"{rue labelling-frsstion would have been lower and
hence more in accord with the PLM daté;ivThis seems
good*indirect evidence for fallure of thé’select1ve
permeébility property of the cell membranés of a frac-
tion of the propositus' lymphbcytes. This effect can-
not be ruled out in the mother!'s case; in light of her
reducéd labelling indices. However 1t sesms.uhlikely
to be a significant feature of the mother's cells, as
her PLM curves are close to normal, -

-The slopes of the PLCc curves are the same in all
subjects within the precision of the data (Figure 17).
Thus the rate of. passage of . cells from Gl to § must be.
virtually the same in- all subjects' cells, 1ncluding
those of the FA case.

Ths proposed'existence-of subpopulstions within
the fraction of cells aécepting label is speculative.
But the exlstence of a'subpopulétionvof‘cells_which

fails to label at all is not speculative, and requires



somelexolanation. :Under certain honénormel”cohditions
thymidihe labelling is not an accurate indicator of
DNA synthesis [23 134]. Tt is held widely that cells
cannot reach mitosis without prior DNA synthesis [26,
63], and thymidine 1s required in DNA synthesis. The
chromosomes of the unlabelled FA metaphase cells ap-
peared perfectly normal; hence the FA‘cells must have‘
mahufectured thymidine from uhlabelled’precursors,
probably by methylation of uridine [23] " This may be
~a normal and exclusive process in some cells, as Alpen
and Johnston found a small fraction of normal canine
marrow cells in vivo failed to label with radiothymi-
“dine [3]. But the data presented here'show'this does
not occur~in cultured normel human lymphocytes; It
seems‘tﬁen that the unlabelled cells must have uti- .
lized atypically only one of two normally available
.DNA synthesis pathways.

The putative unused pathway invOlﬁes the enzyme
thymidine.kinase, which catalyzes creation of thymidine
monophosphate from exogenous thymidihe [23]. A de- |
ficiency of thymidine kinase in the unlaoelleo cells
1s suggested, a possibllity whichvhas~been investiga-
ted through experiments reported in a later sectlon.

Alternatively the cells might'not be'able to
transport. thymidine across their cell membranes. Bres-
" low and Goldsby invoked this ekplanation for thelr

failure to obtain radiothymidine labelling in mutant
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Chinese hamster cells.having(normal thymidinelkinasev-
activity, but they did not try to confirm this by ex?
periment [13]. '
The mother's PLM curves show labelled cells at a
_ time in late Go when all. other subjects' cells showed
no 1abel. The amount is small, only 5%;'but this may
be evidence either for "repair"_synthesis of DNA or a -
‘short Go 1in somevof the mother's cells. - o

‘The majority.of-cells*from»both the mother and.
the FA:propositus were labelled about as densely as
those of all other subjects; but a small fraction of
their cells showed-very dense label whichvcompletely
obscured the nucleus. This fraction amodnted to about
10% in the mother, but only about 1% in the FA case.
Subjectively’the densely labelled cells appeared to
have about 10-fold more label than the normally la- |
belled cells; they are shown in Figurey20. Arguing
both from the density of label and_from'the_time‘at

- which they are first seen (4 - 10 hours'prior to meta- -

'phase), theseicellsrcannot haveftransitted the S per-
1lod twice. "Repair" DNA-replication 1n”these cells'is‘
a possibility, of course, but this and any other ex-
v:planations are both speculative and very limited by
the facts at hand.

It may be argued that radiation to the cells re-
celved from the radiothymidine in the medium was re-

8sponsible for the results described. Radiothymidine
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Figure 20, Differentially labelled cells found among
cultured lymphocytes of the FA case and
her mother,

Continuous labelling experiments were conducted 1n

such a way as to produce relatively light maximum la-

belling in the cultured cells. Both the FA case and
her mother had a minority of cells which labelled

heavily, even when the label was available only 4-10

hours before fixation. The photographs show heavily

labelled cells, normally labelled cells, and unla-
belled cells from cultures exposed to radiothymidine
about 6 hours before fixation. The upper photograph
is of FA cells, the lower of mother's cells. No sim-
ilar heavily-labelled cells were found in cultures of

controls or the normal sib. Magnification = 1820x.
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in thevmedium'at.a’continuous concentration of 1 uCi/.
ml delivers about 5r/day to nuclei which take uﬁ the
label [134, p.79]; a smaller dose wouid be delivered
to puiée‘labélled cells. This is 254 of the dose re-
| quired to inhiblt growth [134], and control Cuitures
'showed none of the effects seen in:the'FA cﬁltufes.
The FA éulturés had normal rates of entry to S from
Gy. Generally, it does not seem likely tﬁat radiation
was responsible for thé results. It remains pdssible
that some cells of the mother, fathér, and proposltus
havé a thymidine metabolism process which'is exqﬁi—
sitely sensitive to radiation.

It may be argued further that the medication re-
celved by the FA propositus was respongibie for the
findings reported here. Both the -mother and the father
are shown to have a small popplation of non-lébelling
cells; aside from the mother'é Diabinase neither is
receiving medication. Further, prelimihary'experi-
ments using lymphocytes from patients'with a variety of
hematological conditions, receiving elther or both of
prednisoﬁe and hemafinics, show no such changes; no
unlabelled cells were found in a.single normal culture
to which Delatestryl had been added [69]. Schmid et al
ruled out steroids as a cause of chromosome changes 1n
cultured FA cells [109]. It seems unlikély that the

patient's medications produced'the results described.

- Detection of the heterozygous "carrier" of the
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abnormal gene 1s desirable 1n”dealing with genetic die
seases. In FA, the parents'are presumed”to,be the
'carriers of a recessive gene. Dosik et al.and Todaro
et al.have used susceptibility to viral transformation
of cultured cells in a test to_detect presumptive FA
heterozygotesv[29,l33]; Transformation of cultured
cells'by'a tumor virus 1s'greater amonglpresumptive
heterdzygotes; and greateSt among FA cases. The test
must be performed in a laboratory equipped for viral
studies, and is not specific for FA [92].

The differences in radiothymidine labelling in-
dices among normals, parents, and an FA case shown:
here conld be used similarly as a test for latent FA
or to detect the heterozygous condition. A single 3-
day lymphocyte culture would be exposed. continuously to
an appropriate level of radiothymidine. _Eighteen to
24 hours_after label addition a single_éﬁtoradiOgraph
of harvested cells would be made and examined for un-
1abe11ed metaphase cells. Normal cells would have no
(orJVery rare) nnlabelled metaphaSes,,heterozygotes_
would have several percent, and:FA'Casesrwould have a
large percentage. This proposed test might not be
speclific either; as arrested DNA synthesis has‘been."
-observed in a fraction of marrow cells’from a case of
erythroleukemia [24]. HoWever the test WOuld be sim-
ple enongh to be within the capability of most clini-

cal laboratories, even the smallest.



THYMIDINE KINASE DETERﬁINATIONS

Failure of a large fraction of FPA lymphocyte met-
aphase cells to label with tritiated thyﬁidine'sug--
. gested the poséibility of a defect 1in the.cells' thy-

midine metabolism. A much smaller fraétion of cells

from both parents of the propositus alSo failed to la-

bel, suggesting the-deféct might'be a direct manifes-
tation_of the recessive gene believed tb‘be,responsible
for FA;:-Pfeformed thymidine 1ncorporat16n into cellu-
lar DNA.is catalyzed by the enZymevthymidine-kinase“
[23];vthe failure of sOme.cultured Celis to labél’ﬁith
exogenous thymidine could‘be evidenceffpr é population
of cells deficient in this enzyme. ACCordingly puri-
fied lymphocyte preparations were obtalned from the
’prépositusvand members of her immediate family in Feb-
ruary“1971, and these were assayed for thymidine kinase

activity by an independent laboratory.

Materials and Methods

Using the methods described earlier; lymphocyte
éultures were éstablished from fhe FA_propoéitus, her
immediate_family, and from an unrelated normal indi;
‘vidual. These were cultured for 60 hours with PHA but
withdut antibioties, Total cell numbef and cellular
.viability were determined as described; the cells were

waShed twice by centrifugation in physiological saline

solution, and the pellet of cells Was'quick frozen over

119



120

dry'iCe and stored 1in liquid hitrogen; The samples

were submitted the same day to the cooperating laboraF
tory, which assayed them for thymidine kinasehactivity
ﬁsing the method of Rabinowitz et al. [97] modified for

very small samples.

'Briéfly: Thawéd cells_were'disruptéd sonically in

PH 7.5 Tris buffer; supernatant fluld was obtained by
centrifugation for 20 minutes at 10,000 g‘atv4°C; Af<
ter édditioh of reactants, thé supernatant fluid con-
tained: 0.1 M Trls buffer, MgClQ, KéHPO4, phospho-
enolpyruvate, pyruvate kinaée, ATP,‘mércaptoethanol,
and high specific activity TdR-HS. Following incuba-
tion of the mixture at 37°C for one hour, the entirety
of each sample was chromatographed 1n'isobutyric acid/
EDTA/NHj0H solvent for 16 hours, followed_by-scintil-
lation‘counting ofvthe eluted radioactivéispots in 5 ml
volumes. IhéAsums of the recovered radloactivity in
the mono-, di-, and triphosphatés of thymidine was a
measure of thymidine kinase activity in the entire cell
sampie. Results were reported as counts'pér minute

(cpm) per 108 viable cells.

'Results

The results of the thymldine kinase activity as-

~says are shown in Table 8. All samples are in the

range of 1000-2000 cpm per 10® cells except that of the

propositus which has 68% more activity than the highest



Table ‘8. Thymidine kinase activity in cultured lymphocytes .

Number of

. Number of  Transformed Viable . Total .cpm/10°
. cells per. cells Transformed =  viable - radio- viable :
sample (%) cells transformed activity transformed
(x10°) ‘ (%) cells 1in (cpm) cells
- sample .
(x10°) .
Propositus 5.34 100 61 3.26 54,262 16,645
Normal sib 11.56 92 100 10.64 111,878 10,515
Father 10.49 100 100 -10.49 46,675 4,449
Mother 8.87 89 100 7.89 41,347 5,240
Normal - - : -
Control 13.8 100 100 91,105 6,597

13.8

12T
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of the other samples.

Diséﬁséion .

"Thét the FA patient should have mdch}greater thy-
.midine kinase activity thah'nofhal is surprising. _Thé
results_are very sensitive té the accuracy of the or;g_
inal cell number and cell viability determinations, but
fhis cannot account for the large andisimilar kiﬁaée_
,activifies found ih the propositus and:hér nérmal'sib.
Both bérents»and the'normal éontrol weré individuals
in the 40—50 year age range, while the_nofmal sib and
the probositus are in thelr teens. Thére'is then a
possibility that cells from younger individuals show
éreaterfthymidine kinase activities in culture than
those from older persons, as couid be inferred from
Bach's comments (4]. | .

in any event there is no evidence for thymidine
kinase deficiency in any of the qellsfétﬁdied. The
failure to obtaln labelling in all the cells of the
propositus and her parents during cell cycle studies
cannbt be explained by a deficlency of this~enzyme.
Furthef, the mafkediy increased uptake of label seen 1n
those studiés in some of the mother's‘cellé cannot‘be
explained by excessive thymidine kinasé'activity.-

As mentioned earlier, fallure to obtain radiothy-
midine labelled cells in the presence of adequate'thy~

midine kilnase actlvity could be due to a membrane
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transport defect [13]. . It'may be recalled that a mem-‘
brane permeability defect, or defect of the metabolic
proceas maintaining the membrane's selective permea—
bility, ‘was suggested in the earlier cell viability
studies. The normal thymidine kinase activities found
in allisubjects"cells leave.a thymidinevtransport de-
fect, énd hence possibly a membrane defect as a puta-

tive feature of FA.
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‘CROSS—INCUBATION‘OF FA AND CONTROL CELLS |

‘The earlier observation of reduced in vitro via-
bilityiof;FA lymphocytes, coupled-with.dtherS"suggess
tion of viral involvement in FA [116,128], prompted
'repetition of the cross-incubation_experiments pre-

viously reported [11,55,91].

Materials and Methods |

| In February 1970 white blood cells were obtained
from the propositﬁs and a normal7indi§idua1, and}pure |
lymphocyte suspensions were prepared as previously de—
scribed. Cell-free plasma was obtained fromvboth iﬁdi;
viduals by centrifugetion of whele_bloed‘followed by
membrane filtration. Culture medium cohtaining both
PHA-M and 109% v/v of eiﬁher plasma was prepared. The
l&mphocytesvwere.washed twice by centrifugation in
physiological saline solution, and planted inﬁo the
culture media at concentrations of loé eells/ml. Rep—v
1icetes ef four types of culture were pfepared: Control
cells in control plasma, FA'cells in FA plasmé;'control'
cells in FA plasma, and FA cells'in control plasme.

After 60 hours of incubation as previously de-

scribed; some control cells in contrel_plasma and FA
cells in FA plasma were centrifuged fof-5‘minutes at »
1000 g. The supernatant medium was removed asepticelly
'and saved. The cells were waehed»twice by centrifuga-

tion in_physiologicel sallne. The'salvaged FA_ﬁediumv



was piéced onto contfol cells, contréi-medium‘was
_pléced‘onto FA célls, and incubation of all cultures
was.¢ont1nued for 16 hours. At the end of this 76-
hour pefidd, all cultures were exposed to.Velbanvfor 1
hour és:describéd, and harvested. Air-dried chromo-
.sdme breparations of FA cells were unsatisfactory, and
microscopicél detérmination of chrémosome'aberration
'frequenéies was performed on squash preparatidhs'in

LPO stain.

Results

The results of the aberration frequeﬁéy determin-
atiohs dﬁ ofdinary and on cross—incubated'cultures are
shown 1n Table 9. Under any culture conditlons FA
cells have a.higher'aberratioh rate than do control
',cells_in ordinafy cultures, as expected, "Refreshing"
the FA cells by 1ncubat;on in medium prévibusly occu-
vpied by control cells did not reduce the aberration
frequency significantly.v |

Control célls incubated in medium containing
fresh. FA plasma do not have an elevated aberration fre;
queﬁcy;_ Hdwever, control célls incubated in medium oc-
"cupied.for 60 hours by transfofmed FA lymphbcytes show
a 7—fold71ncrease in the frequency of éimple chromatid
vbreaks., Compared to the frequency found in ordinary
éontroi cultures,.the-elévation is.significant (t=2.14,
P leSsIthan‘O.OS) [25,123,125]. In the same culture
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Table 9. Chromosome aberration frequencies in cross incubated lymphocytes of

FA and normal individuals.

CHROMATID ABERRATl_ONs CHROMO_SOME ABERRATIONS
BREAKS CHROMATID EXCHANGE C/C 1S0/CD ' 1 ’
INTERCHANGE | INTBACHANGE, INTER | INTRA - | DELETIONS
TYPE OF CROSS. | | INTER-ARM | INTRA-ARM _ el 1
INCUBATION 1 €TD 1SO | SYM |ASYM| SYM | ASYM| SYM | ASYM| “DIC | RING 'TRI R I.D. | TERM | GAPS
‘ - !
Control cells; 4 ; !
Control plasma 2 05 | 1
FA cells; i
FA plasma 2 4 1| 5 01 1 2 6
. T i .
Control cells; : : |
FA plasma2 1 % 15
FA cells; | | '-
Control plasma 9 1 4 2 1 4
60-hr control cells; 4 ,
60-hr FA medium ° | 3.5 3
60-hr'FA cells; 3 : : ‘
60-hr control medium | 6 3 i 5 1 1 1 v 9

1 200 cells examined in control cell cultures; 100 cells examined in FA cell cultures

2 76 hours total incubation

- 3 60 hours incubation before switching cells, followed by 16 hours further incubation before fixation

4 The seven-fold increase in frequency of chromatid breaks is significant (t = 2.24; P = 0.013, one-tailed)

DBL 754-5125 v
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the frequency of gaps 1S'elévated as well, but this is
not significant (t=1.43; P greater-than,d.OS).

Discussion

The cross-incubatibn experiments of others have
used fresh FA plasma-containing medium [11,55,91].
The negative results repopted by these workers is in
‘accord with results obtained here in exadtly compara-
" ble expefiments. The elevéted frequenéy*pf simple
chromatid breaks found in control cells'cross—incuba—*
jted late in culture supports the contention made in a
previous section_that a cytotoxic principle was're-
leased by‘FA cells after.48-hours in culture. The
prinéipal ma& not be strictly cytotoxic to normal
cells. Subjedtively the cultures apbeared_healthy
without evidence of éxcessive cell death or growth
difficulties. The preseﬁt experiments give no clue to
the nature of the princibal‘reieased, but they do sug-
gest examination.by electron micfoscopy bf FA cells

.- after a fewbdays in culture.
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ELECTRON MICROSCOPY OF LYMPHOCYTES
Ihva precedlng sectionvit was supoosed that'a.

toxic principie appeared in the FA lymphocyte cultures,
and this might be an explanation'for the‘ihcreased
cellideath.found there. In the cross-incubation ex-
perimehts described eerlier some agent was present in
_culture‘medium conditioned by FA lymphocytes‘WhiCh_ih-v
creased'the frequency of’simple?Chromatid breaks in_
control cells. Nichols has shown that. viruses can
cause chromosome breakage [78], and viral 1nvolvement
in FA'has been suggested [128]. Accordingly, electron
microscope examinetions of lymphocytesifrom the FA pro-

positus were performed in February 1970.

Materials and Methods

Pure lymphocytes, and lymphocytes from 72- hour PHA
stimulated cultures, were obtained.by-methods already
deseribed from both the'FA propositusgand a normal in-
dividual The cells were washed once by centrifugation‘
in fresh medium, then fixed for 12 hours in 2.5% w/v
glutaraldehyde in 0.1 M sodium cacodylate. Followlng
three washes in 0.1 M sodium cacodylate, the cells were
post-fixed for 1 hour in 1% w/v osmium'tetroxide in 0.1
M sodium cacodylate. The sampies were dehydrated in a
serlies of increasingly concentrated alcohols termina-

ting in 1004 ethanol, then pelleted by centrifugation
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and embedded in Epon 812°% (resin:‘catalyst = 1:1),

Thé cells were sectioned at 600-800 nanometers in the
Sorvall MT¥2_ultfamicrotome2. Sections were stained
bfor 30 mindtes-in a saturated aqueous solution of ur-
anyl acetate, and for 10 minutes in Reynbld's iead
o citrafe stéin'[lbl]g' After mounting on collodion

" filmed grids in the uéuél manner, the cells were ex-
amined in a Hitachi HU-11 microscope?.

| _;CélIS'selecﬁed under low pdwer (5000 diameter mag-
' nifidation) Were'observed and phoﬁographed at édcces-'l
'_sively higﬁer magnificatibns up to 80,000 diametefs.
Each cell was,ékamined for deviations from normal ul-
trastructure and for the presencé of viral or proviral
bodies.
| Reéulﬁs'

_dElectron micrographs of normal and FA cells are
shQWﬁ-ih Figuresvaliahd 22. The morphoidgy and ultra-
'structure of normal cells,vbdth fresh and from 72-hdur
Cultures, conforms td descfiptions glven 1h thé liter-
ature [20,46,58]. The same is true for the fresh FA
- lymphocytes. - , | v. |

o ‘The lymphdcytés from 72-hour FA cultures show both R

lEpon 812 Resin. Ernest Fullam, Inc., Schenectady,
New York. ' ' : , 4

2Ivan Sorvall, Inc. Norwalk, Connecticut.

®Hitachi, Ltd., Tokyo, Japan.
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;Figurevzl. Eléétron micrographs: cOmpariSon 6f fresh
o 1ymphocytes from FA and normalrihdividuals.
A. Normal cell, There are few mitdchOndfia; but many
~ribosomes aré seen, usually in clusters. Magnifi—
cation = 18,900x. I |
" B. FA cell. = The general appearance is like that of
the normal cell. The dark object on the right is a

preparative artifact. Magnification‘= 18;900x.-

Nu = nucleus
M = mitochondria
R = ribosomes



131

XBB 734-2451



Figure 22. Electron micrographs: comparison of cul-

A-

Nu

tured lymphocytes from FA and normal indi-

viduals.
Normal cell, Mitochondria are more numerous than in
fresh cells. The endoplasmic reticulum is more
prominent; there is no marked accumulation of gran-
ules as in the FA cells. Magnification = 18,900x.
FA cell. As in normal cells, mitochondria are much
more numerous than when seen fresh., However many
mitochondria are unusually large and have oddly ar-
ranged and often concentric cristae. This particu-
lar cell has a normal frequency of ribosomal clus-
ters. The large dark areas are thought to be lyso-
somal bodies. One of the lacunae found 1n the endo-
plasmic reticulum is seen. Magnification = 18,900x.
FA cell. A characteristic of the cultured cells ob-
tained from this FA case is the odd lacunae found in
the endoplasmic reticulum, often as in this cell
close to the nucleus. The dense accumulation of
small granules thought to be glycogen 1s apparent.
Ribosomal clusters are rare. Magnification =38,600x.
FA cell., This higher magnification micrograph shows
the granular clusters seen in (C) very clearly, and
further demonstrates the reduction in frequency of
ribosomal clusters. Magnification = 58,500x.

= nucleus; M = mitochondria; R = ribosomes; La =

lacunae in endoplasmic reticulum; Ma = abnormal mito-
chondria; Gr = granular clusters.
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a marked accumulation of granules presumed to be gly-
cogen, a peculiar defect of the endoplasmic reticulum,
and a reduction in numbers of polyribosomes. The mito-
chondria in the FA cells, like those 1n the control
cultures, are enlarged physically and also reduced in
quantity. However the changes in the FA cells appear
to be more marked, and the cristae often appear to be
concentric. Extrapolating from this 2-dimensional view,
the cristae seem to be arranged in layered spherical

or cup-shaped groupings on the mitochondrial wall. No
other marked changes are apparent: viral or proviral

bodies are not seen.

Discussilon

The significance of the lacunae in the endoplas-
mic reticulum, and the reduced numbers of polyribo-
somes, 1s not known. Similar lacunae are often found
assoclated with reduction of ribosomes 1n embryonic
and in some neoplastic cells, but never in normal
cells [46]. Cells in senescent cultures often have
bizarre mitochondria, and the present findings may be
an extreme early example of a phenomenon expected to
occur later in culture [36]. The accumulation of gly-
cogen granules, and their frequent appearance in bun-
ches, 1s a most unusual observation, the significance
of which 1s obscure [36,46]. As this suggests a change

in the cells' carbohydrate metabolism, there could be
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a cdnnéct;on with the incfeased incidence of diabéteé
‘reported among FA reiatives [129]. |
 Failure to find viral bodies is not conclusive
insoférfas any relationsnip between FA and viruSes may
be‘§oncerned. But failure to. find thémnin lympnccyté
cultﬁres is Stﬁong suggestive evidence tnét viruses
are not responsible for the increased cell death in FA
lyhphocyte cultures; nor for the increased chromatid
.'breakage_found in the cross¥1ncubation'experiments.
'Tne_iatter'conclusion lends sgpport to the nggative
findings of others who have performed cross-incubation
experiments [11,55,91]. The increased chromatid break-
age in the present-cross-incubation experiments must be
due to a cellular product accumulated in the FA medium.
Allison; and Allison and Paton [1,2], suggested
enzymes released.by.destructionvof lysosomes might
‘producé chromosome breaks 1n‘FA cells. However, Cohen
‘et al. and Hittelman [146,147] have indlcated loss of
: lysosdméi intégrity may be unrelated to chromosome
damage;7 In_the presenf study there did not appear to
bevany.qualitative'différence between-FAnand control
1ystomeé, and their frequencies appeared to be nearly 
| the same 1in both cell types. To'this>6egreé, there is‘

‘no evidence of lysosomal 1nvoivementv1n the chrbmosome

éberrations_seen in FAllymphocytes.
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CHROMOSOME REPAIR TIME DURING Gy ;3_23329  k |

The inverted ratio of chromatid'exchangeé‘to 
chromatid breaks has significant iﬁpiications for the
chromosome repalr process. These were discuésed in an
earliér section; experiments to determine the time
available for repalr have been described. The,alter—
native proposition of alteration in thg rate of chrom-
osome repair 1in FA cells 1is eXamihed in the expérif

ments described below. -

Materilals andeethods

In July 1969 and both March and May 1970 PHA-stim-
ulated lymphécyte cultures were establishedvfrom the
FA propositus, her family members, and éontrol sub-
Jects,cin the manner described before. After 20 hours
of culture the samplés were irradiated using the "split-
dose" ﬁechniques used by others in simllar experiments
[93,94,142,143].

Cultures in flasks were washed by centrifugation
in Hank's Balanced Salt Solution (HBSS)l,'transferred
with plasma-free fresh medium tQ stopbered plastic cul-

ture tubes incubated in a metal-block héatera,‘ahd se-

' quentially irradiated under a Philips X-ray therapy ma-

lHank's Balanced Salt Solution. Microbiological Asso-
clates, Albany, California.

2"Multi-Temp Block". Lab-Line Instruments, Inc., Mel-
rose Park, New Jersey.
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chine! operated at 250 kvp, 15 ma, with 5 mm Al.fil—.
tration. Plasma-free medium was used to avold pos-
sible artifact due to irradiation of plasma [118]. A
20‘1heh cuiﬁure-to;tube distance reduced beam cross-
sectional flux variation to 1% between cultures. A -
Victoreen condensor'typeiR-meter'2 wés'used to measure
exposure rates of 1 R/sec ihsidelemﬁty plastic culture
tubes when total exposurejwas controlled'byvthe ther-
- apy machine's.interval timer._ﬁse of plastic rather
than glass culture tubes during irradiation served to
minimlize dose bulld up'from secondaryueleetrons at the
fube-medium‘interface [31, p 576] Cultures were not
incubated during the 2 1/2 minute duration of X—ray
exposure.

| ‘Starting at 20 hours, the cuitures-from each sub-
ject were exposed to 268R or 300R of X-rays, with one
cuiture each reserved as an unirradiaﬁed control. The
exposufes were delivered in two equal portions, sepa-
rated by 0, 1/2, 1, ... ete. hours, to a maximum of
5 1/2 hours interval between expesures.' Following>
eaeh irradiation the cultures were wéshed by eentrifu-

gation and replenished with complete medium plus PHA.

1Therapy Apparatus Type 11645 N.V. Philips' Gloeilam-
penfabriken, X-Ray and Medical Apparatus Division,
Eindhoven, Holland.. ,

2The Victoreen Instrument Company, CleVeland, Ohio.
This particular instrument had been calibrated 9
months previously by the U.S. Bureau of Standards.
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Incnbation was then continued'in the usnai hﬁmid COs
atmosphere.' At 68 hours of culture Velban was added
for 1 hour and the cultures were harvested

- Alr-dried or LPO squash chromosome_preparations
were made as described before,'and atvleaSt 100 cells
per datum were examined for each subJect. Cells were
examined at‘1250—1600 diameters magnification, and the
nnmber_of dicentric, multicentric, and ring chromo-
somes'found was recorded. The average fraction of
cells with dicentfics and rings was calculated, along
with the 95% confidence intervals for the observatlons.
The resulting data were plottedtasvthe‘percentage.of
cells with dicentrics and rings as a function of the
time interval between half-exposures. Differences be-
tween the resulting curves were assessedifor statistl-
cal significance by conventional methode [123;125].

Tne'constant of proportionallty betWeen aberra-

tion yield and exposure was computed, assuming the re-

lation : o
Y = ¢ + aD? [31,p.415;32]
where Y = observed yield of dicentrics and rings
per cell,
‘¢ = the control freouency of dicentrics and
" rings per cell, :
a = the proportionality constant in terms of

(dicentrics + rings)cell/R2,
“and D = the total exposure in R.
The curves for'alllsubJeCts but the propositus

were not significantly different, and their data were
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podled; Aberration fields were obtainéd by a?éfaging
fhe_fifst ahd:lastvfour_data points for the non-FA
subjects, and thé first énd last thfee data points'of
the EA case. Yields for the dlosely—Spabed irradia-
tions were consideré@ the yields for the total expo-
éure; ylelds for the.widelf-spaced irradiationé'were
considered to be the sums df the separate irradiation
:yields'[143]. Propbrtionality‘constantsiébtaihéd'from
'the.3OQR 1rradiatioh series were averaged with those

~ obtained from the 268R series.

Results | |

;Unifradiated control cultures fdr.all'subjécts
had a frequency of dicentrics and rings below 1¢; thils
was nof subtracted from the experimental data shown in
Figures 23 and 24, In all but the cultures from the
propositus; the frequency of dicentrics'and fings was
féirly constant for éxpésufe separatiohs of a few
hours, then 1t dropped rather sharply tb.a muéh lowér
and also relétﬂvely constant level. The.time'interval
 between exposureé reqﬁipgd to achieve-oﬁe-half the
final reduction in dicegfric and ring-frequency was
taken as;the time required for radiatibh-induced chrom- ,
osome breaks to restitute. This time interval was very
close to 4 hours for all subjects. | | |

The curve for the,FA-prOpositus wasfmarkedly and

significantly different from those from all other sub-
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Figuﬁé”éB. Frequency of dicentrics anairiﬁgé as a

| function.qf'time between fractiohated
X—réy exposures. o |

| Except,in'the‘FA case, the.frequéncy of X—ray-ihducéd

_dicenﬁfics and rings is almosf constanﬁ'éVen for ex-

posure:séparations of several houfs. For greater ex-

posure separatlions the frequency drops sharply to a

new lower almost constant level., 1In ihe FA case, the

decline iﬁ aberratioh frequency,starts with the.short-

est expdsure separation ahd continues in a hearly lin-

ear manner to separations of 6 hours, the maximum used.
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Figure 24, Chromosome repair time during?Gl in cul-

A.

tured'lymphOCytes.
Some data for 300R from Figure 23 areredrawn. — The
control and:nofmal sib data are combined to yleld a

composite normal curve. The FA data are redrawn

~ with 95% confidence intervals on each datum. The

FA curve 1is significantly”different-ffﬁm the normal
curve, o )

The curves in A are smoothedvand_redrawn, The FA
curve 1s not slgnificantly different from a siraight.
line, but.it might also show a sharp initial drop

follbwed by a curve similar to the normal curve,

The mean c¢hromosome repalr time 1s 3 1/2-4 hours

in both normal and FA subjects.
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jects. It showed an initial dicentric and ring fre- |
quenéyssimilar to that of othef subjedfs; fQ11owed by
a stéady.decline with time intervél between exposures.
The initial'piateau-folldwed by a sharb dfop to a low-
er plateau characterizing the other subjects' curves
wasiﬁoﬁwseén,' The.curve may be 1nterpr¢ﬁed as a lin-
ear reductibn'in dicentric and ring fﬁeduéncy with in-
creasing time interval, or as a complex durve includ- -
ing a sharp initial drop with a centrélfblateau, and
subseqﬁent final drop. In either caséfthe mean chrom-
osome bféak restitution time is very close to that
found 1n.the other subjects. |

Aberration yleld proportionality-cdnstants as a
funcﬁion_of exposure for the FA prdpositus and fér the
other subjects combined are shown in Table 10. The
yields_fér ﬁhe FA propositus are loweruthan for others.
at small exposure separations, but higher at large éep-

aratlions.

Discussion

The 4-hour breakirestitution time shbﬁn by all
.subjectsAis much longer than the 90 minutes given by
Prempree and Merz [93,94]. However they irradiated
' celis which had been in culture for 48 hours,vwhen they
believéd most cells were 1in S-phase, and they scored
,chromatid'exchanges immediately after the conclusion

of their experimental schedule. Apart from probable'



Table 10. Proportionality constants for-yields»of

chromosome aberrations in cultured lymphocytesffrom‘

Aberration yield: (Dicentrics + rings) x 10;3/ce11/R?.

radiation—induced

study family members

(300R2) plateau

(2 x 150R®) plateau

Control (300R 5.4 - 5.8
Control (268R 5.6 6.2
Control average 5.8 x 1078/cell/R?
Father (208R 5.0 6.4
Mother {300R 5.9 5.9
Normal 5.7 6.1
sib (300R) :
Famiiy-average ' 5.9 x'lO’e/cell/Rz
FA sib (300R : 5.4 6.7
FA sib (268R: b9t (7.7)2
FA average ' - 5.7 X lQ'e/cell/Rz‘.
lcalculated from first two data points.:
23ingle point, possibly not on plateau, not used in average

for FA.

Gt
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inaccuracies in their'assumptions,'ﬁheirtdata:anenot
so easlly interpreted as they sﬁppose. eIh any_event,
their result is based on limited data and, 1f accur-
ate,'peftains to repain in S or Gy. The 4-hour inter-
val determined'hefe plainly is the G; chromosome re-
palr time, and it corresponds closely toAﬁhe time
found by Wolff [142].

While the chromosome repair time determined_for
the FA propositus is the same or slightly less than
that fer.the othervsubjects, the curve ueed to derive

the value. is aberrant. VIf her curve mayfbe'interpre—
'ted as a stralght line, it 1is possible to consider the
curve as resulting from repair times randomly varying '
througheut the cell popuiation. Some repair times
would be very short, some quite long, with an average
value fortuiltously close to normal. -Altefnatively;
two populations of cells with quite different but
still discrete repair times could give a complex
curve. The 1nitial sharp drop 1n aberration frequency
follewed by a plateau suggests a population with very
short repalr times, or one markedly resietant_to radie
ation-induced chromosome damage. The -subsequent drop
~ from the central plateau suggests a popalation ﬁith-
normal or longer than normal repair times.

Rather than showing either a single time- varying
process, or multiple cell populations, the FA curve

could be interpreted equally well as eVidence for two
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distinct repalr processes in the FA cells. In some

similar experiments on Vicla faba, Wolff and Luippold

found an initial sharp drop in aberration‘frequehcy
[144], They.ihterpretéd this in terms of a very rapid
restitution of breaks in ionic bonds. No similar in-
itial drop is seen in the other subjécts'*celis.""lt‘-
is possible that FA chrombsomes are}more sugceptible
to‘ionic:bond bréakaée than are normal chromosomes.,
Altérnatively the normally very rapld restitution.of
such breaks may be somewhat slowed in FA'cells. A
vafiety of explanatioﬁs of the unusual FA_curve may be
glven; they remaln completely speculative. .Hdwever it
does appear that some break repair in the}FA cells is
more rapid than normal (a high repair rate), and some
is slower than normal (a low repairirate);.

The coefficlents-of proPortionality*between yield
vof dicentrics and rings and the square of the expo-
sure, agree well with those given by Bender and Gooch
[8,9]. However they are about twicevthose given by
some [32,33,80,81] and half or less those given by
othefs [52,106]. Differences from other work may
arise from assuming an exposure exponent equal to 2
when 1t may be rather less thah that [32,119], by as-
suming negligibility of all formula terms ofher than
thaf given here [9,32], or through use of different
times of irradiation and sampling [32,52]. 1In any

!

event the proportionality constants are within the



range of those found'by others using human ieﬁchytes,
and they are consistent among the subjééts uéeq here.
| The‘proportionality constants obtainedifrom the.
prdpositﬁs are both lower (for small time intefvals)
and higher (for ldng tihe intervals) than for the |
other subjects. From the nature 6f.the éurve, it

seems llkely these differences result from averaging

aberration yields which are not, in fact,'similar. At

both first and last data points the aberration ylelds

are clpse-to those found in the other subjects.,. It ap-:

pears that the true proportionality coﬁsﬁant may be

close to that of the othér subjects. |
Higurashi and Conen found a fourffold*increase in

chromosome aberrations in irradiated FA céils [54].

The present data are restricted to dicéntfics and

rings, but to that extent do not support their results.

These workers irradiated cells in médium éontaining
plasﬁa. Scott showed that irradiated plasma might_in;
duce chromosome breaks in cultured lymphOCYtes'[iIS];
and this_efféct may -have coﬁtributed to tﬁe,results of
Higurashi énd Conen. Alternatively, FA patients may -

differ in the radiosensitivity of their chromosomes.
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SENSITIVITY TO CHROMOSOME BREAKAGE DURING Gp In Vitro
'The'poSsibilitI 6f'some insensitivity of FA' .
chromosomes 1in Gy to radiation4induced,breakage was
raised earlier. Higurashl and Conen, on the other
hand, Shbwed FA chrbmosomes were about 4%f61d more -
sensitive to radlation-induced breakage than were con-
trol cells [54]. 1In both instahces, the event ob-
served was related to the cells"fifst Gy 1n culturel
[32]. Left open was the quéstion of sébsitivity to
breakage durlng S or Go, an issue more-péftinent to
the origin of the chromatld exchanges sgeh in FA cases.
An experiment was performedvto determinélﬁhe sensitiv-
ity of FA cells_to radlation-induced Qﬁromoéomé break-

age during G2.

~ Materials and Methods

'Lymphocyte'cultures were establiéhedIin March
1969'és;describéd before, using cells from the FA pro-
poslitus and one normal individual. ‘TheSé Were cul- |
tured for 65 hours 1n the presence of-PHA,.then washed
by centrifugation in HBSS, placed in plastic culture -
tdbes with HBSS, énd exposed as describéd’before to-

either 50R or 150R of X-rays. "Following exposure the

cells were centrifuged,'the HBSS was discarded, and the

cultures were replenished with complete medium. After
an additional 5 hours of incubation, including exposure

to Veiban during the terminal hour, the cultures were
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harvested and chromosome preparations~weﬁe made as
described before.

:Slides were scanned under low powerg(125 diame-
-ters magnification), and 100 of.more seleoted well-
spread metaphase cells from_each subject'were examined
at 1250-1600 diameters magnification for.each datum.
Chromosome aberrations were soored‘as before, with
special attentioh given to the presence'Of.chromafid»

exchanges.

" Results | |

With the exception of chromatid.ekohanges and di-
centrics found as expected in the FA cells, virﬁually
_all the radiation-induced chromosome aberrations were
simple chromatid breaks.ﬂ The rafio of breaks‘found ét'
the two exposure levels 1is close to 3:1 in all sub-
Jects.__The FA cells contain a higher frequency of
'chromatid'breaks than do control cellseat all exposure
~levels, but the difference is not sigﬁificaht. Irra-
diated FA cells do not oontain a higher'ffequency of
chrométid-exchanges-than do unirrediated,FA cells.

The data are summarized in Table 11.

Discussion

Although 4 hours was determined to be the G
chromosome repair time for normal cells, there was no
discernible tendency of any subject's cells to have an

increased frequency of chromatid exchanges 5 hours



Table 11. Frequencies of chromosome aberrations induced by radiation.

during G, in cultured lymphocytes of the FA pfopositus.%

CHROMATID ABERRATIONS ' CHROMOSOME ABERRATIONS
BREAKS .CHROMATID EXCHANGE C/C Iso/co ol ' - .
INTERCHANGE INTRACHANGE INTER | INTRA DELETIONS ~ |"
_ INTER-ARM | INTRA-ARM ’ : AC
CTD | IS0 | SYM [ASYM SYM ASYM| SYM | ASYM B DIC RING-| TRI R 1.D. | TERM | GAPS
o r J CONTROL o | ] 8
FA 7 8 | 6 | | 1 |2 5
50 R {commm“‘ 1w | 1 ! | T " o
"L ra3 27|11 110 | 4 : 12} 7
: 4 ; .
CONTROL?| 47 | 12 : | 19
150 »R{ FA4 46 |10 | 8 | 7 B 2 15

1 Tabulated values are % of cells (100 cells observed per Subject per éxposu're}

2 No associated fragment,; presumed to be aberration in prior division L
‘? After subtracting ‘0’ R value: Control = 0.0030 bks/cell/R; FA = 0.0042 bks/cell/R
4 After subtraéting ‘0’ R value: Control = 0.0039 bks/cell/R; FA = 0.0033 bks/cell/R

* DBL '73l+-5126

6T
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after irradiation. This suggesté either the chromd—
some repaif time in G2 is different from that 1n Gl,
or that mlsrepalr did hot occur in G2.td ah‘appreci-
able degree. Tﬁe'fofmer»contention recéivés some-sup-
port from the work of Brooks and Lengemah"using testes
and marrow of the Chinese hamster [16];_'They found
average times that chromatid lesions femained.scorablé
were-approximately 6 and 7 hours, resﬁécﬁiveiy; "

The latter conclusion Seéﬁs éfartlihg, aSIChroma-
tid exchanges are widely held to be cfeated in either
or both of 8 ggg_Ge.'_It 1s possible however, that
radiation may have Iinduced a lag 1n cellplar develop-
ment similar to that found in the cell cycle experi- |
‘ments. ;In tbis event, severely damagedvcélls might be
more laggard than others,'and.would not,bé seen in met-
aphase ‘5 hours after the 1njury. Thus it 1s possible
that chromosome repair and misrepair W6uld have oc-
curred at a time after the termination of the experi--
ment; v |

Seiection of one of these alternafives oVér the
others 1s not possible, but on the data's face, FA
chromosomes are not shown to bé more radiosensitive
during Go than are normal chromosomes. |

In passing, it may be noted thatrthe dose-response
relations for chromatid breaks and chromatld gaps are
concave upward at increasing radiatlion exposure. This

. response would be expected on Revell's exchange hypoth-
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esis, although the data are also conslstent with a
strictly linear relationship of'éberrationS‘tb expo-

sure.
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THE TIME SEQUENCE'OF CHROMOSOME ABERRATIONSv;gﬂzlggg'

| The FA case described in this»repdrt has a high
frequency of chromosome aberrations in cultured lyﬁph-
oéytes; and few or none in ffesh or cultufed marrow
cells. Mostfprevious reportsvdealing'with.marrOW'
cells‘from FA cases cite either a low frequency br
total absence of chromosome aberrations in the marrow
[11,109;128]. If marrow cells had beén‘subjected to
the same injﬁriqus pfoce;s reéﬁitinglin'lymphdéyte
chromosome aberrationé,fthen it wouldvbé.expected that
the resultling cell‘lethality could expléin both the
ahemia and the low aberration frequency. Cells with.
aberrations wouid dié more commonly than normél cells,
and normal cells would predominate in rapidly dividing
tissues like marrow. Lymphocytes, with their long cir-
culating lifetime [17,80,81,82,83] could accumulate in-
Jury which would be revealed as a high frequency of
aberrations dufing the first divislons in vitro.

‘This hypothesis suggests that chromosome aberra-
tions in lymphocytes in vitro should deciine in fre-
quency with time 1n culture after divisions first
occur, An experiment was performed to test this pre- .

diction.

Materials and Methods

Lymphocytes were obtained from'the FA propositus

and established in PHA-stimulated cultures in March
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1970, infthe manner previou51y descr1bed;‘ After hy-
potopic treathent'and<f1xatibn, chromosome prepara-

tions were made as LPO squashes from small aliquots of

‘a eingle culture. The frequencies of simple breaks,
chrbmaﬁid-exchanges, multicentric'chromosgmes, and
endoreduplicated ceils were'determined feur times at
intervals of 24 hoﬁrs, starting at 48 hours. The ab-
erratien frequencies were plotted as functions of time .
‘iﬁ culture. When appropriate, regression relations -
'were.Obtained-by standard methods, and 95%_cenfidenee

intervals for the observations were caieuiated.

Results

The time-dependent frequencies lg;glggg of the
several.types of chromosome aberration ére shown in
Figure 25. The data do not produce elegant curves,
but itvis evident that the aberrations:did.not disap-
pear with timeiin culture, nor did theifvfrequency |

merkedly‘deeline»during the 3 day observation period.

'Discuesion

As_hypothesized, it 1s reasonable to belleve that
gross chromosome abnormalities contribute to observed
cell lethality in populations of dividing cells; This
would be particularly true of di- and muiticentric
- chromosomes, a proportion of which are expected to pro-
duce bridges during cell division, followed by break-

age and genetic imbalance in the progeny cells. Loss
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Figure.25; Chromoséme aberrétion fredﬁen¢1es in cul-
| tured FA 1ymphocytes as a funptién of time
in culture. _ |
Dashed l1nesj£re regression lines for ﬁhe data shown.
All classes of aberration show 6nly-m§derate declines -
in frequency from thé:SeCOﬁthhroﬁghlthe;fifth day of
culture. The moderate_deéline 6f aberratibn frequency
does not aééord with the high rate of cell death.éeen
in thé FA cultures, unless aberrations.tend to be cre-

ated de novo 1n each cell generation.



Percent of cells

157

| T — r
 CHROMATID EXCHANGE

T
——

b

0 24 - 48 72 96 120
- Hours in culture .

DBL 734-5110



158_"'

of these cells would reduce the frequency with which
dicentrics are found. Yet the dicentrics do not de-
cline‘significantly7in freQuency,'suggesting they ane
“created constantly at a rate nearly equal to their
(expected) loss._ Chromosome-type abnormalities in gen;
eral are uncommon, and the chromatid exchange fre-vi o
quency hardly declines. The_observations strengthen
the hypothesis that multicentrics are derivatives of
chromatid ‘exchanges after cell division.v | .

' The frequency of chromatid exchanges is approxi—.,""
mately constant, and exceeds the slightly declining
frequency of simple breaks. As‘before, both must be -
‘created Qg_ggzg in each cell generation in culture.
Since thevcells In culture are not'exposed to radiation
or,chromosome?damaging agents, the de novo creation

must be due to a condition within the cells themselvesg'



THE TIME SEQUENCE OF CHROMOSOME ABERRATIONS In Vivo

Sinée Schroeder's 1ﬁit1al inVestigations [115], a
rathér'large number of cytogenetic investigations on
cases of FA have been reported. Virtually_all agree
that aberrations 1n-cu1tured FA lymphocytes are much
mbre frequent than in normal individuals':cellsj they
do not agree Qell on details. Most studies héve re-
vealed a greatly increased'frequehcy of chromatid ex-
éhanges,'but some authors report nqne_atrall [55].
Endofeduplication 1s.- a common finding in some studies
[e.g. 55], but rare orvabsent in others [e.g. 108].
The situation 1s complicated by séveral_dhcontrolled
variables: The patients cited in priofvétudies had
been recelving various medications for varying lengths
- of time; or had receiﬁed none at all. Additionally,
the studies were performed at varyihg times after the
diagnosis. of FA.

The case of FA reported here was f;rst studied
cytogenetically af the time of diagnosié, before any
medications had been administered, and oniy a few
weeks after the filrst symptoms had been noticed. To
heip resolve some of the confusion surrouﬁding the cy-
fogenetic findings in FA, a,prospective'study of thé

time course of chromosome aberrations in FA was begun.

Materials and Methods

.Lymphocytes from the FA propositus were obtalned

159
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'and cultured_as nreViously described_on'7-occasions:
three times in 1969;-and once each in'1967, 1970, 1972

- and 1973. .Marrow samples‘were‘obtained and prepared

as previously described'on-four oCcasions; once each

in 1967, 1968, 1969 and 1972. Cytogenetic analyses

were made as before on at least 200 cells for each

date. The frequencles of chromatid exchanges, chrona- i
'tid breaks, and dicentrics plus ringS‘were graphed as
functions of time since diagnosis. The 95% confidence
intervals for the observations, and regression rela-

tions when appropriate, were calculated as before.

Results | _ .

Cytogenetic observations made on lymphocytes and
marrow cells of the FA propositus are tabulated in
Table 12. The frequencies of maJor classes of chromo-
somevaberrations in lymphocytes are plotted in Figure
26 as a function'of'time after diagnoSis; The data
for chromatid exchanges in Figure 26 are repeated in
Fiéure 27,vﬁith the regression,line fitting the data
also shown. | | | |

The aberration frequency in marrowvcells is un-
remarkable on all fOurvobservation dates.l The micro-
nucleated cells seen in the initial study'were found
in every sample.

In lymphocytes, all true aberration classes de-

cline 1n frequency with time, except endoreduplica-



Table 12. Chromosome aberration frequencies during the course of

FA: Cultured lymphocytes and marrow cells.

CHROMATID ABERRATIONS - CHROMOSOME ABEnnAnst__ o
BREAKS CHROMATID. EXCHANGE C/C iS0/CD . :
| INTERCHANGE INTRACHANGE INTER | INTRA : DELETIONS ENDO.
. INTER-ARM INTRA-ARM AC R,EDUPL.I- NO.
DATE CcTD IS0 | SYM [ASYM| SYM | ASYM| SYM | ASYM DIC | RING | TRI R 1.D. | TERM { GAPS | CATION | CELLS
LYMPHOCYTES ;
13 NOV 1967 6| 4 |15 13 1 8 13 12 25 300
5 MAR 1969 123 |8 5 : 3 6 1 } 18 | 4 | 300
22 JULY 1969 8 5 2 2 4 5 | | 200
4 AUG 1969 7 3 3 " 3 18 2 | 200
11 FEB 1970 71| a 2 2 24 300
10 OCT 1972 1 2 1 : 29 2 | 400
24 JAN 1973 18 2 |1 1 _ 1 2 22 12 | 400

MARROW CELLS ' . :

" 25 OCT 1967 1 3 200 -
27 SEPT 1968 2 1 _ 160
22 JULY 1969 1 1 100
11 0CT 1972 1 1 100

‘DBL 734-5123
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Figurehe6,"Chromosome aberration_frequenCies-found in
cultured lymphocytes of the FA propositus
during the course of the disease.

‘Between 200;and 400,ceils were observed:on_each date -

to obtaln the freqﬁencies shown.,. Veftical lines are

95% confidence limits for the percentages;i Chromatid

exchange and chromosome-type‘aberration frequencies de-

cline markedly with time; chromatid break frequencies
are_reiatively constant. Endoreduplication is present
but relatively uncommon'through five years from thev
time of diagnosis; its frequency rises~sharply after
stoppingutreatment The ratio of'chromatid breaks to
~chromatid exchanges declines with. time, and inverts by

two years after diagnosis and treatment
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Figure 27;’ The regression on time of chromatid.inter-
change frequencies in cultured FA 1ympho— :
. _ cytes during the course of the disease.
The chromatid interchange frequencies_of Figure.26
have_beeﬁ redrawn., Vertical lines afes95% eonfidence
1utervals for the percentaées. . The deelinevin chroma-
tid 1pterchange frequency is'simply exponential, with
 a half;time very like the half-life of‘lymphOQytes_lg

vivo (see text).
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tion;"”Tnis’was}absent'shortly after diagnosis, was
infrequent in later years, but its frequency rises
sharply in 1972 - after all medication ceased

The decline in chromatid exchange frequency over
time appears to be exponential with a half time (T1/2)
of 16 months. The mean time of disappearance (mean
time = Tl/2/1n2) 1s 23 months. ,

The disappearance rates of the other aberration.
classes appear to be inconstant. Dicentrics and mul-
ticentrics are always less frequent than chromatid ex—
changes.» Simple chromatid breaks, initially signifi-
cantly less frequent than exchanges (t = 2.65;p <0.01),
exceed the exchanges by 1972. At-tnat time the excess
of breaks overvexchangesiis significant ('t 2,3‘625.

p <0.0bl), Chromatid and isochromatid'gaps vary with
time‘in an inconstant manner but do not appear to de-

cline with time.

.Discussion

‘The seven lymphocyte analysis dates;span the time
between dlagnosis and the immediate present. The ini-
t1al study was performed prior to adminiStration of
N any medications, and the last one three months after
mediCationgwas discontinued. Of the remaining five

studies performed while medication was prescribed; one
.precededsremission by a month or so, and one was done

within four months after remission was observed.



The lack of ehromesome aberratiens in the marrow
accords with some previous.observations [11,109], but
not with others [128]. However the aberrations found
by others in tne»marrow of an FAbpatient were only
_moderately frequent. It seems likely that chromosome
aberration in’FA marrow cells is an infrequent and un-
characteristie phenomenon.

As discussed in an earlier section, finding vir-
tualiy no aberrations in lymphocytes except simple
breaks, chromatid interchanges, andvdieentrics, was an
informative observation. In general the same observa-
tlons are made throughout the patient's course. Di-
centric and multlcentric chromosomes are never more
frequent than exchanges, and decline invfrequency with
time in a manner similar to exchanges.' This 1s con-
sistent with the hypothesis discussed earlier that di-
centrics in FA arise from chromatid 1nterchanges as a
result of cell division. |

Simple chromatid breaks are.more frequent than
exéhanges early in the course‘of the disease, but be-
come less frequent later'on.' Thus the initially in-

' verted break:exchange ratio becomes more normal With
fhe passage of time. This reversion is almost com-
pletely due to the steady disappearance of ehromatid
‘exchanges with a half-time of disappearance of about
16 months or a mean time of disappearance of 23 months.

Norman [{80], Norman and Sasaki [81], and Norman

167 |
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et al t82,83] have snggested'anle + 2 months 11fetime
for lymphocytes in vivo. Buckton et ali[17]'have es-
timated their lifetime at. 29 months,_and Norman et al
[82] feel this 18 an upper limit. ‘The 23 month mean.
1ife of tne lymphocyte chromatid exchanges reported
here is'intermediate between those two values., It is
easy to believe that lymphocytes "at risk" for chroma-
tid exchange production survive a normal 1ifespan, and
are steadily_replaced by 1ymphocytes notxsubJect to
' such risk. Since the decline in_excnangevfrequéncy y
begins eoincidently with the start of therapy, it 1s
tempting to suppose that some cell injury-pfocess was
halted by the medication. | |
Cessation‘of the medication has not been accom-
'paniedsby an_inerease in chromatid exchanges, but en-
doreduplication has become much more'frequent. - The
significance of this change cannot be assessed at this

’writing.



CYTOGENETIC OBSERVATIONS ON OTHER FAMILY‘MEMBERS

| Cyﬁdgenetic aberrations are found régularly in
cultﬁréd lymphocytes of FA cases (e{g."112-116), but no
SImilar findings in parents'.cells have been reported.
Some nSn—anemic relatives are said to dispiay chromo-
some abnormalities [55,91]. It is not‘knOWn whether
éytdgeneﬁic changes in FA are a late consequénce of the
conditibh, as the anemia is often,lor a phénbmenoh_
which pfécédes clinical symptoms. By all_the usual
clinlcal criteria the FA pfopositus reported here was
quite'normal at birth and for 9 years until anemia was
detected. The family contains ohe'sibling; normal ét
birth, who remains clinically normal to this date.
Demonstfation of,'or failure'to demonstréte, cytogenet-
ic changes in the normal members of FA families would
have important consequences for theories of FA etlolo-
gY. Thefefore'cytogenetic analyses were performed on

the parents and normal Sib of the present FA case,

Materials and Methods i
{

Peripheral blood was obtained from the parents and

normal sib of the FA propositus during June 1968 and
March 1971, Lymphocyte cultures were established and
cytdgenetic analyses were performed as'deécribed ear-

lier.

- Results

The results of cytogenetic analyses on the mother,

169
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father, and norm31 sib of the FA'proposiﬁus are shown
in Tables 13'and'l4., All thrée,subjécts are normal‘
withvrespecf to the distribution of numbefs of chromo-
~somes per cell aﬁd frequencies of chromosomé aberra-

tions.

Discussién

._ The'absence:bf cytogenetic aberrationsvin the_‘
cultured lymphocytes of the parents and fhe normal sib
confirms the observationslbf others‘(see 11, 41, 108
and 116 for reviews); . | |

These analyses and othef (normal),éxperimentalr_

resulté reported here-cdnstitute a baseiine_against
which any future clinical changes may be measured.
Should the normal sib.eventuélly.displéy-élinical or
cytogenetic features of FA, changes 1n the bbservéd
parameters would help défine FA'S etioldé&; Periodic

restudy is indlcated, and further analyseé‘arelplénned.‘
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Table 13. Distribution of numbers of chromosomes per cell in
: ' ‘cultured~lymph00ytes from other family members.l1,2 -

Number of chromosomes per cell

_ : . : ' .. Total
<4 4 42 43 Ly 45 46 b7 >48 ~i4n >in cells
Father 1968 | SO 1 98 - 100
1971 4 2 4 2 8 8 72 ‘ : 100
Mother 1968 2 , 3 4 7 84 h : 100
- 1971 - 1 | 6 9 83 | 1 100
Normal sib 1968 2 1 o 2 5 89 - 1 100
. 1 1 1 2 95 S ; - 100

1971

1Tabulated values are percent of cells observed.

,ZIncreased hypomodal values probably are technical artifact.



from other family members.

Table 14, Frequencies of chromosome aberrétions in cultured lymphocytes

CHROMATID ABERRATIONS .  CHROMOSOME ABERRATIONS
BREAKS ~ CHROMATID EXCHANGE C/C 1S0/CD '
INTERCHANGE INTRACHANGE TINTERT INTRA |- DELETIONS
INTER-ARM | INTRA-ARM | _ AC '
CTD | IS0 | SYM |ASYM| SYM |ASYM| SYM | ASYM Dic |RING | TRI | R | 1D. | TERM | GAPS
FATHER
1968 | 1 2
197 1 b
 MOTHER
' 1968 1 1 4
197N 1 8
NORMAL SIB ;
1968 3 13
197N 1 5
! Values this high are observed on Aocc':é_sion _as_t(ahsient elevations in normal {'nd/viduals

DBL 734-5127

2Lt
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DISCUSSION, AND SOME CONCLUSIONS

Three fundamentally different theories have been
advanced to explain the chromosome aberrations found
in oultured FA.lymphocytes. somatic crossing-over [39,
43],‘exchange initiation»(this report);_and_breakage—
and-reunion (most other authors). Initial cytogenetic
observations onbthe FA case presented'here included
moderate elevations of'the frequenciesiof both simple
chromatid breaks and dicentric chromosomes, greatly
elevated frequenoies of chromatid interchanges,.virA
tual absence of other aberration types, and an inver- .
sion of the expected ratio of breaks to exchanges.
(Table 3). From a consideration of these findings,
the exchange theory was accepted as a working hypothe-
sis subject to test and verification.~sAt the outset
it was realized that direct tests of the hypothesis
would be difficult in the available material It was
felt that the alternate hypotheses could be tested for
their sufficiency in explaining experimental observa-
tions. -Their failure to explain or to}permit the data
would be evidence of inapplicabllity of the hypotheses,
allowing provisional consideration of the exchange
model.

The somatic crossing-over theory is supported by
the increase in chromatid'interchanges; and the ah—
sence of aberrations other than dicentrics and simple

breaks. Dicentrics are'permissible under this model,



as they can be derived from the chromatid interchanges

“_[118];i“Additionally,'homologous cnromosOmes are more
frequently'involved'in.interohanges thanrnonehomologs
f(Tableuu)i " But non—nonologous assOCiationcis common
énc)ug"hvr the theory would'have to be stretched to in-
clude non-homologous crossing over. Thevrelatire‘oon-
v stancy of exchange (and other aberration) frequencies
througn.time ineculture (Figure 25) 1sinot inconsis-
tent with thenﬁodei.' But the_eleyatedifrequencylof
simple'chromatidvbreaks at'all'timesris*not;explained;
s second aberration mechanism would hare;to be pro-
posed. While much of the data obtained'both'initially

and subsequently areexplicable by the crossing over

theory,_it 1s neither a necessary nor a sufficient con-

dition ‘to explain ail of the cytogenetic data.
The.breakage?anderepair hypothesis'isrgenerally

supported by the observation}of elevated'chromosome

damage, and the ubiquitousness of the mechanism [37]

But . failure to find any significant frequencies of

aberrations other than chromatid breaks and exchanges,

/

plus multicentric-chromosomes, implies sharp restric—-
~tions both on how chromosomes might be broken and how
- they might be'repaired. Suchva restriction placed on

a physical agent like radiation or'radiomimetic'chem-

_icals is difficult to imagine. The inverted ratio of

breaks'to-exchanges,seems to require that the repair

process be much more active than in normal_cells.- No
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radiothymidine labelling could be found during the -
normal time of:the Go phaselin cultured FA cells.> This
is further evidence that "unscheduled" DNA synthesils
is not involved in chromosome repair. The average
time required to repair radiation-induced chromosome
breaks in cultured FA lymphocytes during-Gl was found
to be normal'(Figure 24). Some very rapid repair'was
| impiied as well. Rapid repair should heal simple
breaks fast enough to reduce the frequency of ex- d'J
changes; slow repalr would reduce slightly the observ-
able breaks without a large increase in exchanges.
Therefore the repalr time data do not assist the
breakage-and-repair hypothesis to explain the 1nvertedv
‘break/exchange ratio. o |

An ektended duration of the G, phase of the FA
cell cycle was implied by failure‘of a large fraction
of dividing cells to label with radiothymidine (Figure
15), and by the assumption that labelled cells consis-
‘ted of two populations (Figure 19). However the near
normalcy of the FA ﬁhymidine labelling fraction (Fig-
~ures 13 and 15, and Table 6) suggested”that FA cells
had a near-normal S/TG ratio. A normal TG'(assumed
in Table 6) then would require_the-cells-to have a nor-
mal S. But if G2‘were lengthened, then S might have
to be shortened; this would not permit a normal S/TG

‘ratio. A.similar line of reasoning would require a
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shortened G, if S were normal; this poésibility is not

excluded by the data. It is very much simpler to as-

-sume that the unlabglled cells were thqéé with a long
Gz5 this also would not allow a normal labellihg frac-
tion. vAltogether»too.many assumptions must be made to
obtain'én increase of ﬁhe time availabie to_FAVcells
in Which to repairvchromosome damage, aﬁdiit is safest
to conclude that increased time available for repair |
waS'hbtréhown. | (

A variant of the abnormal repaiﬁ'requirement was
the hypothesis of hexokinase defiéiencyfin FA cells. |
This was easlly disposed of, as the FA éells had at
least normal hexokinase éctivity (Table 5).

By ﬁhemsélves the nuﬁerous'chromatidvbreaks sup¥
port the hypothesis of increased breakagé. But 1né_
creased breakage requires elther or bothlof an in-
creaée in the breaking agent or an inérease in suscep-
tibilitj to breakage. The former is simply not in ev- -
- ldence., Exposure to such an agent must héve been '
greatly reduced in washed cultured ceils; yet the ab-
erration frequency after several divisiohs was nearly
vthe same as at the outset (Figure 25).V'The remaining
possibility, increased susceptibility to damage, was
demonstfated plausibly in cultured lymphocytes bf
other FA cases [54]. Susceptibility to observable.
radlation-induced chromosome damage may be conditioned

by a host of variables. The hexokinase deficiency in



some but not all FA cases [112,113] comes to mind, as
’welllas conditions of culture and'the'presence'of plas-
.ma [118,134]. In any event, the susceptibility of the
present‘FAiceseWsiohroﬁosomes to radiatiOn-induced
damage_during Gi and Go could not be deﬁonStrated
(Tables 10 and 11). B

_ SummariZing_the foregoing, it is apparent that
the breakage-and—repair theory expiains'some'of_the
experimental observations, but does not'easily ekplain
'them ali. Corollary requirements of the theory are
not demonstrated. As with the somatic crossing-over.v
hypothesis; breakage-and—reunion is notfa‘Suffioient
condition to explain all the data. That it may be a
necessary condition for some'experimental:results con-
tinues piausible, and also unproveﬁ.

'The'exchange hypothesis remains, It does not re-
'quire an lncreased susceptibility to chromosome break-
age, nor does 1t require increased time}for or effi-
cienoy of repalr. The lnverted break/eXChange ratio
found inpearly examinations is explaineo; asr“breaks"
are deriVatives of incomplete exchanges rsther than
prerequisite for aberrations. Bﬁt thektheory contains

‘no elements which would permit restriction of aberra-
tions to the few forms observed. Thussthis hypothesis
also 1is insufficient to explain all of the_data.

The,breakage-and-repair and the eXOhange hypoth-

eses were derived7originally from experiments wlth
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physiéél agents such as radiation and>radiomimétic
chemicals. Some of the difficulties 1n apply1ng'these
theofiés tb the present data arise from the.assumption
that some such randbmly;actihg agent is involved in
the efiology-bf FA. The conseqﬁences of assuming ac-
tioﬂ.by a non-randomly acting substaﬁcé may be worth
'explor:!_.ngf ‘ :

_ ‘Many non-radiomimetlc chemlcals cauSe preféren—-
tlally chromatid-type damage and elevéted chroﬁatid
éxchénge freQuenéies like thbse'found'in FA éases [e.g.

85]. If exposure to an exogenous chemica1 ;g_vivo-

were responsible for the FA chromosome abefrations,vit
s difficult to see how 1ts action could be restricted
to lymphpcytes; with no aberration induétion in mar-
row cells (Table 12). Further, second and later di-
visions lg_ziggg_might be expected to show lower aber-
v ratioh*frequengies théh the first; this:isvdenied by
Figure 25. It does-nét seem likely that an exogenous
chemical could produce the results described.

~ Bacterial involvement may be ruled out;.there is
i not the.slightest éhred of evidehce for bacterial ac-
tivity in any aspect of the etiology of FA from the
grossest physical changes down to the cellular 1ével.
On the same grounds, bacterial producté cannot be a
factor. |

Some product of the FA cells themselves was pos-

tulated to explain the chromatid breaks found in cross



incubation experiments (this report). But such a pro—}‘

duct'should aécumulate in the closed tissue culture
system and cause a rise in aberration fréduency with
increased time‘in culture, Figure 25 1é'é denlal of
this proposition, and a cell produét is unlikely to be
the significant factor ih FA.chromosbme abnormalities.
Viral activity remains to be considered.- The ac-
tion of a virus has been'suggested already to explailn
the lafe—occurring anemia in FA [128] andvthe frequent-
ly occurring leukemia [116]. Severe viral infections
often have prededed the énemic'phase-[128], and this |

was true in at least three of the four FA cases des-

cribéd in this report. Viruses also can produce a pat-

tern of chromosome aberrations like thQse reportéd
here. 'SotOmayor observed elevated chfomatid exchanges
along with chromatid bréaks in swine which had been 1n-
noculated prbphylacticly with a virus [124]. Gripen-
"burg found that cultured ieukocytes of patients w1th

viral infections often displayed'greatly increased fre-

quencies of chromatld exchanges, with»smaller increases
in other aberrations [46]. She did not note ~the sig-
nificance of the inverted break/exchange'ratio, al-
though she spécifically noted itstCcurfence;

The actlion of a virus could expla1n both the poor
survival of FA lymphocytes in vitro and its delayed on-
set (Figure 11). Bouroncle et al.found maximum viral

infectivity at 48 hours in PHA-stimulated cultures of
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humanilymphocytes.[12], and:this'coincides‘With-the
onsethof'decneased suruival seen_in Fiéune.li;; Gripen-
burg refenbed to a'chnomosome breaking substance in the
plasma of patients.with viral conditionsj[46]. If cul-
tured FA_lymphocytes are viewed as "patients with vir-
al conditionsﬁ then‘the cross-incubation fesults are
explicable (Tahle 9) ‘The decline in chromatid ex-
change frequency throughout the course of the propos-
1tus's disease'(Figure 27) is consistent with the no-
tion of therapy- -induced cessation of this particular
viral manifestation. ,

Figure 26 shows simple chromatid hreaks do not
decline as do the chromatid eXchanges} Figure 27 shows '
the‘eXChangefdecline 1s consistent with the disappear-
ance of’a 1Ymphocyte population; iThese“observations
suggest.the existence of'tWo-populations of lympho-
'c&tes:vone very susceptible to (postulated) viral ac-
tivity and therapy effects, the other less easily af-
fected by elther viruses of:therapy, -This is not a
strong argument, but two_lines’of eﬁidencevsupport it.
The early nitotic peaks in FA lynphocytescultures are
very labile (Figures 9'and'lo), and this may represent
“some insult to Bender's "sensitive"upopulation.of
lymphocytes [7]. The argument for an‘abnormal lympho-
cyte population with‘reSpect to elther or both oficell
cycle parameters and radiothymidine labelling has been

given earlier; both effects could be produced by viral



infection of cells. Restriction of marked viral ac-
tivity to a single subpopulation is possible; medical

‘ and.véterinary literature abounds with accounts of vir-

" al pathclogy associated with or restricted to a single

organ.of tissue type. In a purely speculativefwéy, it
may be worth;considering.the "léukoVirus" found only
in cﬁltured lymphocytes}from about one-third of normal
‘,humans [74,120]. Thisvherpeselike virus has no known
patholbgicél‘effect, but there is no reason’to belleve
1t would not acquire one given the appropriate cellu-
lar gehetic‘backgfound. A séarch_for virus by direct
'elecﬁron}microscopy of fresh and cultured FA lympho-
cytes gave no evidence for the presence of virﬁs (Fig-
ﬁres él and 22). Unfortunately this sort of negative
resuit is.notvconcluS1ve one way or the ofher. 

fThe breakage-and-repair hypothesis as applied to
'FA chromosome abnormalities is not materially enhanced
by 1nVOking.v1ral action rather than a physical agency
to 161t1ate chromoéome damage; _All the arguments giv-
'en pre#iously.would still apply. However the exchahge
—hypothesis gains added.credence:-chromatid exchanges

/

are mdre frequent in the lymphoCytes of viral 1nfec?,
tees [46]. Intracellular viral effects-are not:at all
-random; and the restriction of chromosome aberrations
to certaiﬁ classes 1s.imaginable. If this hypothesils
1s_true, specificiﬁy of viral action 1n producing cer-

tain élasses of chromosome damage would be a good sub-
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Jject for further research ”

It must be emphasized that the action of a virus,
or any other exogenous agent has not been proven in
-FA-either in. this report or‘anywhere else; Viral ac- -
:‘tion 1s merely consistent with the experimental and
‘clinical'evidence. ‘But 1f a virus 1s 1nvolved in the
etiology of FA,-what of the recessive gene hypothesisv
which is 86 widely held? ‘ '
| ';The pertinent data in this report areconsistent
nith the recessive gene hypothesis,‘with:three excep-
tions. Thé‘heavily iabelled cells (Figure éO) seen in
both the FA case and her mother are not evident in the
father's'celis; A severe disturbance 1n'thé FA cases's
cell cycle was noted (Figures 12 and 14), and the
mother's_Gl'phase WasAprobably 1engthened-(Table 7)
among'other’possibilities'(Figure 15); no similar
dchanges could be found in the father's cells. The
father's“kindred'showed a very much greater rate'of'in-
fant mortality than the mother's (Table 1). If these
.phenomena are related to the entire FA syndrome, they
are not what would be expected iszA_Were dne to a
singie fully recessive gene. Sex-linkageaor sex-limi-
tation of features of FA could explain the three dif-
ferences cited apove, but there is no evidence of link-
-age or limitation 1n any aspect of FA. | |

" On the other hand, the deficit in radiothymidine

'1abelling seen among FA cells was also seen in a small
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way'amdﬂg the cells of.both parents. This would be ex-
pectéd @nrthe recessive gene hypothesis, and indeed the
pheqdmehon was'suggested as_the-basis for a simple test
| to detect the FA heterozygote. |
The recessive gene theory is not always supported

=str6ﬁgiy bj the reports of others; in some‘casés,the
1theory.1s greatly weakened. At least twd cases of FA
-.children_born to FA mothers and normal_fathefs have
‘been déscribed'[6o,87], If homozygosity"for avreces-
sive gene 1is responsible for‘FA,.then‘both normal fa-
vthérs would have had to be heterozygotes.f The great
rarity_of FA suggests a gene frequency ﬁhich’is very
low, and thus heterozygotes would be fairly uncommon.
Matings of homozygotes (FA mothers)‘to'heterozygotes

"normal" fathers) should be rare. Yet of the 100 or
féwef matihgé'frdm which pubiished FA'¢ases have been
‘reported [44,138,140,141], two were of this sort.

 Reinhold et al.provided the first formal statis-
~tical test of the recessivevgené hypothesils; they con-
cluded their pedigree data from 14 families were con-
sistent with'the hypothesis [98]. But Weicker found
that recessive 1nher1tance coﬁld explain‘only the seg-
regation ratio obtained by counting sibéhips in order
of birth rank up to and including the first FA sib
[138]. Additional sibs after the firét.FA case were
more likely to be FA cases themselves than could be ac-

comodated under the hypothesis of recessive ilnheri-
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tance;:fhe "ruhs" obsérved were highly improbable
(P=0.004). The ééme phenomenon was found later by
Gmyrék_énd Syllm-Rapoport in their review of 129 FA
"casés_t44]. 'In‘both‘instances, the authors belleved
strict recessi?e'inheritancg could not bé_supported by
the data. The "runs"lwere explaihed b& Gﬁyrek and
Syllm-Rapoport as "...due to peristatic'factors pro-
" duced by the first diseased child...", while Weicker
urged attention be pald to the similarity with mother-
ch11d b1ood group incompatibility. Both effects of
course would be non—génetic influences operating in FA.
In passing, it should be noted that all the multiple-
case sibships shown by Reinhold gg_gl.‘demonstrate the
"runs" of FA cases [79], as does the fémily which is
the subject of this report (Figure 3). , ,
'_ Besides Weickér, and Gmyrek and SyllméRapoport,
several‘authors have expressed doubts‘about the reces-
sive nature of FA [27,35,41,116]. 1In light of all the
fbregoing it would be highly desirable to re-examine
the segregation ratio using a larger series of fami-
lles. Unfortunately few'ahthors have'provided_adequate
pedigrées in their caseﬁﬁiggrts. L1 and Mantel provi-
ded a new method of estimating the segrégation ratio
under complete ascertaipmént [64]. wWith this assump-
tion, applying their ”éast out the singles" method to
the pedigree data of Reinhold et al. shows the data re-

main consistent with recessive inheritance (chi-squared=



1.66; P Q’O.E); But the segregation ratio becomes 1 in
3 rather than the 1 in 5 clted by Reinhold et al.
Clearly'such a rétio.also will be competible with

' other modes of,inheritence: for example;’inheritance of
a dominant gene with reduced penetrance;lwith varying
effects in'the’heterozygote and full lethslity in the
homozygous dominant individual. The theory of reces-
sive inheritance 1is sufficient, bht not hecessary toj

explain‘the incidence of FA.

The proposition of full lethality associated with

some combination of FA genes recelives a degree of sup-

port ‘from the high incidence of infant mortality noted
by Nilsson [79]vand also seen in»the'kihdred reported
here:(Table 1). pata on miscarriages and abortions in
| FA families would be most welcome, but’ they are seldom
reported and hawaproven difficult to obtain in the
present study. '

Many of the features of FA are seen'also in con-
genital telahgiectatic erythema (Bloom's Syndrome). |
This dilsease is characterized,yamong other'things,vby
stunted gromth with some malformations,'increesed riSk
of leukemia, and elevated frequencles of chromatid ex-
changes in cultured lymphocytes [42, 105] It is vir-
tually certain to be caused by homozygosity for a sim-
\ple reoessive‘gene [40]. _Anemia 1s not part of the |
- syndrome, and German et al.have'suggested.homology of»

this condition with that of the non-anemic.but mal-
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formed individﬁal$ fouhd in FA kindredé'[42]. The ra-
tio of chromatid exchanges to»simple chromatid 5reaks
is lnverted from expectation, Jﬁét as in‘ﬁA [42,105].
;It would'be most interesting to repeat.thé experihents
lreportéd'here, using lymphocytes from cases of Bloom's
Syndféme;;'lf any direct rélatiohship of Bloom's Syn-
dromé to FA should be demonstrated, certalnly the pre-
vailing'vieW'of the recessive nature of FA would re;
quire modification.

Fanconi?s Anemia‘clearly 1s‘familial, and in all
vlikélihood it has a strong true g¢hé#ié'c6mponent in
its cauéétion.' But equally clearly FA_is not a simple
genetic diSease; it has complex facets.Whiéh have been
examined only imperfectly. If anyth1né;.the present
series of investigations has revealed only more com-
plgxity thah was suspected before.

The présent experimental studies are.preliminary
in‘nature. They concern a single case of FA, and the'
results must be confifmedvor denied by Studiqs of ad-
ditional cases. . But this work has produced andvsuppore
ted a few hypotheses which can be the framework around
‘which future studlies can be designed. 'Additional'cases
of FA are being sought actively, and the*present_case

continues to be studied at intervals.
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| ISUMMARY

" The genetic and cytogenetic literéture concerning
; .FanCOni's'Anemia (FA) is reviewed. A case 1s made a-

gaihst the prevailing simplistic view 6f the etiology

of FA. A rationale for-further study is given.

An unreported case of FA is presented. Physical
~and clinical'descriptions are giVen'fdr tﬁe FA case,
vher normal sib,'both normal parents, and three de-
ceased FA sibs. “

A bedigree of the kindred 1s given, containing 188
individuals in 7 generations. There 1s no parental
consanguinity. Thé incidence of heoplasia and dia-
betes 1n the kindred is not_elevated, but‘ascertain-
ment is incomplete. Diabetes 1is preéent in the propos-
itusfs'immediate ahtecedents; Infant mortality 1s el
- evated, andwis 21g of_live births in the paternal kin-
dred. - o |

Marrow cells of the propositus contained no chrom-_
osome abnormalities during the 5 1/2 year period of ob-
servétion. A small proportion of_marréw‘ceIIS'con- |
talned numerous micronuclei., | _‘f

Cultﬁred FA lymphocytes cqntained ingreased chrom—:
‘atid exchanges, gaps, and breaks, with.multicentricl
'chromésomes;'there were virtually no other'ébnormali-
ties. Chromatid'exchahges were.more'cdmmon 1nit1aliy‘
than chromatid breaks; this ratio reveréed by the end

of the study period. The frequency of chromatid ex-.
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changes declinediexoonentially throughlthe.course of
treatment with a half-time similar‘totthe half-11ife
of lymphocytes.' Multicentric chromosomesdwere always
less frequent than exchanges, they also declined with
time, ,Chromatid breaks did not decline during the
course-of‘the disease. Endoreduplication was notncom—
mon throughout the 5 1/2 year study, but was elevated
following termination of treatment N

The - frequency of chromosome aberrations did not-
decline in the cultured FA lymphocytes with time in
culture. This was interpreted as de novo creation of
abnormalities in each cell generation.
| Homologous‘chromosomes wereiinvolved»frequently in
chromatid'interchanges, but non-homologous.exchange
aSsociation was'common. Long chromosomeSZWere more
common than'short in chromatiad exchanges. The in-
crease aboye‘expectation may follow a powér relation-
ship. | |

Mitotic index determinations on cultured FA lymph—
ocytes revealed inconsistent and abnormal patterns,
suggesting multiple cellvpopulations or cell cycle ab-
normalities. 'y '

VIE.XEEEQ survival of FA lymphocytes 1s reduced in
two phases, one prominent after 48 hours of culture..
Some of the reduced survival shown by-dye—exclusion is
spurious, suggesting a defect in cell membrane 1integ-

rity.



Lymphocytés ffomHFA and horﬁai ihdiViduals were
cultuféd.ih'the pfesenéé of each other's plasma; no |
changes 1n'frequenéies'of'chromoéome abho%malities

- were bbsef&ed.' Tﬁebexperiment repeated with "condi-
“tibnédﬁ’mediumiprbduced a seven-fold inqreaée of sim-
'.'ﬁle‘Chrdmatidjbféaks inbnormal.Cells._
| .» Electron mlcrographs of fresh FA'Iymphocyﬁes'wére
hot differéht frdm those of normal 1ndividuals;: M1_
'crographs of cultured FA lymphocytes shdwéd unusual

lacunae in the'endopiasmic'reticulum and an accumula-

tion of granﬁles believed to be glycogen. Mitochondria

were abnormally 1afge, with reduced and unusually ar-
ranged criétae; ribosomes were reduced.
Cell cycle analysis was performedfbnflymphocytes

: frdm all family members. The mother's lephase prob--

ably'was prolonged; the durationsvof‘either or both of -

S and G, were variable ih both parentsf cells., The
normal sib had_normal cell cycle parametérs. The FA
case's cell cycle times could hot be determined. A
large fraction of her dividing cells falled to label
“with radiothymidine; a much smaller fraction,of both .
parents'vcells also.féiled to labél. The mother's
cells_shdwed some labelling late 1n G2; ’Both the Fa
vcase énd her mother, but not her father or normal sib;
had a propoftion of cells which labelléd'intensely.
"Additibnal evidence for a membrane deféct in FA cells

was obtained. Two populations of labelling FA cells
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_were pOStulated; one would have an abnornalbcell_cy4
cle{i' | | | | | .
~.Ii‘af_{lur'e of cultured lymphocytes toilabel with rae

diothymidine was'offered'as a clinically.nserI test
for detection of the FA carrier.

~Both hexokinase and thymidine kinase activities
~ were normal or elevated in cells of the FA case and )
her immediate family. _ N |

The G chromOSOme~repair time~of'tne:FA case was
normal'on the average,fbnt the'experimental:results |
suggested"either multiple cell populations or great
variatility orIthe_repaif time. Repaif'times deter-
mined for'the other family members were'the‘same'as the
controls'. | |

" The rate of chromosome-type aberration inductioni

by xfrays'during the first G, in cultured FA iympho-_
cytes was not elevated above control values. The rate-
ofvcnronatithype'abefration-inductioniinktheblast Gy
vin FA lymphocytes was not elevated above control val-
ues. Determinations performed on family members' cells
showed no difference from control values. |

On two occasions, almost three years apart, no
significant aberrations were found in the chromosomes
of_cultured lymphocytes from the FA casefs parents and
‘normal slb., | .

The cytogenetic abnormalities in cﬁlturedvFA

lympnocytes occur in a relatively simple_pattern which
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1s not consistent with the hypothesis of chromosome
fragiiity and_subsequeﬁt mis-repair. ’Thé "exchange"
hybotﬁesis of_chromosome‘aberrations 1s more 1n accord
with the bulk ofvthe 6bservational daté given in this
report . - '
It 1s shown that the action on FA'chromosomes of

a physical agent 1s inconsistent»with both observation-
al and experimental evidence. The action of a virus,
especlally as the inltiating agent in the exchange hy-
pothesls, is consistent with but not'proven by fhe data
provided.

| The recessive gene hypothesis of FA»causation was
'questiqned. A more complex genetic basis for'FA was

considered likely.
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APPENDIX I. Observations llsted by time since diag-.

nosis of FA in the propoSitus.

 Date Years since Studies

diagnosis - performed’

25 0ct. 1967 0.0 Marrow karyotype .
13 Nov. " 0.1 Lymphocyte karyotype.

Lymphocyte karyotype (family).
‘Marrow karyotype; .
Hexokinase (family).

24 Jun.1968 0.8
0.9

5 Mar.1969 1.4 Mitotic index;
1.6
1.7

27 Sept."

: Lymphocyte karyotype.
9 Jun. "

. Mitotle index.
22 Jul, " . G chromosome repalr time;
5 Lymphocyte and marrow karyo-
: - type .
- 4 Aug. " 1.8 Mitotic index;

Go chromosome breakage;
Lymphocyte karyotype.

2 Sept. " 1.9 . Mitotic index.
24 sept." - 1.9 Mitotic index.
20 Oct. " 2.0 Cell viability;
_ Cell cycle analysis.
11 Feb.1970 2.3 Cell viability;

Cross-incubation;
Electron microscopy;
o } Lymphocyte karyotype.
11 Mar. " 2.4 Aberrations vs.: time in vitro;

- Cell viability;

Hexokinase (family);
Cell cycle analysis (family);
Gy chromosome repair time;

| (PH, EH, KH).
12 May " 2.6 G1 chromosome repair time
(PH, HH) .
26 'Feb,1971 3.3 Thymidine kinase (family).
10 Mar. " 3.4 Lymphocyte karyotype (family)
10 Oct.1l972 5.0 Lymphocyte karyotype.
11 Oct. " 5.0 Marrow karyotype.
24 Jan.1973 5.3 - Lymphocyte karyotype.

1Studies were on the propositus only unless noted.
Family = both parents, the normal sib, and propositus,

. PH = the propositus; HH = father; EH = mother,
. KH = normal sib, : .



APPENDIX II. Genetic Markers: All Family Members

Determination S Date PH EH -~ HH KH
Serum Lactic Acid Dehydrogenase = . ‘ N
(LDH) Isoenzymes (% of total)l - 11-29-67
- Fraction V . 3.4 7.4 5.5 5.8 -
: IV 6.2 13.0 14,0 20.3
IIX : 15.2 - 20.7 16.5 14.8
II ' k2,0 '38.6 42.0 37.0
I : 33.2 20.3 22.0 22.1
Haptoglobin Types? ' - 3-1-68 2-1 2-2 S 2-1 2-2 -
'Blood Groups3 o 3 12-5-67 _
o 1A - + + + +
B - - < -
C . - - - -
D - - - -
pu - - - -
E + - + +
_ c + + + +
Factors e + + + +
MN + + + o+
1S + + - -
P - - - -
Fy2 + + - +
FyP + + + +
K - - - -
Le2 - - -
LeP. + + + +

goe



APPENDIX II. (Continued)

Determination __ Date PH___ EH HE  KH
Blood Groups (Continued) _ V 1245-67 , ' | | ’
: ABO _ AA(or) AA(or) AA(or)  AA(or)
_ - : . AO - AO AO AO
. cdE cde cdE CdE
Rh ' cde cde cde cde
DUY- p4- DU- " DU-
MNS | MNSS ~  MNSs MNsS MNss
KELL : ’ kk kk kk kk
P pp pp pp pp :
DUFFY - FyaFyP Fy2FyP FyPryb Fyaryb
LEWIS | ~ LePLeP  LePLeP = LePreP

LebLelb

lsan Francisco General Hospital, San Francisco, California.
2Children's Hospital, San Francisco, California. _
_aAlameda-Contra-Costa Medical Association Blood Bank, Oakland, California

normal sib.

FPH =. Proposltus; EH:=_mother; HH = fathér;.KH
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APPENDIX III. Clinical Laboratory Determinations?

© Lab.

‘ Determination .f . "-_dh ‘e:‘Date_‘j..NOrmal ' 'PH". .EH ' '.EH', ;KHe-
Glucose-6-Phosphate Dehydrogenase - | S - . v _ _
(G6PD) Activity (mlnutes to. completion) 1-24-68 602 = Co g

| | 11-29-67 . 8 .85 85

Fetal Hemoglobin (% of total) . 11-3-67 . 0.5-1.7 12.8 o =
T 111-29 61 1.3 1.1 1.k
‘Total Serum Protein (gmg) 11-29-67  5.9-7.5 6.1 6.3 6.6 6.8
Serum Protein Electrophoresis _,11929—67 ; __’ | -
(% of total) L o

Albumin 63.6 54%.0  60.4 53.6

ay 3.0 3.5 2.3 3.1

a S 7.1 16.1° 10.5  13.4

By + Bo 18.2 17.2 16,3 - 16.5

8.1 9.2 13.4

Y

10.5

1411 clinical laboratory determinations ‘were performed at the Donner Laboratory, except

~Coombs and VDRL, which were performed at the California State Department .of Public

" Health, Berkeley, California.

2RBC concentration increased to give normal hematocrit

0Te



APPENDIX III. (Continued)

Determination - Date Normal = PH - EH  HH KH
Mean Corpuscular Hemoglobin (MCH uug) various? 27-32 28-42 - 32 33 32
" Concentration -
' (MCHC %) " 33-38 31-41 30 31 29
n " Volume (MCV:p2) " 80-94 72-115 95 95 91
Reticulocytes (% of RBC) : " : 0.2-1.5 0.2-6.4 1.0 0.8 1.6
Hemoglobin (gm%) " : Fig. 1 - 13.0 16.3 13.6
Red Blood Cells (RBC x lOe/mm T " 4,31  5.22 4.65
White Blood Cells (WBC/mm®) " . " 7800 6800 6300
Neutrophils g%) : 65 65 - 57
Lymphocytes %) , " " 26 22 37
' Others (%) o 9 13 6
Platelets (x 1000/mm3) - " 150-500 " 435 310 335
Serum Iron (SI:pg%) - , 10-25-67 - 70-170 197
9-9-T0 ’ 164
Latent Iron-binding Capacity(LIBC ug%) 10-25-67 230 228
9-9-T0 . 307
Total Iron -binding Capacity(TIBC M%) 10-25-67  300-400 ﬁ25.
9-9-T70 ‘ +71
Iron Turnover in Plasma (mg/kg/day). '10-30-67 - - 0.634 -
Protein-Bound Iodine (PBI:pg%) - 10-30-67 3.8-7.8 21.3
Total Protein-Bound Iodine (TPBI:ug%)  10-30-67 _ 39.6

111-29-67 for HH, EH, and KH; various dates for PH.

1S



. APPENDIX III.

(Continued)

Determination : -batefb Normal  PH | EH _HH
Blood Urea Nitrogen (BUN: mg%) 1_110-30-67 - 10- 18 140
Serum Uric Acid (mg®) - 10-30-67 ,2-6 : 2.2
Plasma Erythropoietin (IRP units/ml) vg[ll—8é67  _ 0;003:, 3.6 .
~ Leukocyte Alkaline Phosphatase o
- (LaP:score) - 10-30-67  24-48 246
 Direct Coombs ©10-30-67 --- 'Neg.
-~ VDRL ' - 10-26-67 — 'Neg.
» Prothrombin Time(sec.) Coom . 9-25-68 ‘12.5 ‘14;5
- Coagulation Time (Lee-White)(min );_ = 9 -18-68 3-10 12
._Glucose Tolerance' 1-2-68 —%- Normal
 L-E Prep. | | - 10-30-67 —— Neg.
Hemoglobin Electrophoresis  '10e30.67  ——— A+ F s

" PH = Propositus; EH = Mother; HH = Father; KH = Normal sib.

212



LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their. contractors, subcontractors, or their employeés, makes
any warranty, express or implied, or assumes any legal liability or
responsibility: for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents -
that its use would not infringe privately owned rights. '
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