
(CANCER RESEARCH 48, 6343-6347, November 15, 1988]

Relation between the Human Fibroblast Strain 46BR and Cell Lines Representative
of Bloom's Syndrome1

Alan R. Lehmann, Anne E. Willis, Bernard C. Broughton, Michael R. James, Herdis Steingrimsdottir, Susan A.
Harcourt, Colin F. Arieti, and Tomas Lindahl2

MRC Cell Mutation Unit, University of Sussex, Palmer, Brighton BNI 9RR [A. R. L., B. C. B., M. R. ]., H. S., S. A. H., C. F. A.], and Imperial Cancer Research Fund,
Clare Hall Laboratories, South Mimms, Herts EN6 3LD [A. E. W., T. L.], United Kingdom

ABSTRACT

46BR is a human fibroblast strain derived from an immunodeficient
young female of stunted growth. The diploid fibroblasts as well as a
Simian Virus 40-transformed cell line are hypersensitive to killing by
many DNA-damaging agents, exhibit a slightly increased level of spon
taneous sister chromatid exchange, and show a defect in DNA ligation
in vivo. 46BR is now shown to have abnormal DNA ligase I and is similar
in this regard to cell lines derived from Bloom's syndrome patients. In a
direct comparison, both 46BR and several Bloom's syndrome lines were

found to be hypersensitive to the cytotoxic effect of simple alkylating
agents, 46BR being more markedly sensitive. Bloom's syndrome lines do

not exhibit the strong delay in joining of Okazaki fragments during DNA
replication characteristic of 46BR. The cell line 46BR probably has a
mutation in the gene encoding DNA ligase I different from those occurring
in classical cases of Bloom's syndrome.

INTRODUCTION

The human fibroblast strain 46BR and its SV403-transformed
derivative cell line originate from an immunodeficient Anglo-
Saxon girl who exhibited recurrent infections, skin discolora-
tions, sun sensitivity, strongly retarded growth, slight mental
retardation, and no secondary sexual characteristics (1). She
died, age 19, after a series of chest infections, having exhibited
a lymphomatous liver infiltration of suspected malignancy.
46BR cells are hypersensitive to a wide variety of DNA-dam
aging agents, in particular to methylating agents, but do not
exhibit a high level of SCE (1,2). Biochemical studies revealed
a reduced capacity in vivo to ligate breaks produced in DNA
during excision-repair. Thus, more breaks persisted in DNA
during incubation following treatment of 46BR cells with DMS
or ultraviolet light than during corresponding treatment of
normal cells (3, 4). In addition, in undamaged cells, the ability
of 46BR to ligate DNA replication intermediates (Okazaki
fragments) into high-molecular-weight DNA was strongly re
tarded compared to normal cells (5). These findings showed
that 46BR cells had a defect in ligation ability, which could
possibly be attributed to an abnormality in one of the DNA
ligases. Consistent with this hypothesis were the findings of
anomalously increased SCE frequencies induced in 46BR cells
by a variety of mutagenic agents (5) and a dramatic hypersen-
sitivity to the cytotoxic effect of 3AB (3). The latter compound
is an inhibitor of poly(ADP-ribose) polymerase, an enzyme
which appears to be required in an adjunct role for efficient
ligation of DNA strand breaks in damaged chromatin (6).

Recently, cell lines derived from patients with the autosomal
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recessive disorder, BS4 were shown to have structural altera
tions in the enzyme DNA ligase I (7-9). The enzyme defect
provides an explanation for many of the cellular properties in
this syndrome. BS cells exhibit a very high level of spontaneous
SCE as well as frequent chromosome aberrations with charac
teristic presence of quadriradial configurations (10-13). The
cells are also hypersensitive to killing by several DNA-damaging
agents such as TV-ethyl-TV-nitrosourea (14). With regard to the
ligase defect, mammalian cells are known to contain two dis
tinct DNA ligases of nuclear localization. DNA ligase I is the
major ligase in growing mammalian cells and is induced on cell
proliferation, whereas DNA ligase II is a minor activity which
remains at a constant level irrespective of the growth status of
the cell (15,16). Five different cell lines derived from Ashkenazi
Jewish individuals with BS consistently exhibited an abnor
mally thermolabile DNA ligase I of reduced activity. In con
trast, the cell line 1032 from an Anglo-Saxon girl with BS
displayed a DNA ligase I present in an anomalous dimeric form
rather than as a monomer. We have referred to these molecular
deficiencies as type 1-1 (heat-labile enzyme) and type 1-2 (di
meric enzyme) (9). Other groups investigating BS cells have
reported on the possible production of a clastogenic factor (17,
18) and on a discrete alteration of the antigenicity of unici 1-
DNA glycosylase (19) occurring without detectable change in
the activity of the enzyme (20).

In the present paper we show that DNA ligase I in 46BR
cells, as well as in a BS fibroblast strain derived from a Japanese
patient, exhibit the ligase type 1-2 defect. The Japanese cell
strain was obtained from a 5-yr-old girl with typical BS (21),
and this strain has been called either 86NoKi, BS1KA, or
GM5289 (12). The ligase abnormality common to 46BR cells
and BS isolates prompted us also to compare the rates of joining
of DNA replication intermediates and the cellular response to
DNA-damaging agents of several BS lines and 46BR.

MATERIALS AND METHODS

Cell Lines. The fibroblast strain 46BR and the normal control strain
1BR have been described (2). Cell line 46BR.1G1 was derived from
46BR following transfection with plasmid pSV3gpt (22) by L. V.
Mayne, A. Priestley, M. R. James, and C. F. Arieti. The Bloom's

syndrome fibroblast strains GM5289 (from a Japanese patient),
GM3402 (from an Ashkenazi patient), and the SV40-transformed BS
fibroblast line GM8505 (of Ashkenazi origin) were obtained from the
NIGMS Human Genetic Mutant Cell Repository (Camden, NJ). The
normal fibroblast strain GM0730 and the SV40-transformed normal
fibroblast GM0637 were from the same source. The SV40-transformed
normal fibroblast line MRC5V1 (23) and the lymphoid cell line 1032
of BS origin (9) have been described. The lymphoblastoid cell lines
GM1712 (representative of Cockayne's syndrome) and GM4510 (rep
resentative of Fanconi's anemia) were from the Human Genetic Mutant

Cell Repository. HFF is a human fibroblast strain derived from fetal
foreskin (established by A. Hales, Imperial Cancer Research Fund),
and EK2 is a lymphoblastoid line of normal origin. Fibroblast strains

â€¢¿�McKusick catalog No. 21090.
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VARIANT OF BLOOM'S SYNDROME

were grown in Eagle's minimal essential medium, or Dulbecco's mod
ified Eagle's medium, supplemented with 15% fetal calf serum; for

SV40-transformed fibroblast lines, the serum concentration was re
duced to 10%. Lymphoblastoid cell lines were grown in RPMI 1640
medium supplemented with 15% fetal calf serum. In order to obtain
sufficient quantities of the slowly proliferating GM5289 BS fibroblast
strain for enzyme analysis, the cells were grown in about 200 60-mm
dishes during a 4-mo period and accumulated at -80Â°C.

DNA Ligase Assays. The preparation of cell extracts, size fraction-
ation of the extract proteins by FPLC, and assays for DNA ligase
activities were carried out as described (7).

Analysis of Replication Intermediates and Strand Breaks in DNA.
Actively proliferating cells were pulse labeled for 10 min with 50 >iCi/
ml ['Hjthymidine (80 to 90 Ci/mmol), and the size of the labeled DNA

was estimated by centrifugation in alkaline sucrose gradients at 38,000
rpm for 70 min (5).

To measure the rate of repair of strand breaks following treatment
with alkylating agents, cells labeled with [3H]thymidine were treated
with 150 Â¿/MDMS in serum-free medium for 20 min, followed by
incubation in complete medium for 0 to 60 min and analysis of the
molecular weights of the DNA strands by alkaline sucrose gradient
centrifugation as described (3).

Cytotoxic Effects of Drugs. Growing cells were treated with various
concentrations of DMS in serum-free medium for 20 min. They were
then trypsinized and plated at low cell density for measurement of
colony-forming ability. For 3AB experiments, cells were plated into
medium containing different concentrations of 3AB.

The cell survival experiments based on colony-forming ability were
complemented with [3H]thymidine uptake studies to assess viability
(24). Eight days after drug exposure, cells were labeled for a 4-h period
with [3H]thymidine, and radioactive material incorporated into an acid-

insoluble form was determined.

RESULTS

DNA Ligase Activities. Cell-free extracts were prepared from
the SV40-transformed lines 46BR. 1G1 and GM8505, the latter
being of BS origin, from the Japanese BS fibroblast strain
GM5289, and (as controls) from the normal fibroblast strain
H FF and from lymphoid cell lines representative of Cockayne's
syndrome and Fanconi's anemia. The extracts were size frac

tionated by FPLC, using a SuperÃ³se-12 column at low ionic
strength, and the individual column fractions were assayed for
DNA ligase activities (7). The results with the normal fibroblast
strain HFF and the two lines derived from Fanconi's anemia
(Fig. 1) and from Cockayne's syndrome (data not shown) were

indistinguishable from those obtained previously with several
lines from healthy individuals or lines representing a variety of
clinical syndromes (9). A major peak of ligase activity is due to
the monomer of the M, 200,000 DNA ligase I, whereas a
smaller peak eluting later represents the M, 68,000 DNA ligase
II ( 15, 16). The latter enzyme was identified by its unique ability
to join strand breaks in a DNA-RNA hybrid (15). Several BS
lines, including GM8505 and GM3402, show a strongly re
duced level of the M, 200,000 DNA ligase I (9). In contrast, it
was found here that, in 46BR 1G1 (Fig. la) and GM5289 (Fig.
1b) cell extracts, DNA ligase I activity appeared as two distinct
peaks with molecular weights of 400,000 and 200,000. These
latter data are very similar to those obtained previously for the
BS line 1032 of Anglo-Saxon origin. In that case, we showed
that the M, 400,000 peak was due to a dimer of DNA ligase I
that could be dissociated by high-salt treatment (9). Some
dissociation of this dimeric material had apparently occurred
during the preparation and fractionation of the fibroblast ex
tracts investigated here. However, under our experimental con
ditions ligase I dimers have never been observed in extensive
studies on the enzyme from normal human cells, and their
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Fig. 1. Size fractionation of DNA ligase activities in cell-free extracts. FPLC

Superose-12 column profiles are shown. For facilitated comparison, data from
two experiments on two different lines have been superimposed in each frame, a,
46BR-1G1 (D, A) and the normal human fibroblast HFF (â€¢.A). D and â€¢¿�results
with a standard DNA ligase assay that measures both DNA ligase I and II,
whereas A and A show results with a DNA-RNA hybrid assay specific for DNA
ligase II (15). , A2Â»oprofile, which was very similar for both lines, b, the
Japanese BS strain GM5289 (D) and the Fanconi's anemia line GM4S10 (â€¢);

A, specific DNA ligase II assay data for GM4510.

presence strongly indicates a structural alteration in DNA ligase
I from the Japanese BS strain GM5289, as well as in the
enzyme from 46BR. In other experiments (not shown) we found
that the DNA ligase activities in 46BR-1G1 cells also exhibited
anomalous fractionation properties on hydroxyapatite gradient
chromatography, three distinct peaks of activity being present
compared to the two peaks of ligases I and II seen in normal
material. The third ligase peak seen in 46BR extracts presum
ably corresponded to the dimeric form of DNA ligase I.

DNA Replication Intermediates. We previously found that,
whereas Okazaki-type DNA replication intermediates could not
be observed using a 10-min pulse label of [3H]thymidine in

normal cells, much of the labeled DNA in 46BR cells remained
of low molecular weight but could be chased into a high-
molecular-weight form on further incubation (5). Fig. 2 shows
alkaline sucrose gradient profiles of various cell strains pulse
labeled for 10 min with [3H]thymidine. The profiles of BS

strains GM5289 (Fig. 2b) and GM3402 (not shown) were
similar to those of normal strains GM0730 (Fig. 2a) and 1BR
(not shown), whereas the profile from 46BR (Fig. 2c) demon
strated a preponderance of labeled DNA of lower molecular
weight. Fig. 2, d to /, shows corresponding data obtained with
SV40-transformed fibroblasts. In the transformed derivative of
46BR-1G1, much of the DNA was near the top of the gradient,
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Fig. 2. Analysis of DNA replication intermediates. Untransformed (a to c) or

SV40-transformed fibroblasts (d to /) were pulse labeled for 10 min with
[3H]thymidine, and the cells were lysed on top of alkaline sucrose gradients, which
were centrifugcd at 38,000 rpm for 70 min. The profiles represent acid-insoluble
radioactive material ( 1000 to 4000 cpm per gradient for untransformed fibroblast
strains, 20,000 to 40,000 cpm per gradient for SV40-transformed fibroblast lines).
Sedimentation is from r/vAr to left.
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Fig. 3. Breaks in cellular DNA following DMS treatment. Cells were treated
with 150 pM DMS for 20 min and incubated for a further 0, 30, or 60 min. The
number of breaks in cellular DNA was estimated by centrifugation in alkaline
sucrose gradients. Means of 2 to 3 experiments are shown; SDs were less than
20%. a, primary fibroblasts: â€¢¿�,46BR; O, GM0730; â€¢¿�GM5289; A, GM3402. b,
SV40-transformed fibroblasts. â€¢¿�.46BR. 1G1; O, MRC5V1; â€¢¿�,GM8505.

whereas in BS line GM8505 the sedimentation profile was
similar to that of the SV40-transformed normal cell lines
MRC5-V1 (Fig. 2d) and GM0637 (not shown). The lympho-
blastoid cell lines EK2, of normal origin, and 1032, representing
the BS-type 1-2 ligase defect, also exhibited similar DNA sedi
mentation profiles (data not shown).

DNA Strand Breaks Induced by Treatment of Cells with
Dimethyl Sulfate. A different abnormality found in earlier work
with 46BR was the persistence of strand breaks in DNA follow
ing treatment of cells with DMS (3). Fig. 3 shows the number
of strand interruptions present in cellular DNA following DMS
treatment of primary fibroblasts (a) and of SV40-transformed

fibroblasts (b). The number of breaks present at any one time
represents a steady-state number resulting from the relative
rates of incision at damaged bases and sealing of nicks following
excision-repair (25). From Fig. 3 it can be seen that this steady-
state level of strand interruptions was considerably greater in
46BR and 46BR-1G1 than in their normal counterparts at all
times. In contrast, the number of breaks in the BS lines seemed
similar to those in corresponding normal lines. In analogous
experiments with lymphoblastoid lines, we observed that the
number of breaks following treatment of the BS line 1032 (with
the 1-2 ligase defect) was not detectably elevated above that in
a normal lymphoblastoid line (data not shown).

Cytotoxicity of Dimethyl Sulfate. 46BR cells are very sensitive
to killing by DMS (2). This is confirmed for the primary strain
in Fig. 4a. Here, the primary BS fibroblast strains GM3402
and GM5289 were also shown to be more sensitive to DMS
than a normal control strain (Fig. 4a). With the SV40-trans-
formed lines, 46BR-1G1 was markedly more sensitive than
normal controls. The BS line GM8505 was not detectably
hypersensitive to low doses of DMS (Fig. 46). However, at
higher DMS doses this line appeared more sensitive than the
controls, as revealed by the thymidine incorporation assay,
exhibiting a 5- to 10-fold increased cellular susceptibility at 150
ÃŸMDMS (data not shown). These data demonstrate that both
46BR and BS cells exhibit hypersensitivity to DMS, with 46BR
being clearly more sensitive than BS lines. Hypersensitivity of
BS cells to the cytotoxic effects of yV-ethyl-W-nitrosourea has
also been described recently (14). [The 46BR and BS lines used
in this experiment were proficient in DNA repair of O6-meth-
ylguanine residues (3, 9), thus being of the Mex+ phenotype

(26)].
3-Aminobenzamide Toxicity. 46BR cells are extremely sensi

tive to the toxic effects of 3AB (3). This is confirmed for both
the primary strain and the transformed line (Fig. 5). In contrast,
the BS cell lines tested were not detectably sensitive to low
doses of 3AB (Fig. 5). Using the thymidine incorporation assay,
hypersensitivity of BS cells was observed at higher doses (above
6 HIM 3AB) in comparison with normal controls (data not
shown).

DISCUSSION

46BR cells are shown here to contain a DNA ligase I with
abnormal aggregation properties, whereas DNA ligase II is

Dimethylsulfate (|jM)

50 100 0 50 100

100

n

1 10
(I)

a
Fig. 4. Cell survival following DMS treatment as determined by colony-

forming ability, o, untransformed fibroblasts: O, 1BR; Â»,46BR; A, GM3402; â€¢¿�
GM5289. b, SV40-transformed fibroblasts: O, GM0637; D, MRC5V1 ; â€¢¿�.46BR.
IG1; â€¢¿�â€¢GM8505. Means of 4 to 5 experiments with 46BR and 1BR, and 2
experiments with each of the BS lines, are shown. SEM were less than 10%.
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Fig. 5. Cytotoxicity of 3-aminobenzamide. a, untransformed fibroblasta (O,
1BR; A, GM0730; â€¢¿�,46BR; A, GM3402; â€¢¿�GM5289); b, SV40-transformed
fibroblasts (O, GM0637; D, MRC5V1; â€¢¿�,46BR 1G1; â€¢¿�GM8505) were plated
in different concentrations of 3AB.

normal. The previously recognized cellular defect in ligation of
DNA in 46BR cells (5) may, therefore, be attributed to the
molecular alteration in DNA ligase I. In a survey of DNA ligase
activities in cell lines representing various human inherited
syndromes associated with chromosome instability, an altered
DNA ligase I was found only in Bloom's syndrome (9). The

current findings consequently suggest a relationship between
46BR and BS cells. We tentatively propose that the mutations
responsible for the abnormal phenotypes of 46BR and BS are
located within the structural gene for DNA ligase I. Final proof
of this hypothesis may have to await cloning of the gene and
its structural analysis in normal, BS, and 46BR cells.

Despite the biochemical similarity between the anomalous
properties of DNA ligase I in 46BR cells and in BS cells with
a type 1-2 defect, distinct differences in the cellular phenotypes
were observed. In 46BR cells, about one-half of the newly
synthesized DNA remained as replicative intermediates of low
molecular weight after a 10-min ['HJthymidine pulse (Fig. 2).

Such an accumulation of Okazaki fragments has also been
observed in Escherichia coli Hg mutants at 42Â°Cand is indicative

of a ligase defect (27, 28). In comparison with the normal rate
of joining of Okazaki fragments in mammalian cells (29), 46BR
cells appear to perform this reaction about 10 to 20 times more
slowly. In contrast, the rate of joining of DNA replication
intermediates in several BS cell lines could not be distinguished
from that of normal cells in our experiments, and defective
ligation of Okazaki fragments in BS cells (if occurring at all)
must be much less pronounced than in 46BR. Several groups,
however, have reported on an approximately 2-fold retardation
of DNA chain maturation in BS cells (30-33).

In addition to the substantial rate differences in joining of
replication intermediates in undamaged cells, the 46BR cells
were found to be more sensitive than BS cells to the toxic action
of DMS (Fig. 4). The data indicate a reduced capacity for DNA
repair, both in 46BR and in BS cells by comparison with normal
cells, the defect being much more marked in 46BR. Further
more, 46BR cells are extremely sensitive to the toxic effects of
3AB (Fig. 5), although these cells show normal NAD content
and poly(ADP-ribose) polymerase activity (34).

In the properties detailed above, the deficiency in 46BR is
more pronounced than in BS cells. In apparent contrast, how
ever, 46BR does not show the very high level of spontaneous
SCE characteristic of BS (11), although the 46BR cells exhibit
a slightly but significantly elevated level of spontaneous SCE
and are clearly hypersensitive to induction of SCE by DNA-

damaging agents (1,5). Furthermore, chromosomes with quad-
riradial configurations have not been detected in 46BR fibro
blasts,5 although it was not possible to analyze lymphocytes

from the patient.
Different single-site mutations in the same gene may yield

phenotypes of varying degrees of severity, resulting in apparent
qualitative or quantitative differences between different mu
tants. An interesting example has been provided by Moore (35),
who compared two DNA ligase-deficient mutants of yeast, cdc9-
1 and cdc9-9. Only one of the two strains was X-ray sensitive
and exhibited detectable defective DNA rejoining after radia
tion, and this difference could be explained simply as being due
to the presence of a less leaky mutation in cdc9-9 than in cdc9-
1. A similar situation may account for the phenotypic differ
ences between 46BR and BS cells. With regard to the rare
inherited diseases in humans it would be expected that occa
sional new variants, sometimes displaying atypical properties,
should appear continuously due to background mutagenesis in
the human population.

An alternative explanation for the 46BR phenotype, also
compatible with our data, is that the mutational change in the
DNA ligase I gene of these cells could be exactly the same as
that accounting for the BS type 1-2 defect, and that a second
alteration has occurred in 46BR. It is noteworthy in this regard
that a minority of BS patients have two populations of circu
lating lymphocytes exhibiting 10- to 20-fold versus 2- to 3-fold
increased spontaneous SCE frequency (11, 36), the latter pop
ulation probably being due to selection for a suppressor muta
tion rather than to a rare true back mutation. Two BS lymphoid
cell lines that only exhibited a 2- to 3-fold increased SCE
frequency were found to have retained the DNA ligase I defect,
so the reduction in SCE in those cases indicated a pseudo-
reversion event, presumably involving overproduction or alter
ation of another DNA replication factor (9). Moreover, the BS
fibroblast strain GM1492 has atypical properties, showing
more rapid growth in tissue culture but also displaying greater
sensitivity to ultraviolet light than other BS isolates (37-39).
GM1492, but not other BS strains, apparently produces a
protein factor that promotes the activity of purified DNA ligase
in standard in vitro enzyme assays (40).

The diagnosis of BS seems difficult in clinical practice, es
pecially in female patients, and a number of reports have
appeared in the pediatrie literature on the initial misdiagnosis
of the syndrome as Russell-Silver dwarfism (41, 42). Correct
differential diagnosis was only achieved in those cases by SCE
measurements. On the other hand, a convincing case report on
a female Irish patient has been made without the demonstration
of elevated SCE (43). Our present results further complicate
the issue. The patient from which the 46BR fibroblast strain
was derived did not exhibit very high SCE levels, and this was
the main initial reason not to consider BS as the final diagnosis.
However, some of the clinical features of the patient were those
of BS: a dwarf described as having elf-like features; cutaneous
photosensitivity; and susceptibility to multiple infections (1).
These observations have now been supplemented with the direct
demonstration of a DNA ligase I alteration in 46BR cells. Thus,
the most likely explanation of our data is that 46BR represents
a variant of BS. The syndrome probably encompasses a variety
of abnormalities in DNA ligase I, due to different mutations in
the gene encoding the enzyme, causing subtly different clinical
and cytogenetical features and immunological abnormalities.
Furthermore, a vastly increased level of spontaneous SCE may

' L. Henderson, unpublished observations.
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not always be present as a cardinal feature of Bloom's syn

drome.
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