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Bloom syndrome confers strong predisposition to malignancy in multiple tissue types. The Bloom syndrome
patient (BLM) protein defective in the disease biochemically functions as a Holliday junction dissolvase and
human cells lacking functional BLM show 10-fold elevated rates of sister chromatid exchange. Collectively,
these phenomena suggest that dysregulated mitotic recombination drives the genomic instability underpin-
ning the development of cancer in these individuals. Here we use physical analysis of the highly repeated,
highly self-similar human ribosomal RNA gene clusters as sentinel biomarkers for dysregulated homologous
recombination to demonstrate that loss of BLM protein function causes a striking increase in spontaneous
molecular level genomic restructuring. Analysis of single-cell derived sub-clonal populations from wild-type
human cell lines shows that gene cluster architecture is ordinarily very faithfully preserved under mitosis, but
is so unstable in cell lines derived from BLMs as to make gene cluster architecture in different sub-clonal
populations essentially unrecognizable one from another. Human cells defective in a different RecQ helicase,
the WRN protein involved in the premature aging Werner syndrome, do not exhibit the gene cluster instability
(GCI) phenotype, indicating that the BLM protein specifically, rather than RecQ helicases generally, holds
back this recombination-mediated genomic instability. An ataxia-telangiectasia defective cell line also
shows elevated rDNA GCI, although not to the extent of BLM defective cells. Genomic restructuring mediated
by dysregulated recombination between the abundant low-copy repeats in the human genome may prove to
be an important additional mechanism of genomic instability driving the initiation and progression of human
cancer.

INTRODUCTION

Early onset of multiple malignancies is a clinical hallmark of
Bloom syndrome, with mean age of death in Bloom syndrome
patients (BLMs) younger than 24 years (1) suggesting a critical
loss of genomic stability. Cytologically, cells from BLMs show
a 10-fold elevation in rates of sister chromatid exchange (SCE)
when differentially stained following incorporation of various
thymidine analogs, as well as a spontaneous increase in chro-
mosomal abnormalities such as quadraradial structures (2,3).
Although dramatic in appearance when visualized in the stan-
dard assay for SCE (4), exchanges between sister chromatids
are genetically silent, and therefore not directly contributory

to genomic instability per se. Nevertheless, the class of
genomic alteration represented by SCE, the physical relocation
of genetic material, without associated change in either the
amount or sequence of this material, is an important but
poorly examined mechanism of chromosomal alteration, par-
ticularly when these alterations are in the sub-microscopic
size range. In this report, we present a sensitive assay of riboso-
mal gene cluster instability (GCI) that demonstrates exactly this
kind of non-silent molecular level alterations to chromosomal
architecture resulting from the absence of the Bloom syndrome
protein. We also use this assay to show that unlike loss of the
Bloom syndrome protein, neither loss of the BLM-related
Werner protein nor inactivation of either transcription-coupled
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nucleotide excision repair or non-homologous end-joining
(NHEJ) appreciably increase this GCI.

The BLM protein inactivated in BLMs is a member of the
RecQ helicase family of helicases (5). In humans, there are
five known RecQ homologs implicated in the maintenance
of genomic stability (reviewed in 6). Mechanistically, the
BLM protein, in conjunction with binding partners RMII,
RMI2 and TOP3A (7,8), can function as a Holliday junction
dissolvasome (9,10) that reverses the strand exchanges in a
double Holliday junction structure to prevent potential junc-
tion resolution involving crossover products. In the absence
of sufficient BLM-complex activity, such recombination inter-
mediates may be subject instead to resolution by the human
Holliday junction resolvase GEN1 (11), with the risk of pro-
duction of both crossover and non-crossover products.

Although crossover recombination between precisely
aligned sister chromatids is not inherently destabilizing, the
human genome contains abundant low-copy repeats (LCRs)
with sufficiently high levels of sequence similarity as to be
susceptible to non-allelic homologous recombination
(NAHR) (12). Structural alterations to genomic architecture
caused by NAHR between LCRs include deletions, inversions
and translocations with the possible generation of both acen-
tric and dicentric chromosomes (reviewed in 13). Although
the consequences of recombination-mediated genomic restruc-
turing can be dire, spontaneous occurrences of NAHR are rare,
hindering the identification of genetic components important
for suppressing this class of genomic instability. Early work
with BLM defective cells gave phenotypic evidence that the
BLM protein could suppress NAHR in repetitive genomic
loci (14,15), later supported by molecular evidence of loss
of heterozygosity between parentally homologous chromo-
somes (16,17), and in instability of a 40bp repetitive
mini-satellite sequence (18). We now extend this work to
much larger gene clusters distributed on multiple chromo-
somes.

Large gene clusters possess attributes predicted to be condu-
cive to recombinational alteration. The repeated genes that
make up clusters tend to have very high levels of sequence
identity, sufficient length to be substrates for recombination,
and occur in high local concentration with respect to each
other. The gene clusters encoding the 45S precursor transcript
to the 18S, 5.8S and 28S ribosomal RNA molecules (collec-
tively the ‘rDNA’) are perhaps the largest clustered gene
arrangement in the human genome, with approximately
600 repeats of the unit 43 kb gene (19) divided among the five
pairs of acrocentric chromosomes (20). We recently character-
ized the physical lengths of these rDNA gene clusters in human
individuals and found essentially complete cluster length hetero-
zygosity, both between clusters on different acrocentric chromo-
somes and also between clusters on individual parental homolog
chromosome pairs (21). This cluster length heterogeneity is
driven by strong meiotic recombination at a rate of over 10%
per cluster per meiosis. We were also able to detect spontaneous
mitotic rearrangement in these clusters, suggesting that they
would be suitable as sentinel biomarkers for dysregulated
recombination. Accordingly, we screened a panel of cell lines
representing diverse human chromosomal instability syndromes
for hyper-recombination in the rDNA gene clusters and used
both shRNA knockdowns and complemented mutant cell

lines to establish that the BLM protein is a crucial suppressor
of GCL

RESULTS

We assay dysregulated recombination by ascertaining the stab-
ility of the length of gene clusters. The lengths are determined
by restriction digestion of high molecular weight genomic
DNA with enzymes that do not have a recognition site in
the repeated gene unit. Since the repeated genes in clusters
are generally highly conserved, an enzyme that does not cut
in one repeat tends not to cut in any and can thereby liberate
intact gene clusters from bulk genomic DNA, with the
addition of a small amount of randomly sized flanking DNA
(Fig. 1A). Liberated gene clusters can then be separated by
size using pulsed-field gel electrophoresis and identified by
Southern blotting. The goal is to utilize this pulsed-field
based assay to quantify the GCI in human cells. In any cell
population derived from a single cell, including human indi-
viduals, genomic gene clusters will have a well-defined
initial length. We call the size-resolved pattern of these
initial cluster lengths the ‘major banding pattern’ (Fig. 1B,
‘Initial Pattern’). As the cell population expands, if the gene
clusters are completely stable, the initial cluster lengths
found in the progenitor cell will be faithfully transmitted to
all subsequent daughter cells (Fig. 1B, ‘No GCI’). Alterna-
tively, recombination in the expanding population can gener-
ate sub-populations with altered gene cluster lengths. Since
these sub-populations only represent a fraction of the
total population, bands detected by Southern blotting
will be reduced in intensity accordingly. We call these
reduced-intensity bands the ‘minor banding population’
(Fig. 1B, ‘Low GCI’). The amount of this minor-intensity
banding found in any cell population is indicative of the
degree of GCI in that population. Since recombination
requires precise alignment of homologous sequences, cluster
lengths can only change by integer multiples of the unit
repeat length. This constraint upon allowable gene cluster
lengths (Fig. 1B, dotted lines) means that very high levels of
instability will generate a ladder-like pattern of bands in a
Southern blot (Fig. 1B, ‘High GCI’), consistent with a
recombination-based mechanism. If cluster length alterations
were due to random breakage and rejoining, a smear would
be observed, rather than a ladder.

We screened a panel of cell lines including various known
human chromosomal instability syndromes (Fig. 1C). Stable
gene clusters result in a well-defined pattern of major bands,
with largely empty intervening space and few minor bands.
As expected, since every individual human has a unique
pattern of major bands (21), the human cell lines also
possess unique patterns of major bands. Instability will be
indicated by the presence of minor-intensity bands. Four
lines wild-type for major DNA repair pathways, BJ-5ta,
CGM1, GMO06990 and HeLa S3 (left side of the panel),
largely exhibit such gene cluster stability, with only a few
minor-intensity bands observed. BJ-5ta is immortalized by
the expression of telomerase, CGM1 and GM06990 by EBV
and HeLa S3 is a cultured cancer line, collectively indicating
that cellular transformation and immortalization per se is
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Figure 1. Screening cell lines for gene cluster instability (GCI) (A) Experimental strategy. Digestion of genomic DNA with restriction enzymes that do not cut
within an individual gene cluster repeat liberates intact gene clusters from bulk genomic DNA. Panel from Stults ez a/. (21) (used with permission). (B) Sche-
matic of GCI patterns in clonal cell lines. A single cell shows a well-defined pattern of gene cluster lengths (‘Initial Pattern’—thick bands). Allowable, but
currently unrepresented gene cluster lengths are shown as dotted lines. As mitotic division expands the clonal cell population in the absence of instability,
gene cluster lengths are faithfully preserved (‘No GCI’). Alternatively, instability generates sub-populations within the expanding population with altered
cluster lengths giving rise to lower intensity ‘minor bands’ (‘Low GCI’—thin bands indicated by arrows). High levels of instability generate a ladder-like
pattern of minor banding with individual bands on the ladder differing by integer multiples of the unit repeat length (‘High GCI’). (C) Screening non-clonal
cell populations. Cluster lengths are resolved up to 1 Mb in length, with sizes shown from yeast chromosome markers. Unresolved clusters larger than 1 Mb
run together at the gel resolution limit (star). Cell lines indicated at the top. Minor bands indicated by arrows. The ladder-like banding pattern indicative of
high GCI is seen in the gene clusters from the BLM deficient cells (rounded box). BJ-5ta: wild-type newborn foreskin fibroblasts immortalized by ectopic tel-
omerase expression; CGM1, GM06990: EBV-transformed wild-type lymphoblast lines; HeLa S3: cervical carcinoma cells; SV40-transformed fibroblast lines:
WT: wild-type (GM00637); ATM: ataxia-telangiectasia mutated (GM09607); BLM: Bloom syndrome (GM08585); Fanc-C: Fanconi anemia complementation
group C mutated (GM13136); Lig I: DNA ligase 1 defective (GM16097); Lig IV: DNA ligase IV defective (GM16089); NBS: Nijmegen breakage syndrome

(GM15989).

generally not destabilizing to the faithful transmission of gene
cluster lengths. Of the SV40-transformed lines from a panel of
patients exhibiting defects in a variety of DNA repair path-
ways (right side of the panel), only that derived from a
BLM is strongly destabilized (rounded box), with a clear
ladder-pattern consistent with integer multiple differences of
43 kb: the size of the repeated rRNA genes. In contrast, the
wild-type, DNA ligase 1-defective, DNA ligase IV-defective
and Nijmegen breakage syndrome lines appear to be gene
cluster stable. The ATM cells show minor banding consistent
with a GCI-low phenotype; the HeLa and ATM cells are
explored in more detail in Figure 7.

The basic GCI screen (Fig. 1) measures the amount of GCI
that has occurred in the history of a given cell population
rather than the rate at which GCI occurs. In this context, we

can understand the presence of minor bands in the GCI
profile of a cell population as being the result of a gradual
cumulative stochastic process of recombination-mediated
alterations from the initial major banding pattern subjected
to genetic drift. The fraction of cells in a cultured population
that has gene cluster lengths not represented in the major
banding pattern is a function of the inherent GCI rate of the
cells in question, the total number of cell divisions undergone
by the culture, and the degree to which the culture has been
subjected to population bottlenecks.

We can uncover the GCI rate by unrestricted expansion of
single-cell derived sub-clones. This procedure, in essence
Luria—Delbruck fluctuation analysis (22), is sensitive only to
the GCI rate since freely expanded sub-clonal populations
experience the same number of cell divisions and no population
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Figure 2. GCI clonal analysis. (A) Wild-type SV40-transformed GM00637 fibroblast cells. The gel resolves gene clusters up to 1 Mb in length (star). A clonal
population derived from a single cell is shown in the leftmost lane. Sub-clones were derived by dilution plating to single cells with subsequent expansion. Minor
bands indicated by arrows. Changes to the major banding pattern shown by triangles (new bands) and brackets (missing bands). (B) SV40-transformed fibroblast
GMO08505 Bloom syndrome cells. The bulk population as received from Coriell is shown in the far left. Clonal populations derived from the expansion of plated
single cells from this bulk population are shown in the right. Minor bands indicated by arrows.

bottlenecks. Sub-cloning cell populations from single cells can
be applied iteratively: minor bands in any parental population
will produce new major bands in derivative sub-clonal popu-
lations with a frequency of occurrence determined by the frac-
tional intensity of the minor bands in the parental population.
New spontaneous GCI in any sub-clonal population will
appear as de novo minor bands. This clonal GCI analysis of
the wild-type GMO00637 cell line (Fig. 2A) shows relatively
stable gene cluster lengths. The lane “WT clonal’ is derived
from a single cell. Single-cell derived sub-clones from this
clonal population are shown in the right of the panel.
Changes to the major banding pattern in the sub-clones are
seen in sub-clones ‘C’ and ‘H’ (triangle and brackets indicat-
ing new major band and missing major bands, respectively).
These represent mitotic gene cluster alterations occurring in
the expansion of the ‘“WT clonal’ cells that occurred too late
in the expansion to yield visible minor bands in the ‘“WT
clonal’ lane. A minor band (arrow) is seen in sub-clone ‘E’,
from a spontaneous gene cluster length alteration in the expan-
sion of this individual sub-clone. We can reliably detect minor
bands with an intensity of ~10% of the major bands. For 10%
of the population to show an altered gene cluster length, the
alteration had to occur sometime in the initial three or four
rounds of cell division, i.e. before the population derived
from a single cell had expanded to a total of 10 cells. In contrast
to the rare minor banding of the wild-type population, the
Bloom syndrome line GM08505 (Fig. 2B) shows such exten-
sive minor banding that for practical purposes no major

banding pattern of rDNA gene clusters can be defined. Gene
cluster lengths in the BLM cells are changing on the order of
every mitotic division.

To establish that the genetic defect causing the GCI-high
phenotype in the BLM-syndrome GMO08505 cells is lack of
BLM, we surveyed BLM lines derived from three other indi-
vidual BLMs (Fig. 3A and B). The bulk wild-type cell popu-
lations appear stable with well-defined major bands and little
or no minor banding evident. In contrast, each of the three
BLM-patient derived lines, BLM Ash.1, BLM Ash.2 and
BLM F.C., shows the ladder-pattern indicative of the
GCl-high phenotype. BLM Ash.1 and BLM Ash.2 are from
patients of Ashkenazi Jewish descent, each homozygous for
the 6bp deletion/7 bp insertion frameshifting Ashkenazi
founder mutation. BLM F.C. is from a French-Canadian
Bloom patient and is homozygous for a S595X translation ter-
minating mutation. All three lines show a distinct ladder-
pattern of minor bands (rounded boxes).

In order to determine whether the gene cluster destabilization
preceded either transformation or tumorigenesis, we analyzed
cells from primary fibroblast explants (Fig. 3B). Primary cells
from an apparently healthy 11-year-old girl (GM10652) show
well-defined major bands, and no minor banding, whereas
primary cells from a 28-year-old male BLM (GM02932)
show minor band laddering, indicating that GCI is inherent to
Bloom syndrome cells generally and therefore is a potential
contributor to the genomic instability that initiates tumor devel-
opment in these patients. The contrast-enhanced right-hand
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Figure 3. Bloom syndrome GCI. (A) rDNA gene clusters in non-clonal cell line populations resolved to 1 Mb (star). WT: wild-type lines: SV40-transformed
(GM00637), EBV-transformed (GM06990). BLM Ash.1: Ashkenazi Jewish, Bloom syndrome registry #42 (GM08505); BLM F.C.: French-Canadian, Bloom
syndrome registry #81 (GM16375); BLM Ash.2: Ashkenazi Jewish, Bloom syndrome registry #9 (GM03403); BLM-comp: same as BLM Ash.1 stably com-
plemented with BLM ¢cDNA; BLM-vec: same as BLM Ash.1 stably transfected with empty vector control. Rounded boxes show laddering pattern indicative
of a GCI-high phenotype. (B) rDNA gene clusters in primary cells resolved to 1 Mb (star). WT primary: untransformed wild-type fibroblasts (GM01652);
BLM primary: untransformed Bloom syndrome fibroblasts, Ashkenazi Jewish, Bloom syndrome registry #3 (GM02932); Lambda: lambda phage concatemers
(unit genome size=48 502 bp). Arrows show the minor banding pattern in BLM primary cells in the contrast-enhanced rightmost panel.

panel allows direct comparison of the spacing of the BLM gene
cluster laddering with the well-defined length lambda phage
concatemers. The BLM ladder (arrows) shows slightly closer
spacing than the lambda ladder, consistent with the 43.0 kb
rDNA unit gene repeat versus the 48.5 kb lambda genome size.

Complementation of the BLM defect restores rDNA gene
cluster stability. Minor band laddering is seen in the bulk
populations of two BLM derived lines: BLM-comp and
BLM-vec (Fig. 3A). These non-clonal lines are the product
of transfection and stable selection of BLM-defective BLM
Ash.1 cells with either the pcDNA3 vector expressing full-
length wild-type BLM or the pcDNA3 vector alone, respect-
ively (23). Since these are non-clonal lines, the BLM-comp
population shows the minor banding pattern of instability
that was generated during the BLM-null history of this line.
The current stability of the BLM-comp line is revealed by
clonal analysis (Fig. 4A). As expected, the minor band ladder-
ing in the BLM-comp bulk population resolves as variability
in the pattern of major bands in the BLM-comp clonal isolates.
The clonal isolates themselves, however, contain a greatly

reduced amount of de novo minor banding relative to the
BLM-vec non-complemented isogenic line (Fig. 4B), indicat-
ing that restoration of the BLM protein has stabilized the
rDNA gene clusters.

Since the BLM-comp cells are not completely complemen-
ted for the elevated SCE phenotype of Bloom syndrome cells
(23) (Supplementary Material) and still show some minor
banding indicative of ongoing GCI in the clonal sub-lines
(Fig. 4A), we wanted to verify the importance of the BLM
protein in promoting gene cluster stability by assaying loss
of stability in an otherwise stable line upon loss of the BLM
protein. Accordingly, we used shRNA (24) to knockdown
expression of BLM in a clonal wild-type GM00637 cell popu-
lation. We used a ‘semi-stable’ knockdown technique where
the selectable shRNA expression plasmid was transfected
and selected for 7 days to kill untransfected cells, followed
by dilution plating to single cells and unselected sub-clonal
expansion. We used this semi-stable technique to prevent
eventual overgrowth by cells losing shRNA expression.
After 7 days of selection, BLM levels measured by western
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Figure 4. GCI in isogenic BLM and BLM-complemented human cells. (A) BLM-comp bulk population (leftmost lane) and single-cell derived clones resolved to
1 Mb. On the right is a densitometric trace of the first four clonal BLM-comp lines with minor bands indicated by arrows. (B) BLM-vec bulk population (leftmost
lane) and single-cell derived clones resolved to 1 Mb (star). On the right is a densitometric trace of the first four clonal BLM-vec lines with minor bands indicated
by arrows. Notice the much larger quantity of minor bands observed in the vector-control BLM-defective clonal lines relative to the BLM complemented but

otherwise isogenic clonal lines in (A).
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Figure 5. shRNA expressing clonal lines. Gene clusters resolved to 1 Mb (star). Changes to the major banding pattern are shown by open triangles (new bands)
and brackets (missing bands). Arrows indicate new minor bands. (A) Sub-clones of a clonal wild-type GM00637 cell population, semi-stably transfected with a
negative control shRNA. (B) Sub-clones of the same GM00637 clonal cell population, semi-stably transfected with shRNA to knockdown BLM expression.
(C) Western blot showing shRNA knockdown of BLM expression 1 week post-transfection. WT: clonal isolate of wild-type GM00637 cells; BLM: Bloom syn-
drome GMO08505 cells; BLM shRNA: WT cells semi-stably transfected with pCPM-234 (knockdown BLM); neg shRNA: WT cells semi-stably transfected with

pCPM-neg (negative control). B-Tubulin is used as a loading control.

blotting were decreased by 70% (Fig. 5C), at which time sub-
clonal lines were rederived from single cells. Sub-clonal lines
from the clonal cell population transfected with the negative-
control shRNA construct pCPM-neg show only limited gene
cluster length alterations (Fig. 5A: arrows, brackets and tri-
angles), whereas sub-clonal lines from the same clonal cell
population transfected instead with the BLM knockdown
shRNA construct pCPM-234 show an approximately 3-fold
greater number of gene cluster length alterations (Fig. 5B),
again implicating the expression of BLM as a critical stabilizer
of these rDNA gene clusters.

Having established a role for BLM in the maintenance of
gene cluster genomic integrity, we wanted to determine
whether RecQ helicases other than BLM were also involved.
We performed clonal GCI analysis on SV40-immortalized
fibroblasts from a Werner syndrome patient (Fig. 6) homozy-
gous for a truncating R368X mutation in the WRN gene, a
RecQ helicase defective in a strong progeroid syndrome
(25). We see no minor bands in a clonal derivative of these
WRN-deficient AG11395 cells, and neither changes to the
major banding pattern nor new minor bands in single-cell
derived sub-clonal populations derived from the clonal cells.
We conclude that the suppression of rDNA GCI is not a

property of the RecQ helicase family generally, although we
have not yet assayed cells deficient in the remaining RecQ
helicases: RECQL, RECQL4 and RECQLS.

An ataxia-telangiectasia mutated cell line has more GCI
than HelLa cells. The minor banding we observed in a bulk
population of ATM-deficient cells (Fig. 1C) motivated us to
use clonal analysis to determine whether there was ongoing
GCI in this line. Starting with a clonal isolate each of the
apparently gene cluster stable HeLa cells and the apparently
gene cluster unstable ATM cells, we generated sub-clonal
lines for analysis. In ten sub-clonal HeLa lines (Fig. 7A), we
observed one altered major band (triangle) and two new
minor bands (arrows) showing the general stability of the
HeLa rDNA gene cluster architecture. In contrast, in eight
ATM-deficient sub-clones (Fig. 7B), we found one new
major band (triangle) and seven newly generated minor
bands (arrows), suggesting an elevated rate of GCI in the
ATM-deficient line.

We also found that defects in transcription-coupled nucleo-
tide excision repair do not greatly enhance GCI. The Cock-
ayne’s syndrome B (CSB) protein ERCC6 required for
transcription-coupled nucleotide excision repair (26) has been
implicated in the stability of gene clusters with the observation
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Figure 6. Werner syndrome clonal lines. rDNA gene clusters from
WRN-defective SV40-transformed fibroblasts (AG11395) resolved to 1 Mb
(star). A clonal population derived from a single cell is shown in the leftmost
lane. Sub-clones were derived by dilution plating to single cells with sub-
sequent expansion. No alterations in major gene cluster lengths are observed,
and neither are any minor-intensity bands.

that defects in CSB cause aberrant metaphase figures at
gene clusters (27). Therefore to ascertain whether a CSB
defect obviously compromised stability of the rDNA gene
clusters, we generated a clonal population of CSB defective
(GMO00739) cells. This clonal population ‘CSB clonal’ exhib-
ited one visible minor band (Fig. 8A, arrow) that is reflected as
a major banding pattern gain of this cluster length in four of
twelve sub-clones, ‘D’, ‘F’, ‘H” and ‘L’ (triangles). Since
these four sub-clones also all lose the same major band
(bracket), a reasonable interpretation is that around the third
mitosis in the expanding ‘CSB clonal’ population, a spon-
taneous recombination event in one of the cells caused a
gain of two repeats in the cluster indicated by a closed
circle to generate the new longer cluster indicated by an
arrow. We also observe two additional major band changes
(triangles) in sub-clones ‘F’ and ‘H’ that do show a corre-
sponding visible minor band in the parental population at
the open circle indicators. Evidently, the events that lead to
these major banding changes happened late enough in the par-
ental population expansion that the fraction of cells carrying
the change is below the limit of detection for a minor band
in the ‘CSB clonal’ population. Nevertheless, the number of
minor and major banding alterations in the CSB-defective

cells is not greatly larger than that seen in similar clonal analy-
sis with either HeLa (Fig. 7A) or wild-type SV40-transformed
fibroblasts (Fig. 2A), leading us to conclude that the
CSB-dependent repair pathway is not significantly involved
in tDNA gene cluster stability.

We similarly detect no large increase in instability with loss
of the NHEJ pathway. In experiments that quantify double-
strand break mediated non-crossover gene conversion, loss
of critical NHEJ proteins such as XRCC6, XRCC5, PRKDC
(Ku70/80/DNA-PK,) or XRCC4 cause an increase in recom-
bination of between 3-fold and 5-fold (28). Nevertheless, a
non-clonal population of cells derived from a patient with a
defect in DNA ligase IV, the obligate heterodimeric partner
of XRCC4 (29), appears gene cluster stable, with one clearly
defined resolved major band and no apparent minor banding
(Fig. 1C). To confirm this apparent stability, we compared
rDNA banding patterns in clonal human isogenic NALM-6
cells, and NALM-6 cells in which DNA ligase IV was dis-
rupted by gene targeting (30). In the wild-type NALM-6
cells, we observe one minor band in the non-clonal bulk popu-
lation (Fig. 8B, arrow) that gave an altered major band in sub-
clone ‘C’ of the three sub-clonal NALM-6 lines, likely the
result of loss of one repeat from the gene cluster indicated
by the closed circle. We likewise see a major band change
in NALM-6 clone ‘B’ from a late event arising from a small
sub-population of the bulk parental line (open circle). In the
DNA ligase IV knockout NALM-6 cells, we see one major
band alteration in sub-clone ‘C’, again arising from a small
sub-population in the ‘LIG4 ko bulk’ population. In none of
the six clonal lines from either NALM-6 or NALM-6 lines
knocked out for DNA ligase IV do we see minor bands, indi-
cating that rapid ongoing recombination-mediated rearrange-
ment of rDNA gene clusters is not occurring, and ruling out
DNA ligase IV as a strong player in maintaining rDNA gene
cluster stability.

DISCUSSION

The GCI assay is philosophically similar to the microsatellite
instability (MSI) assay for defective mismatch repair. In
MSI+ lines, polymerase slippage at repetitive mono-, di-
and tri-nucleotide short tandem repeats (STRs) generates
expansions and contractions of the STR length, which are
not subsequently corrected by mismatch repair (reviewed in
31). In contrast, the repeated sequences assayed here for
GCI are thousands of base pairs in length, requiring a comple-
tely different underlying biochemistry for stability than the
microsatellites. We propose that the mechanism causing GCI
is dysregulated homologous recombination, where the usual
strong bias in favor of short-tract gene conversion without
crossing over (32) has been lost or attenuated. The kind of
crossover recombination reactions capable of producing the
GCI we observe in the BLM-deficient cells is ordinarily
highly suppressed.

The known biochemical ability of BLM and partner proteins
to dissolve double Holliday junctions, in combination with
the ladder-like pattern of instability we describe here, is con-
sistent with a crossover recombination mechanism for gene
cluster destabilization in the absence of BLM. Nevertheless,
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Figure 7. HeLa versus ATM-deficient clonal analysis (A) HeLa cells. (B) ATM deficient cells. Gene clusters are resolved to 1 Mb (star). Changes to major
banding patterns are indicated by open triangles. Arrows show new minor bands indicative of rearrangement during clonal expansion.

we cannot rule out the possibility that gene cluster length
alteration is a product of break-induced replication (BIR)
(reviewed in 33), either in whole or in part. Indeed, a micro-
homology mediated break-induced replication model has
been recently proposed as a mechanism for the generation of
many human genomic copy number variations (34).

It is also formally possible that in the absence of BLM, the
rDNA gene clusters we assay in this work are being broken
and then rejoined by a translocation-like mechanism driven
by NHEJ. Since NHEJ does not require alignment of homolo-
gous sequences as does recombination, generation of the
single repeat 43 kb changes in gene cluster length we
observe would additionally require the gene clusters to break
at one specifically defined sequence within a unit repeat. Con-
ceivably some kind of BLM-suppressed chromosome fragility
structure could produce this kind of sequence-specific break-
age pattern, potentially quadruplex-G sequences (35) or hemi-
catenated replication structures (36). The lack of a significant
increase in GCI in the absence of DNA ligase 1V, however,
argues that if rearrangements are initiated by frank chromoso-
mal breaks, NHEJ is not a competing pathway for these
breaks. Accordingly we do not favor the notion of frank
double-strand breaks as the primary initiating events in
rDNA GCI but prefer the previously suggested idea (28) that
recombination can be initiated from one-sided double-strand
ends arising from collapsed replication forks. It is attractive
to speculate that this putative replication fork collapse is
caused by the formation of quadruplex-G sequences in the
G/C-rich tDNA, since the BLM protein efficiently unwinds

quadruplex-G DNA (37). It will be interesting to determine
whether loss of the BRIP1 (FANCIJ) protein, which has a
similar ability to unwind quadruplex-G (38), will likewise
cause rDNA GCI.

The human BLM protein has been characterized as facilitat-
ing the EXOl mediated 53’ resection of double-strand
breaks prior to allowing the loading of the RADS1 recombi-
nase (39,40). The highly elevated recombination phenotypes
observed in the absence of BLM, however, argue against the
requirement for this activity of BLM in either rDNA gene
cluster recombination or SCE. Likewise, human BLM also
possesses a single-stranded DNA (ssDNA) annealing activity
(41,42) that appears uninvolved in these particular recombina-
tion processes. In contrast, BLM also possesses an anti-
recombinagenic capacity to remove invaded 3’ ssDNA tails
from D-loops (43,44), including the disruption of a pre-formed
RADS]1 filament (45). Loss of this BLM activity likely con-
tributes to elevated recombination phenotypes in Bloom syn-
drome cells.

We assayed the repeated 43 kb genes comprising the rDNA
gene clusters in the belief that these clusters were the most
likely to show spontaneous recombination-mediated altera-
tions due to their abundance, length, degree of sequence con-
servation and number of potentially interacting chromosomes.
Intriguingly, the size of chromatin loops in HeLa cells has
been characterized as averaging 86 kb (46), which is the
exact length of two rDNA genes and may be important in
the propensity of recombination to alter rTDNA gene cluster
lengths. Looped chromatin generally may be an important
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Figure 8. CSB-deficient and wild-type versus DNA-ligase IV knockout cell clonal analysis. (A) CSB-deficient cells. (B) Wild-type NALM-6 cells and NALM-6
cells gene targeted to inactivate DNA ligase IV. Gene clusters are resolved to 1 Mb (star). Changes to major banding patterns are indicated by open triangles.
Brackets indicate loss of major bands. Minor bands are shown by arrows. Locations of predicted but unobserved minor bands in parental populations based on
new major bands observed in clonally derived sub-populations (triangles) are shown by open circles. The fraction of cells in the parental population carrying

clusters of these lengths is below the detection capability of the assay.

intermediate in gene cluster recombination, and the tendency
for chromatin loop domains to be long may protect shorter
gene clusters from intramolecular recombination. It will be
interesting to determine if the spontaneous gene cluster reor-
ganization seen here in the rDNA can also be observed in
smaller, less abundant non-rDNA gene clusters (47), although
we would predict having fewer potentially recombining gene
clusters of shorter overall length would decrease the ability
to sensitively detect alterations in other gene cluster loci. Con-
sistent with a role in protecting particularly susceptible classes
of gene clusters such as the rDNA from recombination, BLM
protein sub-cellular localization includes the nucleolus (48),
possibly for the specific purpose of counteracting the potential
for recombination to destabilize the rDNA gene clusters that
are also located in the nucleolus. Seen in this light, the nucleo-
lus may function specifically as a recombination-suppression
sub-nuclear zone. It will also be of interest for future studies
to determine whether chemical agents known to induce SCE
lead to a parallel increase in GCI, and whether the GCI
assay can be a useful measure of sub-microscopic genomic
toxicity.

To a first-order approximation, by comparing the number of
observed minor bands per clonal isolate, we find the rate of
spontaneous alterations in gene cluster architecture to be

over 100-fold elevated in cells lacking BLM (9.6 minor
bands per clone) and 10-fold elevated in cells lacking ATM
(0.9 minor bands per clone) compared with wild-type controls
(0.08 minor bands per clone). It is intriguing that the rDNA
GCI we observe in BLM and to a lesser extent in ATM
cells parallels the increased cancer predisposition in Bloom
syndrome and ataxia-telangiectasia patients. Particularly,
because crossover recombination between low-copy human
genomic repeats has the potential to generate enormous
genomic instability through formation of dicentric and acentric
chromosomes, it remains to be seen whether or not GCI,
whether caused by functional loss of BLM or otherwise, is a
common mechanism of genomic instability driving the etiol-
ogy and progression of human cancer.

MATERIALS AND METHODS
Cell lines

Cell lines GMO00637 (wt), GM09607 (ATM), GMO08505
(BLM), GM13136 (FANCC), GM16097 (LIG1), GM16089
(LIG4), GM15989 (NBN), AGI11395 (WRN), GMO00739
(CSB) were from the Coriell Cell Repository and maintained
in minimal essential (MEM) with 10% fetal bovine serum



(FBS). The lines GM06990 (wt), GM01652 (wt), GM02932
(BLM), GM16375 (BLM) and GM03403 (BLM), also from
the Coriell Cell Repository, were maintained in either MEM
or RPMI media with 15% FBS. BJ-5ta and HeLa S3 cells
were from ATCC (CRL-4001 and CCL-2.2, respectively),
grown in MEM with 10% FBS. CGMI1 cells were from
RIKEN, also grown in MEM with 10% FBS. The isogenic
cell lines BLM-comp (GM08505 + BLM cDNA, also known
as PSNF5) and BLM-vec (GMO08505 + vector control, also
known as PSNG13) were kindly provided by Hickson (23)
and maintained in MEM with 10% FBS with the addition of
0.35 mg/ml G418. NALM-6 DNA ligase IV knockout cells
have been previously described (30). All cell lines were
grown at 37°C and in 5% CO, in a humidified incubator.

DNA isolation and Southern analysis

High molecular weight genomic DNA was isolated from cells
in agarose, digested with EcoRV to liberate intact IDNA gene
clusters, resolved on pulse-field gels with resolution from
10 kb to 1 Mb and probed with radiolabeled rDNA sequences
according to methods given by Stults ef al. (21).

Western blotting

Cells were lysed with RIPA buffer [SO mm Tris—HCI (pH 7.4),
150 mm NaCl 1% NP-40, 1% deoxycholate, 0.1% SDS and
1 mm EDTA] containing a cocktail of protease inhibitors
(Pierce, cat. 78410) for 5 min at 4°C. Whole-cell lysates
were separated on 8% SDS—polyacrylamide gels, and proteins
transferred to a nitrocellulose membrane and subjected to
western blotting analysis with rabbit anti-BLM antibody (Cal-
biochem, cat. DR1034) or rabbit anti-B-tubulin (Thermo, cat.
RB-9249-P). The secondary antibody used was
HRP-conjugated donkey anti-rabbit IgG (Pierce, cat. 31458).
Blots were detected with ECL plus western blotting detection
system (Pierce, cat. RPN2132) and visualized on a Storm 860
Phosphorlmager (Molecular Dynamics) via chemifluores-
cence.

Cytogenetics

SCEs were visualized in stained metaphase spreads according
to Perry and Wolff (4) with minor modifications.

shRNA

The plasmids pCPM-234 (deplete BLM) and pCPM-neg
(negative control) were derived from plasmids V2HS_89234
and RHS1707 (Open Biosystems), respectively. The shRNA
sequences were sub-cloned into the 3’ untranslated region of
a puromycin resistance gene and expressed in a derivative of
the pCAGGS vector (49) modified to be incapable of episomal
replication. For semi-stable knockdowns, cells were trans-
fected with 10 pg shRNA plasmids pCPM-234 or
pCPM-neg using a BTX ECM 830 square-wave electropora-
tor: nine pulses, 150 V, 7 ms pulse duration, 1 s pulse interval,
total volume 750 pl growth media. Stable integration of the
plasmid was selected via puromycin resistance (300 ng/ml)
for 1 week, at which time BLM knockdown was measured
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by western blotting followed by limited dilution sub-cloning
and expansion.

SUPPLEMENTARY MATERIAL
Supplementary Material is available at HMG online.
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