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a b s t r a c t

The Nbs1 protein, hypomorphic mutant in Nijmegen breakage syndrome (NBS), is a com-

ponent of the Mre11/Rad50/Nbs1 (M/R/N) complex that acts as a DNA double-strand break
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sensor and functions in cell cycle checkpoint in response to DNA damage and DNA repair.

Here we report that targeted disruption of murine NBS1 gene (Nbn) in the lens alters the

M/R/N complex nuclear localization and results in microphthalmia in mice due to reduced

proliferation of the lens epithelial cells. Unexpectedly, all Nbn-deficient lenses develop

cataracts at an early age due to altered lens fibre cell differentiation, including disruption of

normal lens epithelial and fibre cell architecture and incomplete denucleation of fibre cells,

and these changes are independent of the p53 pathway. In addition, Nbn-deficient lenses

show dysregulated transcription of various crystallins. Thus, this study implicates a novel

function of Nbs1 in terminal differentiation of the lens fibre cells and in cataractogenesis.

© 2006 Elsevier B.V. All rights reserved.

1. Introduction

Nijmegen breakage syndrome (NBS), caused by mutations in
the NBS1 gene, is an autosomal recessive chromosomal insta-
bility syndrome characterized by cancer predisposition. Cells
isolated from NBS patients display increased levels of spon-
taneous chromosome aberrations and sensitivity to ionising
radiation [1]. The Nbs1 protein, hypomorphic mutant in NBS,
is a component of the Mre11/Rad50/Nbs1 (M/R/N) complex
that harbors nuclease, DNA binding and DNA end recognition
activities [2,3]. The M/R/N complex acts as a DNA double-
strand break (DSB) sensor and functions in cell cycle check-
point in response to DNA damage and DNA repair in concert

� In the mouse, the recognized symbol for the gene encoding Nbs1/nibrin is Nbn.
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with Ataxia telangiectasia mutated (ATM), Ataxia telangiecta-
sia and Rad3-related (ATR), MDC1 and H2AX [4]. Nbs1 has been
shown to directly regulate ATM and ATR activation in response
to DNA strand-breaks to induce cell cycle arrest and facilitate
DNA repair [5–7].

Repair of damaged DNA is essential in the maintenance
of genomic integrity and development, and defects in DNA
repair may lead to fatal disease such as developmental abnor-
malities, chromosomal instability syndromes or cancer [2,3].
Chromosomal instability syndromes such as Ataxia telang-
iectasia (AT) [8,9], Fanconi anemia [10] and Cockayne syn-
drome [11] are predisposed to cataracts. In addition, indi-
viduals with premature aging syndromes associated with
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RecQ helicase deficiency, such as Werner’s syndrome and
Rothmund–Thomson syndrome, have also been associated
with cataracts [12]. These observations suggest that defects
in DNA damage response (DDR) and repair pathways may be
a risk factor for cataractogenesis.

Cataract is one of the commonest causes of loss of vision
worldwide. Risk factors include increasing age, smoking, dia-
betes, and oxidative damage, as well as hereditary mutations
in crystallin and connexin genes affecting lenses function
[13–15]. The eye lens is composed of a single layer of epithe-
lial cells on the anterior surface of the lens that differentiates
into quiescent, and structurally highly differentiated fibre cells
that are characterized by changes in cell shape, expression of
crystallins and the degradation of cellular organelles, hence
ensuring the lens transparency [16]. Disorganization of the
cells and alterations in the cytoplasm within the epithelium
and fibre, and defects in terminal differentiation of the lens
fibres all lead to the development of cataract in mammals
[14,17–19].

To investigate the possible role of DDR in cataractogene-
sis, we used mice carrying conditional neural-specific deletion
of the Nbn allele modified by nestin-Cre-mediated excision of
exon 6 flanked by two loxP sites (NbnF6/F6nestin-Cre+, desig-
nated NbnCNS-del) [20], because the nestin gene is expressed in
mouse lens epithelium, fibre cells and neuroretina during lens
development [21]. We have shown previously that neuronal-
specific deletion of Nbn in mice resulted in severe brain devel-

to hematoxylin/eosin (H&E) staining. To visualize the fibre
nuclear alterations, sections were stained with 4,6-diamidino-
2-phenylindole (DAPI, Vector Laboratories Inc., Burlingame,
CA). For electron microscopy, the lenses from three-week-old
mice were fixed with 4% glutaraldehyde in 0.2 M phosphate
buffer (pH 7.4), post-fixed with 2% OsO4 at 4 ◦C for 1 h, and
embedded in Epon. Ultra-thin sections (80 nm) were stained
with lead citrate and uranyl acetate, and observed under a
JEOL 100 CX electron microscope (JEOL SA, Reuil Malmai-
son, France). For embryonic lens proliferation analysis, preg-
nant females were injected intraperitonally with 5-bromo-2′-
deoxyuridine (BrdU, 50 �g/g of body weight, Sigma, St Louis,
MO) at E13.5 to E18.5, and embryos were collected 6 h after
the injection and were fixed with 4% paraformaldehyde. Anti-
bodies against nestin (Chemicon International), Mre11 (Novus
Biologicals), and BrdU (Sigma) were used for immunostaining
as described previously [20]. Quantification was performed by
scoring the percentage of BrdU-positive lens epithelial cells
from four serial sections of each mouse and a total of four
control and Nbs1-deficient mice, respectively, were examined.

2.3. RT-PCR analysis

Lenses from 8 to 10 NbnCNS-del or control mice at 2–3 weeks
old were dissected, pooled for total RNA extraction using Tri-
Reagent (Sigma) and 1 �g total RNA was used for cDNA synthe-
sis using Invitrogen RT-PCR kit. Semiquantitative PCR for Nbn,
opmental defects, growth retardation and ataxia [20]. Using
this in vivo model, we report here that deletion of Nbn in mice
causes microphthalmia and cataract due to reduced prolif-
eration of the lens epithelial cells and altered lens fibre cell
differentiation. This result implies a novel function of Nbs1 in
lens development. This finding may have significant implica-
tions for defects in DNA repair molecules as risk factors for
human cataractogenesis.

2. Materials and methods

2.1. Nbs1 mutant mice and genotyping

The generation and genotyping of NbnF6/F6;nestin-Cre+ (des-
ignated NbnCNS-del) mice has been described previously [20].
All nestin-Cre positive mice in NbnF6/+ and Nbn+/+ back-
ground, and nestin-Cre negative mice in NbnF6/F6, NbnF6/+, and
Nbn+/+ background were grouped as controls. The Trp53−/−
[22] and NbnF6/+nestin-Cre+ mice were interbred to gener-
ate NbnF6/+nestin-Cre+Trp53+/− mice, which were intrcrossed
to generate NbnF6/F6nestin-Cre+Trp53−/− (NbnCNS-delTrp53−/−)
mice. Genotyping for Trp53 loci was performed as described
[23]. All animal experiments were approved by and performed
in accordance with the guidelines of the International Agency
for Research on Cancer’s Animal Care and Use Committee.

2.2. Histological and electron microscopic analyses of
eye lenses

For histological analysis, mouse lenses were fixed with 4%
paraformaldehyde in 0.1 M phosphate buffer (pH 7.2), and
embedded in paraffin. The sections (3 �m) were subjected
Mre11 and Rad50 transcripts using 1 and 1/10 cDNA template,
for �-, �- and �-crystallin mRNA using 1, 1/2, 1/5 cDNA tem-
plate were analysed as described previously [24,25]. hprt was
used as an internal control. Primer sequences are summarized
in Supplementary Table 1.

Serial dilutions of cDNA templates from Nbs1-deficient and
control lenses were used to confirm that PCR was performed
within a linear range. Relative expression of Nbn and crys-
tallin mRNA in Nbs1-deficient lenses as compared with Nbs1-
proficient lenses was determined by normalizing with the hprt
internal control at each gradient to obtain the means and stan-
dard deviations.

3. Results

3.1. Expression of Nbs1/Mre11/Rad50 in the lens

We first examined the efficiency of the Nbn expression and
deletion in NbnCNS-del lenses by PCR with reverse transcrip-
tion (RT-PCR). As lenses undergo denucleation during terminal
differentiation [16], only a small portion of cells, including
the epithelial cells and subcapsular nucleated fibre cells, have
nuclei. Therefore, in order to obtain sufficient RNA, we pooled
lenses from 8 to 10 NbnCNS-del or control mice at 2–3 weeks of
age. Using a pair of primers between exons 5 and 7 of Nbn, we
found Nbn transcription in wild type lenses (Fig. 1A). In addi-
tion, Mre11 and Rad50 are also transcribed in wild type lenses
(Fig. 1A), indicating a putative function of the M/R/N com-
plex in the lens. In the NbnCNS-del lenses, a significant reduc-
tion (95% knock-down) of Nbn mRNA was observed (Fig. 1A),
implying that the Cre recombinase results in effective down-
regulation of the Nbn gene in the lens. Interestingly, levels
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of Mre11 and Rad50 mRNA expression were similar between
control and Nbn-deficient lenses (Fig. 1A), suggesting that
loss/decrease of one component of the M/R/N complex does
not affect expression of others. We then confirmed expression

of nestin that mediates Cre recombinase in the lens epithelial
and fibre cells (Fig. 1B). Although we failed to obtain specific
Nbs1 staining using several antibodies, nuclear localization
of the Nbs1 partner Mre11 protein was evidenced in the lens
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ig. 1 – Microphthalmia and cataracts in NbnCNS-del mice. (A) RT-P
bnCNS-del mice and controls. The genotypes and cDNA template
s an internal control. (B) Representative nestin expression in th
re11 in controls (C) and in NbnCNS-del lenses (D). High magnifica
ote: Ep, lens epithelium; R, retina; L, lens; Co, cornea. Original m
-week-old control mouse. Representative microphthalmia and o
bn-deficient eye. (H and I) NbnCNS-del mice show microphthalmi
how opacity and are smaller in weight compared to the controls
CR analysis of Nbn, Mre11 and Rad50 mRNA in lenses of
dilutions are indicated at the top of lanes. Hprt was used

e embryonic day 18.5 (E18.5) lens. Immunostaining of
tion of the rectangular regions in B–D is shown in inserts.
agnification (B–D): × 20. (E) A normal eye from a
pacity observed in a 4-week-old (F) and a 12-week-old (G)
a at 3 and 8 weeks (W) of age. (F–H and J) NbnCNS-del lenses
. Bars in E-G are 2 mm, in H is 1 mm. *p < 0.001, t test.
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epithelial cells (Fig. 1C), and cytoplasmic Mre11 was observed
during denucleation of the lens fibre cells in wild-type mice
(Fig. 1C). However, consistent with a previous report [26], loss
of Nbs1 protein disrupted nuclear localization of Mre11 in the
lens epithelial and fibre cells (Fig. 1D), suggesting an alteration
of the M/R/N complex function in the lenses.

3.2. Nbn-deficient mice develop microphthalmia and
cataracts

Beginning around 2 weeks of age, most of the NbnCNS-del

mice exhibited microcornea and microphthalmia (Fig. 1F–G)
compared with controls (Fig. 1E). The eyeballs and lenses of
Fig. 2 – Nbs1 deficiency results in proliferation defects of epitheli
Hematoxylin and eosin (H&E) staining of a representative contro
epithelium; L, lens; R, retina. Original magnification: × 10. (C–D)
number of BrdU-positive cells (arrows) in the lens epithelium (Ep
control (C). (E) Quantification of BrdU-positive cells in the lens ep
NbnCNS-del;Trp53−/− eyes show opacity (F–G) and are smaller in t
mice (H). Bars in F is 2 mm, in G is 1 mm. *p < 0.001, t test.
al cells in developing lenses independent of p53.
l (A) and NbnCNS-del lens (B) at E18.5. Note: Co, cornea; Ep,
Representative in vivo BrdU labelling shows a lower
) of E18.5 NbnCNS-del embryos (D) compared to the littermate
ithelium from four mice of each genotype (*p < 0.001, t test).
he lens weight compared to the controls in 12-week-old
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NbnCNS-del mice were significantly smaller than those of con-
trol mice after 2 weeks of age (Fig. 1H–J). Strikingly, NbnCNS-del

mice exhibited abnormal light scattering of the lenses at
about 3 weeks of age, and its severity increased with age
(Fig. 1F–H). Bilateral opacity (cataract) was evident in all
NbnCNS-del lenses (n = 156) between 4 and 6 weeks of age in
mice of 129/SV × C57/BL/6 background derived from two inde-
pendent embryonic stem cell clones. Out of more than 900
controls, including all nestin-Cre positive mice in NbnF6/+ and
Nbn+/+ background, and nestin-Cre negative mice in NbnF6/F6,
NbnF6/+, and Nbn+/+ background, no microphthalmia and
cataracts were observed during nine months of monitoring.

To define the onset and possible cause of microphthalmia,
we performed histological analysis on the embryonic lenses
at embryonic (E) days 13.5, 15.5 and 18.5, and found no appar-
ent morphological difference in the lens and neuronal retina
between the NbnCNS-del and control mice at any of these
stages (Fig. 2A–B; data not shown). In vivo pulse labelling with
bromodeoxyuridine (BrdU) revealed a similar level of BrdU-
positive epithelial cells between the NbnCNS-del and control
mice at E13.5 and E15.5 (Fig. 2E, data not shown), but a signifi-
cant decrease in BrdU-positive epithelial cells in the NbnCNS-del

lenses at E18.5 (Fig. 2D and E) compared to the control mice
(Fig. 2C and E). These results indicate that Nbn deficiency
causes proliferation defects of the lens epithelium, proba-
bly starting at the perinatal stage. As activation of cell cycle
checkpoint protein p53 is responsible for Nbs1 deficiency-
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week-old mice by transmission electron microscopy. In sharp
contrast to the control lenses (Fig. 3G, I and K), Nbs1-deficient
lens epithelial cells frequently displayed cytoplasmic vacu-
lation and abnormally shaped nuclei (Fig. 3H). In addition,
Nbs1-deficient fibres showed diffuse electron-dense bodies
that could represent condensed or fragmented nuclei (Fig. 3J),
which most likely corresponded to the ectopic nuclei, frag-
mentation or micronuclei seen by light microscopy (Fig. 3B and
D). Moreover, Nbs1-deficient fibre cells in the OFZ contained
heterogeneous protein particles and large protein aggregates
(Fig. 3L).

3.4. Alteration of crystallin gene in Nbn-deficient lens

Crystallins are major structural proteins of the lens encoded by
�-, �- and �-crystallin genes. Even a slight change in crystallin
constituents and precipitation of the proteins, which may
result from an imbalance in protein expression or mutation
in the corresponding genes, can cause cataracts in humans
[14,17,18]. To study whether the protein aggregates seen by
electron microscopy were associated with alteration of the
crystallins, we pooled lens RNA from 8 to 10 Nbs1-deficient
and control mice, and examined the �-, �- and �-crystallin
transcripts by semi-quantitative RT-PCR (Fig. 4A). We found
that expression of �A-, �B-, �A1/A3- and �B1-crystallin, as
well as all �-crystallins, in Nbs1-deficient lenses was dramat-
nduced cerebellar developmental defects [20], we also eval-
ated whether p53 plays a role in Nbs1 deficiency-mediated
icrophthalmia and cataracts. Out of 86 NbnCNS-del;Trp53−/−
ice monitored, the eyeballs and the lenses of mice were sig-

ificantly smaller than those of control mice (Fig. 2F–H), and
hese mice progressively displayed cataracts after 3 weeks,
imilar to the NbnCNS-del lenses. Thus, it is likely that develop-
ent of microphthalmia and cataracts of the NbnCNS-del lenses

re independent of the p53 pathway.

.3. Architecture alterations in Nbn-deficient lens

istological analysis of the lenses from 3-week-old NbnCNS-del

ice revealed that instead of a monolayer of epithelial cells
overing the anterior surface of the lens in the control ani-
als (Fig. 3A), Nbs1-deficient lenses displayed less compacted

pithelial cells (Fig. 3B). In addition, Nbs1-deficient lenses
howed major architectural disorganization in the posterior
ubcapsular nucleated fibre cells, including irregular shape,
leiomorphic nuclei, occasional vaculation in the cytoplasm
nd the presence of ectopic nuclei in the organelle-free zone
OFZ) (Fig. 3B). DAPI staining further revealed these ectopic
uclei, with diffuse nuclear fragments or micronuclei from
he subcapsular region to the OFZ in Nbs1-deficient lenses
Fig. 3D). These changes are accompanied by an alteration
f the M/R/N complex function as indicated by loss of Mre11
uclear localization in the lens nucleated cells (Fig. 3F), sug-
esting that Nbs1 deficiency disrupted the synchronization of
enucleation, a terminal differentiation process, of the lens
bre cells.

To investigate Nbs1 deficiency-induced architectural alter-
tions of the lens in more detail, we analyzed the lenses of 3-
ically reduced to 20–60% of control levels (Fig. 4A and B). To
further explore whether Nbs1 deficiency-mediated genomic
instability [20,27,28] could contribute to the dysregulation of
crystallins, we analysed the crystallin loci and possible muta-
tions in these genes. Southern-blot analysis revealed no appar-
ent alteration in crystallin genomic loci in Nbs1-deficient lens
(data not shown). We further sequenced RT-PCR products of
�-, �-, �-crystallin mRNA, and found no mutations in the
crystallin coding sequences in Nbs1-deficient lenses (data not
shown).

4. Discussion

In the present study, we have found that DDR molecules,
the Mre11/Rad50/Nbs1 complex, are expressed in the mouse
lenses, and depletion of Nbn did not alter the expression of
Mre11 and Rad50 in the lenses. Interestingly, deletion of Nbn in
the lens epithelial cells disrupted Mre11 nuclear localization in
the lens nucleated cells, caused perinatal proliferation defects,
and resulted in small lenses and microphthalmia in mice.
These defects are independent of the p53 pathway, suggest-
ing an involvement of additional targets in Nbs1 deficiency-
mediated proliferation defects of the lens epithelial cells. In
addition, we have shown a novel function of Nbs1 in terminal
differentiation of the lens fibre cells and in the maintenance
of lens transparency characterized by early onset of cataracts
in Nbs1-deficient mice.

We have provided compelling evidence that Nbs1 defi-
ciency causes disorganization of the epithelium and degenera-
tive changes in the lens epithelial cells, indicating that cataract
may be linked to defects in DDR and in processing DNA breaks
in the lens epithelium. It has been proposed that proficient
DNA repair is important for human lens epithelial cells to pre-
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Fig. 4 – Dysregulation of crystallin gene expression in
Nbs1-deficient lenses. (A) Representative RT-PCR analysis of
the �-, �- and �-crystallin mRNA levels in the lenses of
NbnCNS-del and control mice. Hprt was used as internal
control. cDNA template gradients were 1:2:5. (B) Histogram
represents relative crystallin mRNA levels in Nbn-deficient
lenses compared to that of controls. Two independent
experiments for crystallin mRNA analysis were performed.

vent UV- and oxidative stress-induced cataracts [29], and accu-
mulation of DNA strand breaks has been implicated in human
cataractous lesions [30,31]. Patients with chromosomal insta-
bility syndromes, such as ataxia-microcephaly-cataract syn-

drome, Fanconi anemia, and Cockayne syndrome frequently
develop cataracts [8–12], yet the mechanism underlying these
phenotypes remains unknown. Recently, ATM heterozygote
mice were found to be susceptible to cataract induced by
radiation, likely due to defects in DSB-mediated cell cycle
checkpoints, DNA repair and apoptotic pathways in the lens
epithelial cells [29]. In addition, over-expression of DNA poly-
merase � in the mouse lens epithelium has been found to
result in early onset of severe cortical cataract, possibly due
to increased mutation and genomic instability [32].

We have found that Nbs1 deficiency impairs fibre cell dif-
ferentiation characterized by alterations of the lens fibre cell
architecture and denucleation process. Although the pres-
ences of ectopic and fragmented nuclei during terminal dif-
ferentiation represent a typical sign of DNA repair defects in
Nbs1-deficient lens fibre cells, the development of microph-
thalmia and cataracts is independent of p53 signalling. It is
possible that during chromatin degradation in the lens fibre
cells, Nbs1 has an alterative role to increase DNA accessibility
to endonucleases. Thus, the lens denucleation, an aspect of
terminal differentiation, may be biochemically distinct from
DNA repair and apoptosis. It is possible that reduction of over-
all nuclease activity in Nbs1-deficient lens may contribute to
impaired denucleation (Supplementary Fig. S1). In support of
this hypothesis, it has been shown that nuclease activity is
essential for denucleation of the lens fibre cells during termi-
nal differentiation, and deficiency in DNase II-like acid DNase

Fig. 3 – Architecture alterations of Nbs1-deficient lenses. (A) H&E
reveals a surface monolayer of epithelial cells (Ep), elongating nu
organelle-free zone (OFZ). (B) A representative NbnCNS-del lens sho
subcapsule nucleated fibre cells with irregular shape of nuclei (a
staining of the control (C) and NbnCNS-del lens sections (D) reveals
the lens subcapsule as well as OFZ. Immunostaining of Mre11 sh
cells (E), and cytoplasmic localization in NbnCNS-del lens nucleate
electron microscopic analysis of control and Nbn-deficient lenses
epithelial cells (G), nucleated (nu) fibre cells in the subcapsule (I) a
Nbn-deficient lenses contain nuclei with irregular shape and vac
(arrows) in the subcapsular fibre cells (J), and less packed protein
Bars in G–J are 5 �m, in K and L are 1.5 �m.
(DLAD), the only known acid DNase required for lens fibre cell
denucleation, causes incomplete DNA degradation in the lens
fibre cells leading to cataract with long latency [19].

We have demonstrated that Nbs1 deficiency causes pro-
tein aggregation associated with dysregulated transcription
of various crystallins. The mechanism by which Nbs1 regu-
lates crystallin gene transcriptions is unknown, and whether
the defects in gene expression are the cause, or the result,
of the cataracts is presently unclear. While Nbs1 is required
for activation of ATM in response to DSBs [33], and given the
cumulative evidence indicating that ATM controls the activ-
ity of a number of transcription factors, such as AP-1 [34], its
involvement in gene transcriptional regulation may be postu-
lated. This hypothesis is further strengthened by the finding
that the M/R/N complex has been shown to colocalize with
the transcriptional histone acetyl transferase (HAT) cofactor
TRRAP [35]. Finally, we cannot rule out that down-regulation
of crystallin gene expression is a consequence of impaired
differentiation of fibre cells that have not reached the full dif-
ferentiation stage.

staining of the lenses from 3-week-old control mice
cleated fibre cells at the subcapsule (Sc) of the lens and
ws disruption of the epithelial cell layer, disorganization of

rrows), and vacuoles (*) in the subcapsular fibres. DAPI
ectopic and fragmented nuclei (arrow heads) scattered in

owing its nuclear localization in control epithelial and fibre
d cells (F). Original magnification: ×40. (G–L) Transmission
. The control lens shows normal subcellular structure of
nd cells in the OFZ with homogenized protein particles (K).

uoles (*) in the epithelial cells (H), electron-dense bodies
particles with aggregations (arrow heads) in the OFZ (L).
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The paradox, however, is that cataracts have not been
reported in patients with NBS and Mre11 hypomorphic A-T-
like disorder [1,3]. This may be explained by the presence of
truncated C-terminal Nbs1 proteins or hypomorphic muta-
tions of Mre11 in these patients [36,37], which may sustain
partial function of the M/R/N complex. Investigating these pro-
cesses using conventional inactivation of Mre11, Rad50, and
Nbn in mice has been hampered by early embryonic lethal-
ity caused by null mutations [38–41] or truncated Nbs1, Mre11
protein expression [42–44]. Thus, cataracts in Nbn null eyes
suggest that the hypomorphic mutations of Nbn may fail to
reveal some of the essential functions of Nbs1 in vivo.

In conclusion, the present study using a “conditional
approach” to delete Nbn demonstrates a role of Nbs1 in prolif-
eration and terminal differentiation of the lens epithelial cells
into fibres, perhaps independent of its role in the DDR com-
plex. Thus, NbnCNS-del mice provide a valuable tool to investi-
gate further the role of Nbs1 in early lens development, and
to dissect the molecular mechanisms of congenital cataracts
that are associated with chromosomal instability syndromes,
and age-related cataracts.
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