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Nuclear lamins play important roles in the organization and structure of the nucleus; however, the specific mechanisms linking
lamin structure to nuclear functions are poorly defined. We demonstrate that reducing nuclear lamin B1 expression by short
hairpin RNA-mediated silencing in cancer cell lines to approximately 50% of normal levels causes a delay in the cell cycle and
accumulation of cells in early S phase. The S phase delay appears to be due to the stalling and collapse of replication forks. The
double-strand DNA breaks resulting from replication fork collapse were inefficiently repaired, causing persistent DNA damage
signaling and the assembly of extensive repair foci on chromatin. The expression of multiple factors involved in DNA replication
and repair by both nonhomologous end joining and homologous repair is misregulated when lamin B1 levels are reduced. We
further demonstrate that lamin B1 interacts directly with the promoters of some genes associated with DNA damage response
and repair, including BRCA1 and RAD51. Taken together, the results suggest that the maintenance of lamin B1 levels is required
for DNA replication and repair through regulation of the expression of key factors involved in these essential nuclear functions.

The lamins are type V intermediate-filament proteins found
primarily within the nuclei of metazoan cells. The lamins play

important roles in providing mechanical support and shape to the
nucleus and also participate in various chromatin-associated pro-
cesses, including DNA replication, polymerase (Pol) II transcrip-
tion, DNA repair, mitotic-spindle formation, response to oxida-
tive stress, and chromosome positioning (1). However, the exact
mechanisms by which lamins are involved in these pathways re-
main largely unclear. Vertebrate cells express two types of lamins,
the A types, lamins A and C (LA and LC), and the B types, lamin B1
(LB1) and lamin B2 (LB2). LA and LC are expressed in develop-
mentally regulated patterns from a single gene, LMNA, by alter-
native splicing. In contrast, LB1 and LB2 are expressed from two
different genes, with at least one B-type lamin being expressed in
all cell types throughout development and differentiation (2).

A-type lamins have received the most attention in recent years
because of the hundreds of mutations identified in LMNA that
cause a spectrum of rare diseases known as laminopathies (3). The
altered lamins produced because of these mutations have been
shown to affect interactions with lamin-binding proteins, cause
telomere dysfunction, disrupt the epigenetic regulation and orga-
nization of chromatin, and alter gene expression (4, 5). Accumu-
lation of the unprocessed form of LA, called pre-LA, is also linked
to the activation of DNA repair-regulating factors and checkpoint
kinases, which possibly contribute to impaired cell cycle progres-
sion and replication arrest (6, 7). Pre-LA has also been reported to
cause the accumulation of unrepaired DNA because of delayed
recruitment of DNA repair proteins to DNA damage sites (8). In
contrast to the numerous mutations in A-type lamins, mutations
in the B-type lamins are rare. The only known disease involving
LB1 is adult-onset autosomal dominant leukodystrophy (ADLD),
a progressive demyelinating disease caused by the overexpression
of LB1 in neurons because of either gene duplication or a muta-
tion in the LMNB1 promoter (9). Further analyses of ADLD pa-
tients’ cells have revealed that this overexpression causes the dis-
organization of inner nuclear membrane proteins and chromatin
and the downregulation of myelin gene expression (10). Studies of

mouse models made null for LB1 expression or expressing a trun-
cated form of LB1 show defects in organogenesis, especially of the
brain (11–13). However, skin keratinocytes, hepatocytes, or em-
bryonic stem cells derived from these mice proliferate normally,
have no obvious nuclear abnormalities, and show only minor
changes in their transcription profile in comparison to wild-type
cells (13, 14). The expression of the B-type lamins in cancer cells
has not been extensively explored, although decreases in LB1 ex-
pression have been reported in neoplasms of the gastrointestinal
tract (15) and in some subtypes of lung cancer (16). In light of
these findings and the paucity of LB1 mutations, it appears that
the levels of LB1 in the nucleus need to be tightly controlled.

We and others have shown that LB1 expression is reduced dur-
ing normal replicative senescence in cultured human diploid fi-
broblasts and in aged mouse and human tissues (17–19). In addi-
tion, we demonstrated that transient and almost complete
silencing of LB1 expression in various tumor cells causes a delayed
response to UV-induced DNA damage repair (DDR) (20). More-
over, this dramatic LB1 silencing in tumor cells rapidly induces
cell cycle arrest at G1. However, conflicting findings by several
groups on the effects of experimentally induced LB1 depletion or
overexpression on cell proliferation and senescence in cultured
normal fibroblasts suggest that the mechanisms by which LB1
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regulates cell proliferation are complex (17, 18, 21). In order to
further investigate the role of LB1 in cell proliferation and DNA
repair, we examined the effects of partial downregulation of LB1
protein expression in human osteosarcoma cells. We find that the
stable moderate downregulation of LB1 has a profound effect on
the regulation of DNA replication and DDR.

MATERIALS AND METHODS
Cell culture and silencing. The human osteosarcoma U-2-OS (ATCC
HTB-96) and colorectal carcinoma HCT116 (ATCC CCL-247) cell lines
were cultured in McCoy’s 5a medium supplemented with 10% fetal bo-
vine serum (FBS), 100 U/ml penicillin, and 100 �g/ml streptomycin. Cells
were maintained at 37°C in a humidified atmosphere and 5% CO2. For
silencing of LB1 expression, we used the retrovirus vector pSilencer-
HsLMNB1shRNA (shLB1-1) and lentivirus vector TRCN0000029273 ob-
tained from Open Biosystems (shLB1-2). The retrovirus vector pSilencer-
Scrambled (Sc) was used as a control (18). For retrovirus and lentivirus
production, 20 �g of virus vector and 1 �g of pVSV-G (Clontech) were
electroporated into GP2-293 packaging cells (Clontech). Virus-contain-
ing culture supernatants were collected 48 h following electroporation.
For transduction of U-2-OS, the supernatants containing virus were di-
luted 3-fold with fresh medium containing 8 �g/ml Polybrene (Sigma-
Aldrich) and incubated on the target cells for 24 h. Subsequently, the
culture medium was replaced with complete medium containing 3 �g/ml
puromycin (Sigma-Aldrich) for selection of virus-transduced cells. Cells
at population doubling 3 (PD3) following silencing and selection were
used for analysis. PDs were calculated with the equation PD � log(Nh/
Ns)/log2, where Nh is the number of harvested cells and Ns is the number
of seeded cells (18).

Immunoblotting. Total cell lysates were prepared by solubilization in
Laemmli gel sample buffer (22). The protein concentration of samples
was determined with the BCA protein assay (Thermo Scientific). Equal
amounts of protein from each sample were separated by SDS-PAGE on
10% gels and transferred to nitrocellulose. The primary antibodies used
for immunoblotting were mouse anti-LA/C (5G4), rabbit anti-LB1 (23),
mouse anti-LB1/2 (2B2), rabbit anti-MRE11, rabbit anti-NBS1, rabbit
anti-HP1, rabbit anti-SUMO1, rabbit anti-Chk1, rabbit anti-p-Chk1
(S417; Cell Signaling), mouse anti-replication protein A2 (anti-RPA2)/
RPA32, mouse anti-RAD50, rabbit anti-DNA-dependent protein kinase
catalytic subunit (anti-DNA-PKcs), rabbit anti-RAD51, mouse anti-p53
(DO-1), rabbit anti-ATR, rabbit anti-pATR, mouse anti-proliferating cell
nuclear antigen anti-(PCNA; PC10), rabbit anti-DDB1, rabbit anti-
53BP1, goat anti-Ku80 (Santa Cruz Biotechnology), rabbit anti-pRPA32
(Bethyl Labs), mouse anti-�H2AX (JBW301), mouse anti-BRCA1
(MS110) (Millipore), mouse antiactin (Sigma), and mouse anti-glyceral-
dehyde 3-phosphate dehydrogenase (anti-GAPDH) (FF26A/F9; BioLeg-
end, Inc.). Secondary antibodies conjugated with horseradish peroxidase
(1 mg/ml; KPL) were used at a dilution of 1:50,000, and peroxidase activ-
ity was detected with the SuperSignal West Pico chemiluminescence de-
tection kit (Thermo Scientific). Images were quantified with Odyssey Fc
(Li-COR Biosciences) software.

Immunofluorescence. U-2-OS Sc and shLB1 cells at PD3 grown on
glass coverslips were fixed in methanol for 10 min at �20°C and then
extracted with 0.1% Triton X-100 in phosphate-buffered saline (PBS) for
10 min at 22°C. The primary antibodies used for immunofluorescence
were mouse anti-LB1/2, rabbit anti-LB1 (23), mouse anti-�H2AX
(JBW301; Millipore), and rabbit anti-53BP1 (Santa Cruz Biotechnology).
The secondary antibodies used included goat anti-mouse IgG–Alexa
Fluor 488 and goat anti-rabbit IgG–Alexa Fluor 568 (Invitrogen). DNA
was stained with 1 ng/ml Hoechst 33258 (Invitrogen). After staining, cov-
erslips were mounted on slides in 20 mM Tris-Cl (pH 9.0) with 50%
glycerol and 1% p-phenylenediamine (Sigma-Aldrich). Images were ob-
tained with a Zeiss LSM 510 microscope with oil immersion objective
lenses (Plan-Apochromat 63� and 100�, 1.40 numerical aperture [NA]).

BrdU labeling. Detection of DNA replication was carried out as de-
scribed previously (18). Cells were incubated with 50 �M bromodeoxy-
uridine (BrdU; Sigma-Aldrich) in complete medium for 40 min at 37°C.
BrdU-labeled DNA was detected with rat anti-BrdU antibody (Sigma-
Aldrich), followed by goat anti-rat IgG–Alexa Fluor 488 antibody (Invit-
rogen) and analyzed by fluorescence-activated cell sorting (FACS; BD
LSRFortessa) or with a Zeiss LSM 510 microscope with oil immersion
objectives (Plan-Apochromat 63� and 100�, 1.40 NA).

ELISA with an anti-BrdU antibody. Cells (1 � 106) were cultured in
10-cm dishes incubated for 24 h with 50 �M BrdU for 40 min at 37°C in a
humidified atmosphere and 5% CO2. After the incubation period, the
BrdU-containing medium was removed and the cells were stained with
Vybrant DyeCycle stain (Life Technologies) according to the manufactur-
er’s protocol. The cells were then sorted by FACS (BD FacsAria SORP
5-Laser). Cells from each cell cycle phase were collected and stored on ice.
Genomic DNA was purified from cells at different cell cycle phases imme-
diately after sorting with the QIAamp blood kit (Qiagen). BrdU detection
was performed with 30 ng of genomic DNA from each sample immobi-
lized per well of a 96-well plate with the mouse BrdU-specific monoclonal
antibody (Abcam). The bound anti-BrdU antibody was detected with
peroxidase-conjugated goat anti-mouse IgG antibody (Zymed) and o-
phenylenediamine (Sigma). The optical density (OD) at 492 nm of reac-
tion products was measured. The percentage of BrdU in each sample was
calculated as the ratio of the OD of each BrdU-labeled cell sample to that
of DNA isolated from unlabeled cells sorted in the same manner for
each cell cycle phase. The experiment was repeated three times, and the
enzyme-linked immunosorbent assay (ELISA) was performed in qua-
druplicate.

ChIP. Control, Sc, and shLB1 U-2-OS cells were cross-linked in 1%
formaldehyde in serum-free medium for 10 min at room temperature,
and unreacted formaldehyde was quenched by washing with 125 mM
glycine in serum-free medium. Nuclei were isolated by swelling the cells in
hypotonic buffer (10 mM HEPES-K� [pH 7.9], 10 mM KCl, 1.5 mM
MgCl2, 0.5 mM DTT, 0.2 mM PMSF, 1� protease inhibitor cocktail
[Roche]), followed by cell lysis with the addition of NP-40 to 0.5%. The
cytoplasmic and nucleus-enriched fractions were separated by centrifu-
gation at 13,000 � g. For the lamin chromatin immunoprecipitation
(ChIP)-quantitative PCR (qPCR) procedure, the nuclear pellet was resus-
pended in nuclear lysis buffer (50 mM Tris-HCl [pH 8.1], 1.5 mM MgCl2,
10 mM EDTA, 0.5% SDS, 1 mM dithiothreitol [DTT], 1� protease in-
hibitor cocktail [Roche]). For BrdU ChIP, enriched soluble sheared chro-
matin was prepared by resuspension of the nuclear pellet in isotonic buf-
fer (50 mM Tris-HCl [pH 7.4], 150 mM NaCl, 1.5 mM MgCl2, 1 mM
EDTA, 1 mM DTT, 1� protease inhibitor cocktail [Roche]), solubiliza-
tion by sonication of the suspension eight times for 15 s each with at least
1 min on ice between pulses, and centrifugation at 13,000 � g for 10 min.
The average DNA fragment size was measured as 500 to 1,000 bp by
agarose gel electrophoresis. Soluble BrdU-labeled chromatin was dena-
tured by incubation at 95°C for 2 min and chilling on ice for 5 min and
then immunoprecipitated with a rat anti-BrdU antibody (Novus Biolog-
ical). The denaturation had no effect on the amount of precipitated DNA
or cross-linking of proteins to BrdU-labeled DNA. For some experiments,
the sheared chromatin was precipitated with rabbit anti-LB1 (Abcam
ab16048) or mouse anti-LA/C (5G4) antibodies without prior denatur-
ation. Cross-linking was reversed overnight at 65°C in elution buffer (0.1
M NaHCO3, 1% SDS) in the presence of 0.3 M NaCl and 40 �g/ml RNase
A. Precipitated proteins that bind BrdU-labeled DNA were analyzed by
immunoblotting. In parallel, chromatin was digested at 37°C for 2 h with
proteinase K (Sigma) and then extracted with phenol-chloroform. qPCR
was used to amplify and analyze precipitated DNA with specific primers.
The sequences of the primer used are available upon request.

DNA fiber assays. The number of replication sites and the processivity
of replication were measured by indirect immunofluorescence micros-
copy of isolated DNA fibers labeled in situ by incorporation of haloge-
nated nucleosides. For labeling with a single nucleoside, Sc and shLB1
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U-2-OS cells were incubated with 50 �M BrdU (Sigma-Aldrich) in com-
plete medium for either 40 min or 2 h at 37°C. For labeling with two
nucleosides, Sc and shLB1 cells were first incubated with 50 �M 5-chloro-
2=-deoxyuridine (CldU) for 40 min at 37°C, washed with PBS, and then
treated with 4 mM hydroxyurea (HU) for 4 h at 37°C to induce replication
fork stalling. Following HU treatment, the cells were washed three times
with PBS and then incubated with 50 �M iododeoxyuridine (IdU) for 40
min at 37°C. DNA fibers were prepared and stained as previously de-
scribed (24). Briefly, single- or double-labeled cells were trypsinized and
resuspended in ice-cold PBS at 2 � 105/ml. The labeled cells were diluted
1:10 with unlabeled cells, and 3 �l of the mixed-cell suspension was mixed
with 9 �l of lysis buffer (0.5% SDS in 200 mM Tris-HCl [pH 7.4], 50 mM
EDTA) on a glass slide. After 5 min, the slides were tilted gradually at 15 to
30° to spread the DNA fibers and then air dried, fixed in 3:1 methanol-
acetic acid, and stored dry in the dark.

Before immunolabeling of the DNA fibers, the slides were dehydrated
by overnight incubation in 70% ethanol at 4°C, followed by incubation in
ice-cold methanol for 30 min at room temperature and washing in PBS.
The DNA was then denatured in 2.5 M HCl for 1 h, and the slides were
washed several times in PBS. Nonspecific binding to the slides was blocked
by incubation in PBS containing 3% bovine serum albumin and 0.05%
Tween 20. The slides were then incubated at room temperature for 1 h
with a rat anti-BrdU antibody that specifically detects CldU and a mouse
anti-BrdU antibody that detects IdU and does not cross-react with CldU
(24). The secondary antibodies used to detect the anti-BrdU antibodies
were goat anti-mouse IgG–Alexa Fluor 488 and goat anti-rat IgG–Alexa
Fluor 568 (Invitrogen). Images were obtained with a Zeiss LSM 510 Meta
confocal microscope with oil immersion objective lenses (Plan-Apochro-
mat 63� and 100�, 1.40 NA).

DSB repair analysis. Double-strand break (DSB) repair by homolo-
gous recombination (HR) or nonhomologous end joining (NHEJ) was
analyzed with a vector system based on the reconstitution of an enhanced
green fluorescent protein (EGFP)-encoding gene as described previously
(25–27). Briefly, Sc or shLB1 cells were electroporated (Gene Pulser Xcell;
Bio-Rad) with a plasmid mixture containing 10 �g of the SceI meganu-
clease expression plasmid (pCMV-I-SceI) and 10 �g of one of the DSB
repair substrates (EJ-EGFP or HR-EGFP/3=EGFP) or 10 �g of wild-type
EGFP plasmid (to determine transfection efficiency). After 24 h, cellular
fluorescence originating from recovered EGFP was quantified by FACS
(BD LSRFortessa). The DSB repair frequency was estimated as the frac-
tion of EGFP-positive cells and calibrated to the transfection efficiency,
which was determined in parallel. We used the two-tailed Student t test for
statistical analysis and evaluation of the significance of differences that
were observed between tested cells.

Cell cycle analysis. For cell cycle analysis, 1 � 106 Sc and shLB1 cells
were collected by trypsinization at PD3 following selection, washed once
with PBS, and fixed in 100% ethanol. The fixed cells were treated with
RNase A and 0.1% Triton X-100 in PBS for 3 h at room temperature and
then stained with propidium iodide (PI). The distribution of cells accord-
ing to cell cycle phase was determined by FACS (BD LSRFortessa). For
sorting of live Sc and shLB1 cells, cultures were plated at 2 � 106 cells/
10-cm plate and cultured for 24 h. The cells were collected by trypsiniza-
tion, washed with PBS, and then stained with Vybrant DyeCycle stain
(Life Technologies) according to the manufacturer’s protocol. Cells at
different cell cycle stages were obtained by FACS (BD FACSAria SORP
5-Laser).

Apoptosis assay. The number of cells in apoptosis was determined
with the annexin V apoptosis assay (Clontech, Mountain View, CA) by
following the manufacturer’s instructions. Cells were counted by FACS
following DNA staining with PI.

Clonogenicity assay. The clonogenicity assay was performed as pre-
viously shown (28, 29). Briefly, a total of 3 � 106 cells were seeded per
10-cm2 dish in 10 ml of McCoy’s 5a medium supplemented with 10%
FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin and maintained at
37°C in a humidified atmosphere and 5% CO2. Sc and shLB1 cells were

treated with 2.5 �g/ml bleomycin (BLM) or 10 �M camptothecin
(CMPT) for 48 h. Afterwards, cells were washed twice with 1� PBS, har-
vested, and counted and 5,000 of the surviving cells (Sc or shLB1) were
replated per 10-cm2 dish. The assay was terminated at day 10. Colonies
were fixed with 95% methanol, stained with 1:5 trypan blue solution, and
counted.

Statistical analysis. We used the two-tailed Student t test for statistical
analyses. All of the results presented are the mean values � the standard
deviations from three separate experiments. We considered results signif-
icant when the P value was �0.05.

Gene expression analysis. Expression of genes associated with DDR
and damage signaling was analyzed with Human DDR and DNA Dam-
age Signaling PCR arrays according to the manufacturer’s protocol
(SABiosciences, Qiagen). Each experiment was repeated at least twice
with parallel cultures and four technical repeats. In addition, analyses
of specific genes that were not included in arrays were performed on
total cDNA from Sc and shLB1 cells as previously described (18). The
primers for gene-specific analysis by quantitative reverse transcription
(qRT)-PCR were obtained from Qiagen (QuantiTect primer assay
kits). All qRT-PCR and PCR array analyses were carried out with a
LightCycler 480 real-time PCR instrument (Roche) with the LightCy-
cler 480 SYBR green master kit (Roche). Relative expression analysis
was carried out with the LightCycler 480 real-time PCR software with
the gene for GAPDH serving as the reference. Quantitative results are
shown as the mean values of four separate experiments. With the Stu-
dent t test (P value of �0.05), a change in the expression of a specific
gene was considered significant if the change was greater than 1.7-fold
or less than 0.6-fold.

Functional analysis of genes. The Database for Annotation, Visual-
ization, and Integrated Discovery (DAVID) was used to functionally clus-
ter differentially regulated genes (30, 31). On the basis of the gene ontol-
ogy annotations obtained, selected gene clusters and pathways (P 	 0.05;
false-discovery rate [FDR], 0.05) were organized. The heat map for the
differentially regulated genes was plotted with MATLAB.

RESULTS
Decrease of LB1 expression slows the progression of cells
through S phase. Previously, we showed that the transient silenc-
ing of LB1 expression by 
80% in human tumor cell lines led to a
rapid G1 cell cycle arrest and defective recognition and repair of
UVC-induced DNA damage (20). In order to further characterize
the role of LB1 in cell cycle regulation and DNA damage re-
sponses, we modulated LB1 expression by stably expressing short
hairpin RNAs (shRNAs) targeting the LMNB1 transcript in the
human osteosarcoma cell line U-2-OS or the human colon cancer
cell line HCT116 (18). Similar results were obtained with both cell
lines and both shRNAs, excluding the possibility of off-target ef-
fects. We focused our attention on cell populations where LB1
levels were reduced by 
45 to 50%, as determined by immuno-
blotting (Fig. 1A), since we found that these cells would continue
to proliferate. We used the stable expression of a scrambled-se-
quence shRNA as a control throughout these studies (Fig. 1A, Sc).
LB1 silencing did not affect the levels of LA/C or LB2 expression
(Fig. 1A). The decrease in LB1 levels after silencing was accompa-
nied by a significant attenuation of cell proliferation and length-
ening of the PD time of U-2-OS cells by 
2.7-fold (Fig. 1B). For all
of the following experiments, we used these slowly proliferating
shLB1 cells at PD3 following selection. Analyses of the cell popu-
lations by FACS revealed an accumulation of shLB1 cells in S
phase and a decrease in the G0/G1 and G2 phases (Fig. 1C). In
order to more precisely determine the timing of the cell cycle
arrest, we labeled cells with BrdU and fractionated the BrdU-la-
beled populations of G1/S cells into G1, early S, and late S phases.
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FIG 1 Reduction of LB1 levels slows proliferation and DNA replication in U-2-OS and HCT116 cell lines. (A) LB1, LB2, LA, and LC protein levels were measured
by immunoblotting at PD3 following silencing and selection. (B) The proliferation rates of shLB1 and Sc cells were compared for 5 days following silencing and
selection. Proliferation rates were determined as described in Materials and Methods. U-2-OS: shLB1-1 (n � 9), P � 2.21 � 10�5; shLB1-2 (n � 3), P � 1.46 �
10�4. HCT116 (n � 3), P � 1.87 � 10�5. Error bars represent standard deviations. (C) FACS analysis of the complete cell cycle. U-2-OS: shLB1-1 (n � 5), P �
1.6 � 10�3; shLB1-2 (n � 3), P � 2.2 � 10�4. HCT116 (n � 3), P � 2.2 � 10�3. (D) FACS analysis of G1 and S phases in Sc and shLB1 cells. U-2-OS shLB-1 (n �
3): early S, P � 4.8 � 10�3, late S, P � 2.3 � 10�4. shLB-2 (n � 3): early S, P � 2.39 � 10�3; late S, P � 4.1 � 10�4. HCT116 shLB-1 (n � 4): early S, P � 3.72 �
10�3; late S, P � 2.75 � 10�3. (E) Detection of LB1 (red) and BrdU (green) incorporation into replicating DNA following 40 min of labeling in the nuclei of Sc
and shLB1 cells (DNA stained with Hoechst, blue). More than 600 cells of each type were counted, and images of single representative nuclei are shown. U-2-OS:
shLB-1 (n � 4), P � 2.3 � 10�2; shLB-2 (n � 3), P � 4.7 � 10�3. HCT116 shLB-1 (n � 3), P � 2.12 � 10�3. (F) Detection of BrdU by ELISA. Sc and shLB1 cells
where fractioned according to cell cycle phase by FACS and labeled with BrdU for 40 min. BrdU was detected in isolated genomic DNA by ELISA as described
in Materials and Methods. The experiment was repeated five times, and each DNA sample was subjected to ELISA in quadruplicate. U-2-OS shLB-1 (n � 5): all,
P � 0.0024; early S, P � 0.00012; late S, P � 0.00048. shLB-2 (n � 3): all, P � 0.0039; early S, P � 0.0023; late S, P � 0.0011. HCT116 shLB1 (n � 3): all, P �
0.0054; early S, P � 0.009; late S, P � 0.0032. Error bars represent standard deviations. The asterisks in panels C to F indicate statistically significant differences.
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The population of cells in early S phase was significantly greater in
shLB1 cells than in Sc cells (�70% versus 50% for U-2-OS and

65% versus 50% for HCT116), whereas the population of shLB1
cells in late S was smaller than that of Sc cells (	7% versus 20%)
(Fig. 1D). The relative percentage of G1 cells was slightly lower in
shLB1cells than in Sc cells (�23% versus 30%). Taken together,
these results suggested that reducing LB1 levels causes a significant
slowing of the passage of cells through early S phase.

The accumulation of cells in S phase was further supported by
detection of BrdU incorporation by immunofluorescence. After
labeling with BrdU for 40 min, the number of shLB1cells incor-
porating BrdU was increased, indicating a longer S phase, but they
had significantly fewer (
50%) BrdU-positive foci than Sc cells
(Fig. 1E). As a more quantitative measure of BrdU incorporation,
S phase Sc and shLB1 cells obtained by FACS were labeled with
BrdU for 40 min. After extraction of the DNA from each cell
population, we performed an ELISA of BrdU incorporation. As
expected from the reduced number of BrdU foci in shLB1 cells, the
overall incorporation of BrdU was significantly lower in S phase
shLB1 cells than in Sc cells (Fig. 1F, all). Further separation of the
S phase cell population into early and late S phases demonstrated
that most of the BrdU incorporation into shLB1 cells was in the

early S population, with much less incorporation into late S phase
cells (Fig. 1F, early S and late S). These results suggest that reduc-
ing LB1 expression allows cells to enter S phase but slows the
progression through early S phase.

LB1 does not interact directly with newly replicated chroma-
tin. Previously, we showed that B-type lamins are associated with
replication foci in mid-to-late S phase by immunofluorescence
colocalization of LB1 and BrdU (23). This finding, coupled with
the reduced replication we observed in shLB1 cells, suggested that
the loss of LB1 may affect the assembly of replication complexes.
To test the possibility that LB1 directly interacts with the replica-
tion complex, we labeled replicating DNA in Sc and shLB1 cells by
incorporation of BrdU for 40 min and performed BrdU ChIP with
antibodies specific to BrdU. We then analyzed the immunopre-
cipitated DNA by qPCR for a set of nine previously characterized
early and late S phase origins of replication (Fig. 2A) (32). As
expected from the results described in Fig. 1, the immunoprecipi-
tation of BrdU-labeled chromatin was significantly lower in shLB1
cells than in Sc cells. Out of nine origins of replication probed,
eight incorporated BrdU significantly less in shLB1 cells than in Sc
cells (Fig. 2A), suggesting that most origins of replication are af-
fected by the reduction of LB1 levels.

FIG 2 Association of lamins with actively replicating chromatin. (A) Analysis of DNA replication at nine origins of replication in Sc and shLB1 cells. After 40 min
of labeling with BrdU, DNA was precipitated from a soluble chromatin fraction with specific anti-BrdU antibodies. Input and precipitated DNA samples were
analyzed by qPCR. This experiment was repeated three times with four technical repeats of the qPCR analysis. The decrease in the precipitation of eight origins
of replication was significant in shLB1 (n � 3, P 	 0.003). (B) BrdU ChIP analysis of proteins associated with replicating chromatin. Nonsilenced U-2-OS cells
were labeled with BrdU for 40 min. Soluble and insoluble chromatin fractions were prepared from nuclei as described in Materials and Methods. Proteins were
analyzed by immunoblotting with specific antibodies. The experiment was repeated five times. (C) Direct interaction of LB1 and LA/C with actively replicating
chromatin in Sc and shLB1 cells. Soluble chromatin fractions were immunoprecipitated with specific anti-LB1 or LA/C antibodies. Input and precipitated DNA
samples were analyzed with qPCR. This experiment was repeated four times with five technical repeats of qPCR analysis. Error bars represent standard deviations.
Asterisks indicate statistically significant differences.
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Several studies have suggested that lamins can interact with
sites of replication to affect the efficiency of replication; however,
a direct biochemical interaction of lamins with sites of replication
has not been demonstrated (5, 23, 33). In order to determine if the
LB1-dependent decrease in DNA replication was due to a direct
interaction of lamins with newly replicating DNA, we performed
the BrdU ChIP procedure with nonsilenced cells followed by im-
munoblotting of the precipitated proteins for the presence of rep-
lication factors and lamins. The replication factor PCNA served as
a positive control for replicating DNA and was enriched in the
BrdU ChIP preparation, whereas the heterochromatin protein
HP1, a marker for heterochromatin, was not detected (Fig. 2B).
LA and LC were strongly enriched in the BrdU ChIP preparation,
but LB1 or LB2 was not. Since LB1 was not enriched with newly
replicated chromatin, this suggests that the role of LB1 in replica-
tion is not direct.

The association of LA/C but not LB1 with newly replicated
chromatin was supported by ChIP analyses of chromatin from Sc
and shLB1 cells with specific antibodies to LA/C and LB1 (Fig.
2C). We reexamined the nine replication origin-containing chro-
matin regions analyzed by BrdU ChIP (Fig. 2A) to determine if
they were associated with lamins. Of the nine origins analyzed by
qPCR following ChIP with antilamin antibodies, five interacted
with LA/C. In contrast, only two, ZFP42 and MMP15, showed
measurable binding to LB1, and this binding was significantly
less robust than interactions of the same regions with LA/C
(Fig. 2C). The silencing of LB1 expression had no significant
effect on most of the LA/C-chromatin interactions, with the
exception of MMP15, which showed a significant reduction in
LA/C interaction in shLB1 cells. Notably, of the two LB1-inter-
acting regions, MMP15 appeared to be more strongly affected
by LB1 silencing than ZFP42 did. These results suggest that
most origins of replication are not directly associated with LB1,
but those that are may have different strengths of interaction
with this lamin.

Downregulation of LB1 affects the elongation phase of DNA
synthesis and leads to replication fork stalling. From the previ-
ous experiments, we could not determine if the reduction of LB1
affected the initiation of replication or the elongation phase. In
order to evaluate the effect of LB1 reduction on the extension of
replication forks, we employed DNA fiber analysis (24). Con-
sistent with our immunofluorescence, ELISA, and ChIP results
showing reduced BrdU incorporation into shLB1 cells (Fig. 1E
and F and 2A), DNA fiber analysis after 40 min of BrdU labeling
showed that shLB1 cells incorporated BrdU into much shorter
fibers than Sc cells did (Fig. 3A). Increasing the labeling with BrdU
to 2 h led to the formation of longer BrdU-containing DNA fibers
in both Sc and shLB1 cells; however, the latter were still signifi-
cantly shorter than the DNA fibers seen after 40 min in control
cells. The average length of DNA fibers from shLB1 cells was 2 to
2.4 times shorter than that of fibers extracted from Sc cells after
either 40 min or 2 h of labeling with BrdU (Fig. 3B). The shorter
fibers in shLB1 cells suggested that the stability of the replication
fork might be affected by the decreased LB1 levels. We tested the
relative stability of replication forks in Sc and shLB1 cells by label-
ing replicating DNA with CldU and then adding HU to deplete the
nucleotide pool. After the HU was washed out, the ability of rep-
lication forks to restart was tested by labeling with IdU (Fig. 3C).
In Sc cells, we detected long DNA fibers labeled with both CldU
and IdU, indicating that replication forks were able to restart after

HU removal. The majority of the DNA fibers prepared from
shLB1 cells were 3 to 3.6 times shorter than those prepared from Sc
cells and were labeled mainly with CldU with very little incorpo-
ration of IdU (Fig. 3C). The majority (75 to 80%) of the replica-
tion forks were unable to restart upon the removal of HU from
LB1-reduced cells (Fig. 3C). This result suggests that replication
forks are unstable in cells with decreased LB1 levels and the failure
of shLB1 cells to progress efficiently through S phase is due to
problems in maintaining the replication fork, leading to replica-
tion fork stalling and collapse.

To test the effect of 50% reduced LB1 levels on the activation
and recruitment of replication factors to restart stalled replication
forks, we first examined the effects of LB1 silencing on the expres-
sion of two known replication and repair factors, PCNA and
RPA32. RPA is recruited to stalled replication forks and is neces-
sary to recruit additional repair factors to restart replication (34–
37). The total cellular levels of PCNA and RPA32 were not affected
by the reduction in LB1; however, the phosphorylation of RPA32
(pRPA32) was decreased (Fig. 3D). In order to determine if the
association of these factors with replicating DNA was altered, we
carried out BrdU ChIP with Sc and shLB1 cells labeled with BrdU
for 2 h to allow sufficient incorporation of BrdU into shLB1 cells
since our previous experiments had shown that shLB1 cells have
decreased rates of replication. When the proteins bound to equal
amounts of BrdU-labeled DNA were compared, the interactions
of both PCNA and RPA32 with BrdU-labeled DNA were reduced,
consistent with the reduced amount of replication in shLB1 cells
and the instability of the replication forks. Notably, the amounts
of PCNA and RPA32 present in the soluble material used for im-
munoprecipitation were not changed by LB1 reduction (Fig. 3E).
However, the reduction in phosphorylation of pRPA32 suggests
that signaling due to DNA damage at the replication forks is defi-
cient. Taken together, our results suggest that decreased LB1 ex-
pression affected the elongation phase of replication, probably by
decreasing the stability of the replication fork.

Increased DNA damage and chromosome instability in cells
with reduced LB1 levels. The stalling and collapse of replication
forks can lead to an increase in the formation of DSBs if they are
not repaired in a timely manner (38–41). DSBs are associated with
remodeling of chromatin near the damage sites and the formation
of distinct foci containing the DNA damage-signaling proteins
phosphorylated histone H2AX (�H2AX) and 53BP1 (42–44) (Fig.
4A). Consistent with the formation of stalled or collapsed replica-
tion forks, a significantly greater number of shLB1 cells exhibited
larger and more numerous �H2AX- and 53BP1-positive foci than
did Sc cells (Fig. 4A to C). These results support the idea that
reduced LB1 expression leads to an increase in DSBs because of the
stalling and collapse of replication forks.

Changes in the expression of DDR factors and cell cycle reg-
ulators in shLB1 cells. The persistence of DNA damage foci sug-
gested that the ability of shLB1 cells to repair DSBs due to col-
lapsed replication forks may also have been impaired. Deficiencies
in repair could be due to the dysregulation of genes encoding
factors responsible for the recognition, signaling, and repair of
DSBs. Previously, we showed that transient silencing of LB1 ex-
pression by �80% caused a significant decrease in the transcrip-
tion of genes encoding proteins that regulate the activation of
nucleotide excision repair (NER) in response to UVC (20). In light
of this finding, we analyzed the expression of 161 genes involved in
cell cycle, apoptosis, DDR, and various DNA repair pathways by
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PCR arrays and qRT-PCR of RNA isolated from Sc and shLB1 cells
(Fig. 5; see Table S1 in the supplemental material). The mRNA
levels of 97 genes were altered by more than 2-fold in shLB1 cells
compared to those in Sc cells; 55 genes were upregulated, and 42

genes were downregulated. We examined the levels of several rep-
lication and repair factor proteins that were up- or downregu-
lated, including 53BP1, �H2AX, ATR, DNA-PKcs, Ku80, BRCA1,
RAD51, MRE11, RAD50, and NBS1, in order to determine if their

FIG 3 Analysis of the elongation phase and replication fork stability. (A, B) Analysis of replication in Sc and shLB1 cells by single-label DNA fiber analysis.
Incorporated BrdU was detected in extracted DNA fibers with specific anti-BrdU antibodies following 40 min or 2 h of labeling. Fiber length was measured with
250 fibers analyzed for each cell type (n � 7; 40 min, P � 0.0004; 2 h, P � 0.002). Representative images are shown. (C) Analysis of replication fork stability. Sc
and shLB1 cells were incubated with CldU for 40 min; this was followed by the addition of HU and 4 h of incubation to deplete the nucleotide pool and cause
replication fork stalling. HU was then removed, and the cells were labeled with CldU for 40 min. DNA fiber extraction and double staining were done as described
in Materials and Methods. CldU (red) incorporation represents DNA replication before replication fork stalling was induced. IdU (green) represents recovery of
stalled replication forks after HU removal. In each experiment, 300 fibers were analyzed for each cell type and the length of the separated track was measured.
U-2-OS shLB1-1 (n � 5), P � 2.74 � 10�3; shLB-2 (n � 3), P � 2.53 � 10�3; HCT116 shLB-1 (n � 3), P � 2.15 � 10�3. Representative images are shown.
Asterisks indicate statistically significant differences. (D) Immunoblot analyses of proteins associated with replication in total Sc and shLB1 cell lysates. GAPDH
served as a loading control. (E) Analysis of proteins associated with replicating chromatin in U-2-OS cells. Sc and shLB1 cells were incubated with BrdU for 40
min or 2 h. Soluble chromatin fractions were prepared from nuclei as described in Materials and Methods for BrdU ChIP. Proteins were analyzed by immuno-
blotting following BrdU ChIP.
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levels were also altered in shLB1 cells. The level of SUMO1 mod-
ification of proteins was also determined, as this posttranslation
modification regulates the activity of several DNA repair factors.
As expected from the immunofluorescence results demonstrating
increases in the size of �H2AX and 53BP1 foci in shLB1 cells (Fig.
4A), the expression and posttranslational modification of 53BP1
and �H2AX also increased following downregulation of LB1 ex-
pression (Fig. 6A). Of all the other proteins examined, only
BRCA1 showed a large level increase, while ATR, RAD50, and
MRE11 showed modest increases in shLB1 cells. In addition,
phosphorylation of ATR also increased. In contrast, the expres-
sion of DNA-PKcs, NBS1, and RAD51 was dramatically reduced
in shLB1 cells, although the expression of a major cofactor of
DNA-PKcs, Ku80, was not affected. Additionally, we used an in-
direct method to assess SUMO1 modifications by the detection of
SUMOylated RanGAP1, a major SUMO-modified protein. The
levels of SUMOylated RanGAP1 and other high-molecular-
weight SUMOylated proteins were reduced in shLB1 cells, sug-
gesting that the SUMO1 modification of DDR factors may also be
compromised in shLB1 cells. The reduction of LB1 levels also
appeared to activate p53, as evidenced by the increased p53, Chk1,
and pChk1 levels. Since many of the factors that we examined are
involved in multiple repair pathways, we next determined which

of the major DSB repair pathways are compromised in shLB1
cells.

DSBs in mammalian cells are repaired by HR or NHEJ, de-
pending in part on the position in the cell cycle. To test for possible
defects in the HR and NHEJ pathways, we employed a plasmid-
based assay that simultaneously measures the efficiency of both
HR and NHEJ by reconstitution of a split EGFP gene (25). In
shLB1 cells, the activities of both pathways were significantly di-
minished (Fig. 6B), consistent with the decreased expression of
damage repair factors involved in HR, such as pRPA32 (Fig. 3D),
RAD51, and NBS1, and those involved in NHEJ, such as DNA-
PKcs and NBS1 (Fig. 6A).

The decreased ability of shLB1 cells to repair DNA damage was
further assessed by treating Sc and shLB1 cells with CMPT to
induce stalling and collapse of replication forks or with BLM to
create DSBs (45–48). The failure to repair DSBs in tumor cells
results in activation of the intrinsic apoptotic pathway, so we mea-
sured the number of apoptotic cells 24 h after drug addition. Sc
and shLB1 cells showed similar rates of apoptosis after treatment
with staurosporine (ST), which induces apoptosis without DNA
damage, indicating that the reduced LB1 levels did not affect the
apoptosis execution mechanism (Fig. 6C). shLB1 cells had a sig-
nificantly higher percentage of apoptotic cells (�75%) than Sc
cells did (
50%) when treated with BLM, which induces DSBs
independently of replication. This confirms the previous assays
suggesting that shLB1 cells are deficient in DSB repair. CMPT
treatment had a similar effect, with 
80% apoptotic shLB1 cells
compared to 
20 to 30% apoptosis in Sc cells (Fig. 6C). In addi-
tion, shLB1 cells exhibited significantly less clonogenic potential
than Sc cells following treatment with either CMPT or BLM (Fig.
6D). The increased sensitivity of shLB1 cells to CMPT suggests
that replication forks are less stable and prone to collapse in cells
with decreased LB1 levels.

The deficiencies in DSB repair in shLB1 cells were further sup-
ported by the localization of the repair factors pRPA32 and the
MRN complex (a DNA repair complex formed from MRE11,
Rad50, and NBS1) (49) detected by anti-MRE11 antibody (Fig.
6E). In Sc cells, CMPT induced the formation of numerous large
MRE-11 and pRPA32 foci within 4 h (Fig. 6E). Although the ex-
pression of MRE11 was slightly increased in shLB1 cells (Fig. 6A),
the formation of discrete and large MRE-11 foci did not occur
following CMPT treatment. A small number of pRPA32 foci were
found in Sc cells without CMPT treatment, but they were essen-
tially undetectable in shLB1 cells, consistent with the decreased
levels of the modified protein observed by immunoblotting (Fig.
3D). After treatment with CMPT, shLB1 cells formed only a few
small foci containing pRPA32, similar in number and size to those
seen in untreated Sc cells. The insufficient levels of repair factors in
shLB1 cells could explain the observed replication fork stalling
and delayed response to the resulting DNA damage.

Defects in the repair of DSBs and the accumulation of damaged
DNA lead to chromosome instability (41, 50, 51), resulting in
impaired chromosomal segregation during mitosis (52). We de-
tected a significant increase in aneuploidy, the appearance of lag-
ging chromosomes, and the formation of micronuclei in shLB1
compared to those in Sc cells when the cells were continuously
passaged for 9 PDs (Fig. 7A and B), supporting the idea that DSB
repair is defective in shLB1 cells. Together, these results support
the idea that shLB1 cells are deficient in the repair of DSBs

FIG 4 Reduction of LB1 levels leads to accumulation of DNA damage and
activation of a persistent DNA damage response. (A) Sc and shLB1 cells were
fixed at PD3 and stained with antibodies specific to LB1 (red) and �H2AX
(green) or 53BP1 (red) and LB1 (green). Images of single representative nuclei
are shown. (B) DNA damage assayed by localization of 53BP1 or �H2AX in the
nuclei of Sc and shLB1 cells at PD3. More than 700 nuclei were examined for
each protein. (n � 4; 53BP1, P � 0.0018; �H2AX, P � 0.0075). (C) Average
sizes of �H2AX and 53BP1 foci in nuclei of Sc and shLB1 cells at PD3. The
diameters of the foci were measured with ImageJ software. More than 400
nuclei were examined for each protein, and at least 20 foci/nucleus were mea-
sured (n � 4; �H2AX, P � 0.0102; �H2AX, P � 0.0013). Error bars represent
standard deviations. Asterisks indicate statistically significant differences.
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because of both replication fork collapse and other sources of
DNA damage.

LB1 associates with specific genes. In human fibroblasts, ap-
proximately one-third of the genome is thought to be organized
into large sharply demarcated regions called lamina-associated
domains (LADs), which are generally gene poor and transcrip-
tionally repressed (53). Since LADs are associated with LB1, we
considered the possibility that reduced levels of LB1 could alter
LAD organization and therefore gene activity. Using previously
published data on gene distribution among the LADs in normal

human fibroblasts (54), we attempted to determine if genes that
exhibited modified expression in shLB1 cells, including BRCA,
PRKDC, and MRE11, might be located in LADs while genes with
decreased gene expression, such as RAD51 and NBN, might be
excluded from LADs (see Table S2 in the supplemental material).
However, we were unable to find any correlation between changes
in gene activity after LB1 silencing in U-2-OS cells and the associ-
ation of those genes with LADs as defined in normal fibroblasts.
Instead, we used specific antibodies to LB1 for ChIP-qPCR anal-
yses of promoter regions of DNA repair-associated genes in chro-

FIG 5 (A) Color-coded map showing genes differentially regulated in Sc and shLB1 cells. The fold change is absolute with P values of 	0.05. (B) Gene ontology
analysis of differentially regulated genes in Sc and shLB1 cells showing functional clusters of genes. The functional clusters were obtained with DAVID. Significant
clusters (P 	 0.05; FDR, 	0.05) were plotted with KRONA (78). The number of genes in each cluster is shown. (C) Significant pathways (P 	 0.05; FDR, 	0.05)
were plotted as a pie chart for differentially regulated genes by DAVID and KEGG (79) pathway analysis. The number of genes in each pathway is shown.
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matin isolated from shLB1 and Sc cells (Fig. 8). Previously identi-
fied LAD-positive and -negative regions of the human genome
served as positive and negative controls (53). We detected strong
interactions between LB1 and the promoters of BRCA1, RAD51,
NBN, MRE11, PRKDC, and SUMO1 but significantly weaker in-

teractions between LB1 and the BRCA2 and RAD50 gene promot-
ers. We used detection of DDB1 as an additional positive control,
since it is enriched in LADs (see Table S2) and its expression is
significantly downregulated by either transient or stable silencing
of LB1 (20) (see Table S1). Surprisingly, we found that the loss of

FIG 6 Immunoblotting of DNA damage response- and repair-associated proteins. (A) Sc and shLB1 cells were harvested at PD3 after selection, and total cell
lysates were analyzed. GAPDH served as a loading control. (B) Analysis of EGFP expression facilitated by activation of HR or NHEJ as described in Materials and
Methods. U-2-OS (n � 6): HR, P � 0.0025; NHEJ, P � 0.0097. HCT116 (n � 3): HR, P � 0.0045; NHEJ, P � 0.01. (C) Detection of apoptosis in Sc and shLB1
cells after treatment with 0.25 �M ST, 5 �g/ml BLM, or 20 �M CMPT. Sc and shLB1 cells were harvested at 24 h after treatment, stained for annexin V/PI, and
examined by FACS. U-2-OS shLB1-1 (n � 5): BLM, P � 0.036; CMPT, P � 0.0023. shLB1-2 (n � 3): BLM, P � 0.013; CMPT, P � 0.0076. HCT116 (n � 3): BLM,
P � 0.018; CMPT, P � 0.0045. Error bars represent standard deviations. Asterisks indicate statistically significant differences. (D) Clonogenicity assay of Sc and
shLB1 cells treated with 2.5 �g/ml BLM or 10 �M CMPT for 48 h. Colonies were counted on day 10. U-2-OS shLB1-1 (n � 6): BLM, P � 0.004; CMPT, P �
0.0013. shLB1-2 (n � 3): BLM, P � 0.008; CMPT, P � 0.005. HCT116 (n � 3): BLM, P � 0.0024; CMPT, P � 0.0089. (E) Formation of DNA repair foci in Sc
and shLB1 cells. Cells were treated with 20 �M CMPT for 4 h, fixed, and stained with antibodies to LB1 (green) and MRE11 (red) or pRPA32 (red). Images of
single representative nuclei are shown. ct in panel C and Ct in panel D, control.
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interaction between LB1 and gene promoters in shLB1 cells was
gene specific and not general across the entire group of genes.
Specifically, only the promoters of the BRCA1, RAD51, and DDB1
genes showed a loss of LB1 interaction following LB1 silencing.
There did not appear to be a direct correlation between mRNA
levels and the association of LB1 with specific gene promoters after
silencing, since the BRCA1 mRNA levels were increased and the
RAD51 and DDB1 mRNA levels were decreased (Table 1). No

genes showed a gain of LB1 interaction, and most showed no
change. Taken together, these data suggest that gene expression
regulation by LB1 is complex and may function through several
mechanisms.

DISCUSSION

In this study, we show that the shRNA-mediated stable reduction
of nuclear lamin B1 to approximately one-half of its normal level

FIG 7 Reduced LB1 levels cause increased chromosome instability. (A) Aneuploidy in Sc and shLB1 cells was analyzed by FACS of PI-stained cells. U-2-OS (n �
5), P 	 0.021; HCT116 (n � 3), P � 0.017. The formation of micronuclei was determined by direct counting of cells stained with antilamin or anti-�H2AX
antibodies and Hoechst staining of DNA. U-2-OS (n � 4; number of nuclei examined, �600), P 	 0.0101; HCT116 (n � 3; number of nuclei examined, �500),
P 	 0.022. The appearance of lagging chromosomes was analyzed with the same antibody and DNA stain combination. U-2-OS (n � 5); number of nuclei
examined, �800), P 	 0.003; HCT116 (n � 3; number of nuclei examined, �600), P 	 0.0042. Error bars represent standard deviations. Asterisks mark
statistically significant differences. (B) Representative images of nuclei showing micronuclei and lagging chromosomes.

FIG 8 Analyses of LB1 interactions with specific gene promoters by lamin ChIP-qPCR. LB1-associated chromatin from a soluble nuclear chromatin fraction
isolated from Sc and shLB1 cells was immunoprecipitated with specific antibodies to LB1. Input and precipitated DNA samples were analyzed by qPCR. The
experiment was repeated five times with five technical repeats of qPCR analysis. BRCA1, P � 0.006; RAD51, P � 0.0011; DDB1, P � 0.0003. Error bars represent
standard deviations. Asterisks indicate statistically significant differences.
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in human tumor cell lines leads to decreased cell proliferation and
deficiencies in DNA synthesis, resulting in the accumulation of
cells in early S phase. The S phase delay appears to be due to
replication fork stalling and collapse that cannot be repaired be-
cause of defective DNA damage detection and repair mechanisms.
Cells with decreased LB1 levels have increased sensitivity to DSB-
inducing agents such as BLM and CMPT, most likely because of
the decreased expression of some key protein required for medi-
ation of the activation of the DNA damage response and the for-
mation of DSB repair complexes. The inability of the cells to
mount a timely DNA damage response and repair leads to chro-
mosome instability, resulting in increased aneuploidy and the for-
mation of micronuclei.

Previously, we demonstrated that altering the lamin organiza-
tion of nuclei assembled in Xenopus egg extracts did not affect the
initiation phase of DNA replication but rather interfered with
elongation (23, 33, 55). The results presented here confirm a role
for B-type lamins in the elongation phase of DNA replication in
cells since human tumor cell lines with decreased levels of LB1
accumulate in early S phase with evidence that the elongation of
initiated replication forks is impaired. Recently, the depletion of
LB1 was shown to cause a prolonged S phase (56) with an increase
in cells in mid/late S phase (57). Our previous study on the tran-
sient silencing of LB1 expression in tumor cells found early G1

phase arrest when LB1 was reduced by �80% (20). Clearly, these
studies suggest an important role for LB1 in the regulation of the
cell cycle. The regulation of the elongation phase of DNA synthesis
by LB1 does not appear to involve the direct interaction of LB1
with the site of replication since the association of LB1 with newly
synthesized chromatin is not significant. Therefore, we propose
that LB1 regulates replication indirectly, possibly by affecting the
recruitment of replication factors such as PCNA and RPA to the
sites of replication initiation. This could be accomplished by LB1
interaction with replication factors away from replication sites or
by regulation of the association of replication factors with other

proteins. Other studies have also implicated LA/C in the regula-
tion of DNA synthesis. Recently, LA and LC were shown to play a
significant role in the restart of replication forks following repli-
cative stress and the recruitment of DNA repair complexes, but a
direct interaction between LA/C and newly replicating chromatin
was not demonstrated (5). We found that LA/C interacted directly
with newly replicated DNA at multiple origins of replication, in
contrast to LB1, which interacted only weakly with a minority of
origins. These interactions between LA/C and replicating chroma-
tin were not affected by the level of LB1. However, we cannot
exclude the possibility that the decreased expression of LB1 affects
the interaction between LA/C and replication factors such as
PCNA (58), thereby limiting the loading of the factors onto the
replication forks.

The stalling of replication forks leads to fork collapse and the
generation of DSBs. Under normal conditions, stalled replication
forks and the resulting DSBs are rescued by HR during S phase,
preventing DNA damage accumulation and chromosome insta-
bility (59). In the absence of HR, NHEJ is the main mechanism of
DSB repair, operating throughout the cell cycle. Both pathways
are significantly impaired in cells with decreased LB1 levels, lead-
ing to an accumulation of unrepaired DNA damage and persistent
DNA damage signaling. Several repair factors are deregulated in
cells with lower LB1 levels, suggesting that LB1 regulates the ac-
tivity of some key components common to HR and NHEJ. The
decrease in HR efficiency can be explained by the inefficient re-
cruitment and phosphorylation of RPA32 on active replication
forks (60) and the diminished expression of RAD51, a core pro-
tein of HR that is required for homology recognition and media-
tion of DNA strand invasion during repair (61). We also found a
significant depletion of DNA-PKcs, a key regulator of NHEJ re-
sponsible for the phosphorylation and activation of multiple re-
pair proteins (62). During replicative stress, several kinases, in-
cluding ATR and DNA-PKcs, phosphorylate and activate RPA32
for its recruitment to single-stranded DNA (63). Although the
expression of RPA32 was not altered in shLB1 cells, activation of
the protein by phosphorylation was dramatically decreased, pos-
sibly because of the depletion of DNA-PKcs. This inability to ac-
tivate RPA could inhibit replication fork progression, leading to
fork collapse and the accumulation of DSBs.

The initial processing of DSBs in both the HR and NHEJ path-
ways is mediated primarily by the MRN complex formed from the
MRE11, RAD50, and NBS1 proteins (62). The reduction of LB1
levels results in the induction of both RAD50 and MRE11, prob-
ably because of the increase in DSBs. However, there is also a large
decrease in NBS1, suggesting that the MRN complex cannot as-
semble properly in cells with decreased LB1 levels. NBS1 is a core
protein of the MRN complex facilitating the activation of ATM
and ATR, which, in turn, activate RPA32 and other factors re-
quired for the repair of stalled replication forks and DSBs. NBS1 is
also involved in regulation of the enzymatic activity of MRE11 in
DNA end processing (49, 64). Depletion of NBS1 in shLB1 cells
might be the main cause of the inability to assemble the MRN
complex at DSBs created at collapsed replication forks or by the
treatment of these LB1-depleted cells with DSB-inducing drugs.
Mutations in the nibrin gene (NBN), which encodes NBS1, cause
Nijmegen breakage syndrome (NBS) in humans, which is charac-
terized by chromosomal instability, increased radiation sensitiv-
ity, immunodeficiency, and a strong predisposition to lymphoid
malignancy (65). The reduced capacity of LB1-silenced cells to

TABLE 1 Relative expression of genes associated with DDRa

Gene Product
Fold
change P value

BRCA1 Breast cancer 1 2.6 0.006b

RAD51 RAD51 recombinase 0.09 0.001b

RPA2 Replication protein A 1.1 0.08
H2AX H2A histone family member X 2.0 0.023b

PCNA Proliferating cell nuclear antigen 0.77 0.056
ATR Ataxia telangiectasia and Rad3 related 2.1 0.002b

DDB1 Damage-specific DNA binding
protein 1

0.2 0.0021b

MRE11A MRE11 meiotic recombination 11
homolog

3.4 0.042b

RAD50 DNA repair protein RAD50 2.2 0.009b

NBN NBS1 0.4 0.0101b

PRKDC DNA-PKcs 5.0 0.007b

TP53BP1 Tumor protein P53 binding protein 1 3.075 0.003b

SUMO1 Small ubiquitin-like modifier 1 0.6 0.048b

SUMO2 Small ubiquitin-like modifier 2 0.5 0.032b

SUMO3 Small ubiquitin-like modifier 3 0.3 0.012b

a Expression analyses of genes associated with detection and repair of DNA damage in
LB1-silenced and control cells. mRNA from Sc and shLB1 U-2-OS cells at PD3 was
analyzed by qRT-PCR with the gene for GAPDH as a reference. A change in the
expression of a specific gene was considered significant if it was �1.7-fold or 	0.6-fold.
b Statistically significantly different.
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form MRN complexes because of the reduction of NBS1 expres-
sion is likely to affect both HR and NHEJ, leading to the accumu-
lation of DNA damage and chromosome instability (26). Taken
together, these results suggest that the level of LB1 is important for
maintenance of the level of key factors involved in DNA replica-
tion and DSB repair.

LB1 could act at multiple levels to regulate the expression of
factors required for replication and the repair of stalled replication
forks and DSBs. Since LB1 has been implicated as a regulator of
chromatin structure and gene regulation (1), we determined the
mRNA levels of genes involved in the DNA damage response and
repair as a measure of their transcription. Of the 158 genes exam-
ined, the expression levels of 85 were significantly changed. ChIP
analyses demonstrated that LB1 interacts directly with a number
of genes associated with DNA damage signaling and repair, in-
cluding RAD51, NBN, BRCA1 MRE11, PRKDC, and SUMO1.
However, reducing the level of LB1 affects LB1-gene interactions
and the expression of specific DNA repair genes differently. For
example, LB1 interacts with the promoters of RAD51, NBN,
BRCA1, and PRKDC. However, the decreased expression of LB1
leads to significantly weaker binding to the RAD51 promoter but
not the other three promoters. It should also be noted that the
activation of p53 observed with LB1 reduction could lead to de-
creased RAD51 expression (66). We also showed strong interac-
tion between LB1 and the promoter of DDB1, which encodes a
protein required for global genome NER, which is almost com-
pletely depleted after LB1 silencing by 
80% (20). For some
genes, such as RAD51 and NBN, both the mRNA and protein
levels were significantly decreased. In contrast, both the BRCA1
mRNA and protein levels were strongly induced when LB1 levels
were reduced, whereas there was a significant increase in DNA-
PKcs mRNA levels but an almost complete loss of protein expres-
sion. Thus, our findings suggest that LB1 regulates the expression
of genes at multiple levels, as a transcription regulator via direct
interaction with gene promoters, as well as a possible regulator of
mRNA processing, transport, and stability. Recently, the silencing
of LB1 in tumor cells was shown to result in extensive changes in
alternative splicing of multiple genes, thereby affecting their ex-
pression (56). LB1 may also directly or indirectly regulate the
translation or stability of specific proteins, since the DNA-PKcs
protein levels were reduced even as the level of PRKDC mRNA
was increased after LB1 reduction. A recent study proposed that
LA/C interactions with specific gene promoters could affect gene
expression and local chromatin modifications (67). Therefore, it
is possible that LB1 also acts through a similar mechanism and it is
attractive to speculate that the different lamin isoforms may each
influence distinct patterns of gene expression by interactions with
subsets of promoters. Although LB1 interacts with specific gene
promoters, we cannot exclude the possibility that the gene expres-
sion changes seen in cells with reduced LB1 levels are due to indi-
rect effects of the increased DNA damage due to collapsed repli-
cation forks and persistent chromatin modifications affecting
DNA replication and repair and the transcription of various genes.

In human fibroblasts, approximately one-third of the genome
is organized into large sharply demarcated regions called LADs
that are mainly transcriptionally inactive (53). In addition, nor-
mal senescence is associated with the decreased expression of LB1
(18, 19) and it has been recently proposed that this decreased LB1
expression is involved in senescence-associated global and local
chromatin changes that impact gene expression (54, 68). In sup-

port of this, several studies have shown that the perinuclear posi-
tioning of genes and the silencing of chromatin at the nuclear
periphery involve complexes of lamins or lamina-associated pro-
teins with transcription repressor proteins and histone deacety-
lases (69, 70). In addition, the silencing of LB1 expression in tu-
mor cells has been linked to a decrease in RNA Pol II activity (57,
71). In light of these findings, we attempted to correlate published
LAD data (54) with the expression changes due to reduced LB1
levels. However, we were unable to find any statistically significant
correlations that could explain the observed increases or decreases
in gene expression.

Other evidence of defects in DDR due to lamin dysfunction
comes from studies of Hutchinson-Gilford progeria syndrome
(HGPS) patient cells, which express a truncated and permanently
farnesylated form of LA termed progerin (72), and of cells from
mice lacking the Zmpste24 protease required for the carboxyl-
terminal processing of LA (73, 74). Accumulation of progerin
leads to a constitutively activated DNA damage response, as indi-
cated by the constant formation of 53BP1 foci and increased phos-
phorylation of both CHK1 and H2AX (6, 8, 75). The expression of
progerin in HGPS or the accumulation of farnesylated pre-LA in
Zmpste24�/� mouse embryo fibroblasts has also been reported to
lead to compromised HR and deficient recruitment of repair fac-
tors to DNA damage sites following ionizing radiation (5, 6, 8,
75–77). Taken together, these findings and our present studies
suggest that the A- and B-type lamins have important roles in the
regulation of DNA repair processes. At this stage, we cannot con-
clude if these are separate mechanisms mediated by each type of
lamin or if the perturbation of one lamin network is communi-
cated to the other network through their structural interactions
either in the lamina or in the nucleoplasm (71). Our findings
suggest that LB1 plays a key role in the regulation of many nuclear
processes, including DNA replication, DDR, and possibly V(D)J
recombination, not as a direct scaffolding factor but as a direct
regulator of a subset of genes involved in these processes. How-
ever, additional experiments are required to determine if LB1 acts
directly by regulating specific gene transcription or indirectly by
defining and regulating larger chromatin domains.
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