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Lamin B1 fluctuations have differential effects
on cellular proliferation and senescence
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he nuclear lamina consists of A- and B-type lamins.

Mutations in LMNA cause many human diseases,

including progeria, a premature aging syndrome,
whereas IMNB1 duplication causes adult-onset autosomal
dominant leukodystrophy (ADLD). LMNBT is reduced
in cells from progeria patients, but the significance
of this reduction is unclear. In this paper, we show
that LMNB1 protein levels decline in senescent human
dermal fibroblasts and keratinocytes, mediated by re-
duced transcription and inhibition of LMNBT messen-
ger ribonucleic acid (RNA) translation by miRNA-23a.

Introduction

The nuclear lamina underlies the inner nuclear membrane
and consists of a meshwork of intermediate filament pro-
teins: the A- and B-type lamins. B-type lamins (lamins B1
and B2) are ubiquitously expressed in all cell types, whereas
expression of LMNA/C (lamin A/C) is largely restricted to
somatic cells (Stewart and Burke, 1987; Rober et al., 1989).
Lamins provide a scaffold for a variety of nuclear proteins
and maintain the architectural integrity of interphase nuclei.
Mutations in the LMNA gene are associated with over a
dozen diseases, collectively called laminopathies (Burke and
Stewart, 2006). Laminopathies affect skeletal homeostasis,
muscle, heart, and vascular tissues and cause the accelerated
aging syndromes Hutchinson-Gilford progeria syndrome
(HGPS) and atypical Werner syndrome (Chen et al., 2003;
De Sandre-Giovannoli et al., 2003; Csoka et al., 2004; Eriksson
et al., 2003).
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This reduction is also observed in chronologically aged
human skin tissue. To determine whether altered LMNB1
levels cause senescence, we either increased or reduced
LMNB1. Both LMNB1 depletion and overexpression in-
hibited proliferation, but only LMNB1 overexpression in-
duced senescence, which was prevented by telomerase
expression or inactivation of p53. This phenotype was
exacerbated by a simultaneous reduction of LMNA/C.
Our results demonstrate that altering LMNB1 levels in-
hibits proliferation and are relevant to understanding the
molecular pathology of ADLD.

B-type lamins have been implicated in regulating DNA
replication (Moir et al., 1994), RNA synthesis (Tang et al.,
2008), induction of the oxidative stress response (Malhas et al.,
2009), mitotic spindle assembly (Tsai et al., 2006), and the spa-
tial distribution of chromosomes (Guelen et al., 2008). To date,
no loss-of-function or dominant-acting missense mutations of
B-type lamins have been identified. A possible explanation for
this is that loss of B-type lamins, as in mice, results in perinatal
death, with defects in the lungs, skeleton, neuronal migration,
and central nervous system (CNS; Vergnes et al., 2004; Burke
and Stewart, 2006; Worman et al., 2010; Coffinier et al., 2011;
Kim et al., 2011). In contrast, duplication of the LMNBI locus,
resulting in increased LMNB1 (lamin B1) expression, is asso-
ciated with adult-onset autosomal dominant leukodystrophy
(ADLD), a disease affecting myelination of the CNS with
severe neurological defects (Padiath and Fu, 2010). LMNBI is
also increased in lymphoblasts and fibroblasts from ataxia tel-
angiectasia (AT) patients, another disease associated with neu-
rological defects (Barascu et al., 2012). However, mechanistic
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insights into how LMNBI1 overexpression damages cells or
why the brain and CNS are particularly susceptible to fluctua-
tions of LMNBI remain elusive.

Several recent studies have highlighted the importance
of LMNBI in regulating proliferation and senescence of cul-
tured human cells (Shimi et al., 2011; Barascu et al., 2012;
Freund et al., 2012). LMNBI1 is reduced in HGPS cells and
declines in normal fibroblasts as they enter replicative senes-
cence (Scaffidi and Misteli, 2005; Taimen et al., 2009; Shimi
et al., 2011; Zhang et al., 2011; Freund et al., 2012). Shimi
et al. (2011) reported that LMNBI reduction triggered senes-
cence, whereas its overexpression delayed senescence. In con-
trast, Barascu et al. (2012) showed that LMNB 1 overexpression
causes senescence. Here, we clarify and extend these findings
and provide mechanistic insight into how LMNB1 overexpres-
sion results in senescence.

We show that LMNB1 and LAP2 (lamina-associated
polypeptide 2 or LEMD4) both decline in senescent primary
human dermal fibroblasts and keratinocytes in vitro. We dem-
onstrate that a reduction of LMNB1 and LAP2 also occurs
during chronological aging of human skin keratinocytes in vivo.
These results indicate that the nuclear lamina changes pro-
foundly as cells enter replicative senescence, both in vitro
and in vivo.

To investigate whether LMNBI1 reduction is a cause or a
consequence of senescence, LMNB1 was experimentally in-
creased or decreased in primary human fibroblasts. We find that
LMNBI1 reduction impairs proliferation but, under normal cul-
ture conditions, does not result in senescence. In contrast, LMNB1
overexpression impairs proliferation and culminates in cellular
senescence, with these effects being rescued by telomerase or
inactivation of p53. Lastly, we show that cells with low levels
of LMNA/C are significantly more sensitive to LMNBI1 over-
expression: these cells exhibit impaired proliferation, increased
DNA damage at the telomeres, and senesce prematurely. These
results may provide an explanation as to why ADLD manifests
itself mainly in the brain, where LMNA/C levels are reduced
(Jung et al., 2012).

Collectively, we show that a reduction in LMNB1 can
serve as a marker for cellular aging in human skin and that stoi-
chiometric changes in LMNB1 have significant, yet diverse,
effects on cellular proliferation. These results provide mecha-
nistic insights into how LMNB1 duplication may affect cellular
function in ADLD and other diseases characterized by altered
amounts of LMNBI, such as AT.

Results

Reduced LIMINIB1 is a characteristic

of HGPS fibroblasts, normal fibroblasts
undergoing replicative senescence,

and fibroblasts with telomere-specific

DNA damage

Progeric patient-derived fibroblasts exhibit a decrease in LMNBI1
expression (Scaffidi and Misteli, 2005; Liu et al., 2011; Zhang
et al., 2011). In particular, a patient-derived cell line carrying
an N-terminal E145K mutation in the LMNA gene exhibited
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severe nuclear abnormalities (Fig. S1, a and b) and reduced
levels of LMNA and LMNBI1 (Fig. S1 c; Taimen et al., 2009).

Progeric cell lines, including the LMNA E145K, have
shortened telomeres and undergo premature replicative senes-
cence compared with age-matched controls (unpublished data;
Bridger and Kill, 2004; Decker et al., 2009). To test whether the
reduction of LMNB1 was a consequence of replicative senes-
cence, we passaged primary human dermal fibroblasts until they
entered senescence after ~55-60 population doublings (PDs).
As shown by quantitative Western blotting, LMNB1 decreased
with passage to ~10% of their original level as the cells entered
senescence (Fig. S1, d and e, left). In contrast, LMNB1 did not
decrease during continuous culture of fibroblasts immortalized
by human telomerase reverse transcription (TERT; hTERT;
Fig. S1, d and e, right). Replicative senescence was assessed by
expression of senescence-associated (3-galactosidase (SA-3-gal)
activity (Dimri et al., 1995) and persistent DNA damage foci
(d’Adda di Fagagna et al., 2003). At the start, ~10% of primary,
and ~3% of hTERT-immortalized cells stained positive for
SA-B-gal activity. After 55 PDs, ~85-90% of primary and ~3%
of hTERT-immortalized cells stained positive for SA-(3-gal
(Fig. S1 f). Immunofluorescence staining for the DNA dam-
age factor 53BP1 showed increased numbers of DNA damage
foci in senescent cells compared with early passage primary or
hTERT-immortalized cells (Fig. S1, g and h).

We also elicited senescence in fibroblasts by inducing
telomere-specific DNA damage using a dominant-negative
allele of TRF2, TRF2ABAM. TRF2 is a component of the shel-
terin complex that protects telomeres (de Lange, 2005). Removal
of endogenous TRF2 from the telomeres (by expression of
TRF2ABAM) triggers a DNA damage response, resulting in
senescence (Karlseder et al., 1999). As expected, expression of
TRF2ABAM impaired proliferation and was accompanied by
areduction in LMNBI1 (Fig. S1 i). Together, these results dem-
onstrate that LMNBI loss is a characteristic of senescent cells.

Next, we investigated whether other components of the
nuclear lamina were reduced during senescence. The LAP2 ex-
ists as six alternatively spliced isoforms, four of which (LAP2-
B, -¥, -9, and -¢) interact with LMNB 1 and localize to the inner
nuclear membrane (Dorner et al., 2006). LAP2-a has been im-
plicated in regulating cell proliferation in murine and human
cells (Pekovic et al., 2007; Naetar et al., 2008). By Western
blot analysis and immunofluorescence staining, using an anti-
body recognizing all LAP2 isoforms (Fig. S2, a and b), we ob-
served that most isoforms were reduced in senescent fibroblasts
(Fig. S2 a). We confirmed these results using an antibody spe-
cific to the LAP2-a isoform (Fig. S2 a). To investigate whether
the reduction of LMNB1 and LAP2-a was specific to senescent
cells, we arrested normal dermal fibroblasts by serum starvation
or by growing them to confluence. In agreement with pre-
vious results (Pekovic et al., 2007; Naetar et al., 2008), LAP2-a
decreased in response to serum starvation—induced cell cycle
exit (Fig. S2 c¢), whereas LMNB1 did not (Fig. S2 ¢). Similarly,
cells driven into quiescence by growth to complete confluence
(as verified by Ki-67 staining) expressed lower levels of LAP2-«
(Fig. S2 d). In conclusion, although LMNBI levels decrease
specifically in senescent cells, LAP2-a declines in cells exiting
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Loss of LMNB1 in senescent human keratinocytes. (a and b) Immunofluorescence staining of primary keratinocytes (N 50; a) and hTERT-positive

keratinocytes (N/TERT-1; b) with LMNA/C (LA/C), LMNB1 (LB1), and LAP2 antibodies. Merged images are shown for N/TERT-1 cells only. (right) Phase
contrast (PH) images are shown for N 50. Arrowheads show large flattened cells. Bars, 10 pm. (c) SA-B-gal staining of hTERT-positive (N/TERT-1) and
primary (N 50) keratinocytes at PD 28 and 21, respectively. Same fields shown in phase contrast (top) and bright field (bottom). The percentages of
SA-B-gal-positive cells are indicated. Bars, 20 pm. (d) LMNB1, LMNA/C, and LAP2-« levels during a 28 PD time course of primary N 50 cells (left) and
one independently passaged N/TERT-1 line (right) by Western blotting. Quantified signal intensities of LMNB1, LMNA/C, and LAP2-a and normalized to
GAPDH control are plotted below (n = 3). The results are presented as the means + SD of three independent experiments.

the cell cycle, regardless of whether growth arrest was induced
by confluence, serum starvation, or replicative senescence. Fur-
thermore, these results reveal that the nuclear lamina is signifi-
cantly altered during cellular senescence.

The reduction in LMNBI1 in senescent fibroblasts led us to
investigate whether LMNBI1 reduction is a marker for senes-
cence in keratinocytes, the major cell type found in skin. We
cultured two primary keratinocyte lines (N 49 and N 50) until
they reached replicative senescence (after ~28 PDs) and com-
pared them with hTERT-immortalized keratinocytes (N/TERT-1;
Dickson et al., 2000). Initially, primary keratinocytes were
nearly indistinguishable from their N/TERT-1 counterparts:
they grew as distinct clusters and stained strongly for LMNA/C,
LMNBI, and LAP2 (Fig. 1, a and b). During subsequent culture
of N 49 and N 50, large cells with a flattened morphology ap-
peared, whereas N/TERT-1 cells retained a normal morphology.

The number of flattened cells increased with successive PDs
(Fig. 1 a). The flattened cells showed decreased staining for
LMNBI1 and LAP2 (Fig. 1 a, arrowheads), and after 21 PDs,
~85-90% of cells stained positive for SA-B-gal activity
(Fig. 1 c). The reduction in LMNB1 and LAP2-a was con-
firmed by quantitative Western blotting: after 28 PDs, LMNB1
and LAP2-a decreased to ~30 and 40%, respective to their
original levels (Fig. 1 d). No change in LMNB1 was observed
in two independently maintained N/TERT-1 cell lines (Fig. 1 d).
These observations parallel our results from senescent dermal
fibroblasts and demonstrate that a reduction in LMNB1 and
LAP2-a marks keratinocyte senescence in vitro.

Because senescent human fibroblasts and keratinocytes show a
reduction of LMNBI1, we investigated whether these findings
are relevant to normal human skin aging in vivo. We analyzed
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Figure 2. Loss of LMNB1 and LAP2 during g young
normal skin aging and terminal keratinocyte
differentiation in vivo. (a and b) Immunohisto- (1 year old)

b old
(>60 years old)

chemistry of paraffin sections of normal human
skin from young (1 yr; a) versus old (>60 yr; b)
individuals. Antibodies are LMNB1 (LB1), LAP2,
LAP2, LMNA/C (LA/C), Ki-67, keratin-10,
and negative control (—ctrl). Different skin lay-
ers are indicated: stratum corneum (sc), basal

layer (bl), and dermis (d).

LMNBI, LAP2, LAP2-a, Ki-67, LMNA/C, and keratin-10
expression in skin sections from three different normal donors
(aged 60 and above) and one donor (aged 1). Immunohisto-
chemical staining revealed robust levels of LMNBI1, LAP2,
LAP2-a, and LMNA/C in the majority of young epidermal
keratinocytes (Fig. 2 a). In contrast, in skin from old donors,
LMNBI1, LAP2, and LAP2-a were reduced and mostly con-
fined to keratinocytes residing in the basal layer of the epi-
dermis (Fig. 2 b), whereas LMNA/C or keratin-10 staining
was not affected by donor age. Furthermore, the number of

JCB ¢ VOLUME 200 » NUMBER 5 » 2013

Ki-67—positive cells in the basal layer was dramatically re-
duced in aged skin. Keratinocytes migrate from the basal layer
to the stratum corneum, where they terminally differentiate,
arrest in G1, and ultimately lose their nuclei to become corneo-
cytes. LMNB1 and LAP2 decreased during these terminal
stages of differentiation, even in young skin (Fig. 2 a, stratum
corneum). Collectively, our results show that a reduction in
LMNBI1 and LAP2 marks senescence of primary human fibro-
blasts and keratinocytes in vitro as well as during normal aging
of human skin in vivo.
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Senescence-associated LIMINB1 decline
is regulated at the mRNA level and
by miR-23a
The correlation of LMNBI1 reduction with senescence in vitro
and in vivo prompted us to investigate how LMNBI is regu-
lated. First, we measured LMNBI and LMNA/C mRNA levels
by quantitative RT-PCR (qRT-PCR) in normal versus senes-
cent fibroblasts. As shown in Fig. S3 a, in contrast to LMNA/C,
which remains stable, LMNBI transcripts decrease ~20-fold in
senescent cells, revealing that reduced LMNBI mRNA corre-
lates with the decline in LMNB1 protein.

miRNAs regulate protein expression by binding to mRNAs
and targeting them for degradation or by inhibiting translation
(Huntzinger and Izaurralde, 2011). A previous study showed
that miR-23a regulates Lmnb1 during postnatal CNS develop-
ment in mice (Lin and Fu, 2009). The mouse Lmnbl 3'UTR
contains three miR-23a binding sites that are conserved be-
tween murine and human LMNB]1 genes. We investigated wheth-
er miR-23a may regulate LMNB1 in human cells and found
that miR-23 increases ~2.5-fold in senescent cells (Fig. S3 b).
We then fused the wild-type LMNBI 3'UTR, or a LMNBI
3'UTR containing point mutations in the putative miR-23a bind-
ing sites (LMNBI 3'UTR mutant; Fig. S3 ¢), to a luciferase re-
porter and cotransfected the reporter construct with miR-23a
and a nonspecific control, miR-882, into HeLa cells. Trans-
fection of miR-23a decreased luciferase activity (Fig. S3 d),
whereas transfection of miR-822 had no effect. Luciferase levels
were restored after the introduction of point mutations into the
miR-23a binding sites, demonstrating that miR-23a specifically
targets the LMNBI 3'UTR. Next, we determined whether ex-
pression of miR-23a in fibroblasts reduced LMNBI mRNA and/
or protein. As shown in Fig. S3 e, LMNBI mRNA levels were
not significantly reduced by miR-23a or miR-822 transfection
(Fig. S3 e). However, LMNBI protein decreased ~30% by
miR-23a, suggesting that miR-23a blocks translation (Fig. S3 f).
These results suggest that miR-23a is involved in the regula-
tion of LMNB1 in human cells and may contribute to the de-
crease in LMNBI protein during cellular senescence.

LMNB1 decline is a hallmark and a
consequence of senescence but does not
cause senescence
The senescence-associated loss of LMNBI1 raises the important
question whether LMNB1 reduction is a cause or a consequence
of senescence. It was previously reported that inhibition of
LMNBI1 in WI-38 cells resulted in senescence that was rescued
by inhibition of p53 or by culturing cells under hypoxic condi-
tions (Harborth et al., 2001; Shimi et al., 2011). Furthermore,
overexpression of LMNB1 in WI-38 cells increased their prolif-
eration and delayed the onset of senescence (Shimi et al., 2011).
In contrast, a recent study indicated that LMNB1 overexpres-
sion induced senescence in fibroblasts (Barascu et al., 2012).
Given these contradictory findings, we investigated the con-
sequences of LMNBI1 depletion and overexpression in human
fibroblasts. To deplete LMNBI1, we expressed two different
shRNAs using constitutive or doxycyclin-inducible lentiviral vec-
tors (pGIPZ and pTRIPZ, respectively). To overexpress LMNBI,

we used constitutive (pBABE based) and doxycyclin-inducible
(pTRIPZ based) expression vectors. All experiments were
performed in two primary fibroblast lines and their hTERT-
immortalized counterparts as well as in WI-38.

Quantitative Western blotting and immunostaining re-
vealed a ~90% reduction in LMNBI after expression of LMNBI
shRNAs compared with cells expressing a scrambled control
shRNA (Fig. 3, a and b). LMNB1-depleted cells exhibited in-
creased nuclear blebbing compared with controls (28.6 + 6.8%
vs. 38.9 + 9.53%, respectively; Fig. 3 ¢). We then determined
the consequences of LMNBI1 reduction on cell proliferation.
Both hTERT-positive and hTERT-negative fibroblasts express-
ing the LMNBI shRNA exhibited impaired proliferation (Fig. 3 d,
top [growth curve] and bottom [growth rate]). Cells express-
ing the scrambled shRNA or two control cell lines treated with
doxycyclin grew normally. In contrast, a reduction in LMNB2
(lamin B2), using two different shRNAs (B2a and B2b), did not
result in any significant growth retardation (Fig. S4, a and b).
We conclude that experimentally lowering LMNBI1, but not
LMNB2, has a specific inhibitory effect on cell proliferation.

To investigate whether the reduced proliferation of LMNB1-
deficient cells was caused by cells entering premature senescence,
we performed the following experiments: First, a hallmark of
senescence is the activation of the tumor suppressor p53.
pS3 inactivation, by expression of a dominant-negative allele
(p53DD) that disrupts p53 tetramerization, prevents replicative
senescence (Shaulian et al., 1992; Hahn et al., 2002). To inves-
tigate whether p53 inactivation rescues the proliferation defect
of LMNB 1-depleted cells, we reduced LMNBI1 (using a doxy-
cyclin-inducible shRNA) in cells expressing pS3DD (Fig. 3 e).
Consistently, p53DD did not rescue the proliferation defects
induced by LMNBI1 depletion, demonstrating that LMNB1-
dependent growth retardation is independent of p53 (Fig. 3 f).
Second, we investigated whether growth under hypoxic con-
ditions would restore proliferation of LMNBI1-depleted cells
(Shimi et al., 2011). We performed proliferation assays on two
different hTERT-negative and hTERT-positive fibroblast lines
and WI-38, (Fig. 3 g) under normoxic (21% O,) and two hypoxic
conditions (1.5 and 3.5% O,). Growth under hypoxic conditions
did not rescue the LMNBI depletion—dependent proliferation
defect in any of the cell lines tested (Fig. 3, h and 1). Third,
we stained fibroblasts expressing either LMNBI or a scrambled
control shRNA for SA-$3-gal activity. We did not detect any in-
crease in SA-B-gal—positive cell numbers upon LMNB1 deple-
tion (a total of 790 TERT-negative cells and 989 TERT-positive
cells were counted). The discrepancy between these and previ-
ously reported results (Shimi et al., 2011) led us to investigate
whether different experimental procedures may have affected
the outcome of our experiment. A previous study used retroviral
transduction and 3 pg/ml puromycin (puro) selection to derive
cells stably expressing LMNBI shRNA (Shimi et al., 2011).
In contrast, we used lentiviral vectors expressing the LMNB1
shRNA either constitutively or under the control of a doxy-
cyclin-inducible promoter. As judged by FACS analysis, our
lentiviral transduction efficiency was high (~90%; Fig. S5 a).
Consequently, we did not clonally expand cells expressing
the vector but started with a stably infected cell population.

Lamin B1 in cell proliferation and senescence ¢« Dreesen et al.

809

920z Aenigad 20 uo3senb Aq 4pd'1.21.90Z1.0Z a01/99G56.51/509/5/002/4Pd-8ome/qol/Bi0 ssaidny//:dpy woly pepeojumoq


http://www.jcb.org/cgi/content/full/jcb.201206121/DC1
http://www.jcb.org/cgi/content/full/jcb.201206121/DC1
http://www.jcb.org/cgi/content/full/jcb.201206121/DC1

610

a shRNA: ctrl: LMNB1 d

A B
hTERT:  + . 4+ ;g 154 —NDF+TERT shLB1 no DOX
S NDF+TERT shLB1 + DOX 7
LB1 [ i oot S T x| —NDF shLB1 no DOX '
LA [ 75 2101~ NDF shLB1 + DOX
LC | " v S s \— \— @
GAPDH | e e e e w— — 37 &
A n=3
0

b shRNA: c 0 24 48 72 96 120 144 168 192

ctrl: time (h)
: pox. - + -+
= TERT. - -  + +
3 - 0.08] _
< © T0.06]
© 3
Ee] —
&0 < £0.041 £¥
_ B[O 3 "§ o
o 3S» o =
< oc, 5, © 0.0
o X o
shRNA: ctrl LMNB1 0- . .
e shRNA LB1 f 15 |—NDF p53DD shLB1 no DOX
WT p53DD —NDF p53DD shLB1 + DOX 7
DOX: - + - + 9 growth rate p53DD J
kD 3%
_75 'E'IO 7
[5)
5 ]
P53 | W . G S 50
GAPDH | s G S Sl 37 0

0 24 48 7'% 9'6h12'o14416'81é2 216

ime (h)
h TERT+ fibroblasts i WI-38

shRNA 21% O 1.5% O2 21% Op 1.5% O2
ctrl LB1 kD —1.2 -1.2
=75 o £1.0 1) 210

LB1 -_—— g §08 FEx g EOS EZT T3

: 9 N o N

LA [ s | 75 © 0.6 5 0.6
LC | s @ £04 g £04
_ S0.2 S0.2
actin -—_37 0 0

shRNA: ctrl LB1 ctrl LB1 shRNA: citrl LB1 ctrl LB1

Figure 3. shRNA-mediated depletion of LMNB1 impairs proliferation but does not cause cellular senescence. (a) Western blot depicting LMNB1, LMNA/C,
and GAPDH levels in clones expressing a scrambled control (ctrl) or LMNBT shRNA (clones A, B, C, and D). (b) Immunofluorescence staining of control
and LMNB1 (LB1)-depleted cells using an antibody against LMNB1 (green). DAPI staining is in blue. Bars, 50 pm. (c) Nuclear abnormalities in LMNB1-
deficient fibroblasts. Bar, 10 pm. Quantification of nuclear abnormalities is shown below. The results are presented as the means = SD of three indepen-
dent experiments. (d) LMNB1-deficient fibroblasts exhibit growth retardation. (top) Growth curve of primary and hTERT-positive normal dermal fibroblasts
(NDFs) stably infected with doxycyclin ([DOX)-inducible LMNB1 shRNA construct. Doxycyclin induced (LMNB1 deficient: light blue and red) and noninduced
(dark blue and dark red) are shown. Dotted lines indicate SEM (n = 3). (bottom) 6-d mean growth rate of doxycyclin induced (+) versus noninduced ().
Error bars represent + SEM. **, P < 0.01. (e) Expression of dominant-negative p53 (p53DD) does not rescue LMNB1 loss—induced growth retardation.
Doxycyclin-inducible down-regulation of LMNB1 in cells expressing vector control (first and second lanes) or a dominant-negative allele of p53 (p53DD;
third and fourth lanes). (f) Growth curve of p53DD-expressing fibroblasts + doxycyclin-inducible LMNBT shRNA (dotted lines indicate SEM [n = 3]). Inset
shows 8-d mean growth rate for noninduced (—) and induced (+). Error bars indicate + SEM. **, P < 0.01. (g) LMNB1 loss—induced proliferation defect
is not rescued by growth under low oxygen (hypoxia 1.5% O,) conditions. Western blot of cells constitutively expressing a scrambled control shRNA or an
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The LMNBI1 levels in the infected cells were then reduced ei-
ther constitutively or after doxycyclin addition. To investigate
whether the reported LMNBI1 loss—induced senescence may
be a result of stress during clonal selection in conjunction with
LMNBI deficiency, we seeded control and LMNB1-depleted
cells at different densities: sparse (10,000 cells/9.6-cm® well)
versus subconfluent (40,000 cells/9.6-cm?* well). We observed
increased SA-B-gal-positive cell numbers in sparsely plated
LMNB-depleted cells compared with controls (Fig. S5, b and c).
Strikingly, the same cells grown at subconfluent density did not
exhibit increased SA-B-gal staining. These results suggest that
although a reduction of LMNBI results in decreased cell prolif-
eration, this reduction does not trigger premature senescence in
either primary or TERT-positive fibroblasts, unless they are sub-
jected to additional stress, such as low density growth or high
drug selection. Next, we performed FACS analysis of LMNB1-
depleted versus control cells and consistently observed a slight
increase in the percentage of cells in G2/M (Fig. S5 d). We also
observed additional peaks to the right of the G2/M peak, sug-
gesting chromosomal instability in these cells. However, these
events were rare, and we failed to detect them by analysis of
metaphase spreads.

Increased LMNB1 induces cellular
senescence in human fibroblasts

ADLD is a disease that manifests itself by widespread myelin
loss in the CNS (Padiath et al., 2006). It is caused by duplication
of the LMNBI locus, resulting in increased LMNB1 protein
expression. We used both retroviral- and doxycyclin-inducible
lentiviral vectors to increase LMNBI1 levels by two to threefold,
thereby mimicking the increase of LMNB1 in ADLD (Fig. 4 a
and Fig. 5 a; Padiath et al., 2006). We then investigated the
consequences of increased LMNBI1 on the growth of hTERT-
negative and hTERT-positive cells. Increased LMNBI1 led to
impaired proliferation of primary fibroblasts, which was res-
cued by expression of hTERT (but not catalytically inactive
hTERT; Fig. 4 b). Consistent with Barascu et al. (2012), the
LMNBI1 overexpression—induced proliferation defect led to in-
creased numbers of SA-B-gal-positive cells (26.6% in control
vs. 42.8% in LMNB1-expressing cells; Fig. 4 c¢). The majority
of senescence-inducing signals, such as persistent DNA dam-
age, activate the p53 pathway (Campisi and d’Adda di Fagagna,
2007). To investigate whether increased LMNB 1-induced se-
nescence could be bypassed by blocking p53, we introduced the
p53DD dominant-negative allele (described in the previous
paragraph) or a vector only control (pBABE-hygromycin [hygro])
into cells overexpressing LMNB1. We verified expression of
each construct by Western analysis (Fig. 4 d) and determined
their proliferation rate. Although we obtained hTERT-deficient
clones overexpressing LMNB1 and the control vector pPBABE-
hygro, these cells proliferated very poorly (Fig. 4 e, dark blue

line). As expected, the same cell line with normal LMNBI1 lev-
els grew significantly better (Fig. 4 e, red line). In contrast, cells
expressing p5S3DD, regardless of whether they overexpressed
LMNBI1 or not, bypassed senescence and grew at roughly iden-
tical rates (Fig. 4 e, compare light blue with light red line).
These results demonstrate that LMNB1 overexpression—induced
senescence is rescued by inhibiting p53 or by expressing hTERT,
suggesting that LMNB1 overexpression may lead to telomere-
specific DNA damage.

Reduced levels of LMINA/C

exacerbate LMINB1

overexpression-induced phenotypes

ADLD affects mainly the CNS. Likewise, Lmnbl and b2
double-null mouse embryos display developmental defects,
especially in the CNS (Coffinier et al., 2011; Kim et al., 2011).
Why is the brain more susceptible to fluctuation of B-type
lamins than other tissues? One difference is that neurons ex-
press lower levels of LMNA/C than, for instance, tissues of
mesenchymal origin (Zhang et al., 2011). To test whether a
reduction in LMNA/C renders cells more susceptible to al-
terations in LMNB1, we increased LMNBI1 in cells with re-
duced LMNA/C. Quantitative Western blotting revealed that
LMNA/C was reduced by 40-50% (Fig. 5 a), yet these cells
proliferated normally. We then increased LMNBI1 in these
and control fibroblasts. Quantitative Western analysis showed
that LMNBI1 levels had doubled in control cells (Fig. 5 a,
third lane). However, we failed to detect equally high levels
of LMNBI in cells with reduced LMNA/C, despite the fact
that these cells were resistant to neomycin (neo). As shown
in Fig. 5 b, increased expression of LMNBI in cells with
reduced LMNA/C (shLMNA/C:LMNB1) resulted in a mark-
edly reduced rate of proliferation. This growth defect was
more severe than the effect of LMNBI1 overexpression in
control cells. sShLMNA/C:LMNBI1 cells exhibited a flattened
morphology (Fig. 5 c, bottom) and increased staining for
SA-B-gal (Fig. 5 d). Furthermore, FACS analysis revealed
that ShLMNA/C:LMNBI1 cells had a significantly reduced
S-phase index and an increased GO/G1 peak, hallmarks of
cells entering replicative senescence (Fig. 5 e). These re-
sults demonstrate that sShLMNA/C:LMNB1 cells senesced.
In Fig. 1 and Fig. S1, we showed that senescent cells had re-
duced LMNBI; the fact that we failed to detect high levels
of LMNB1 in shLMNA/C:LMNBI cells by Western analysis
suggests that they down-regulated LMNB1 as a consequence
of senescence (Fig. 5 a, fourth lane). SALMNA/C:LMNB1
cells also showed increased DNA damage compared with con-
trols as measured by the numbers of 53BP-1 foci (Fig. 5 f). To
investigate whether these DNA damage foci colocalize with
telomeres, we costained the cells with TRF1 and 53BP-1 and
scored for telomere dysfunction—induced DNA damage foci

shRNA against IMNBT. LA, LMNA; LC, LMNC. (h) Proliferation assay of hTERT-positive dermal fibroblasts cells expressing scrambled control (sc) or shRNA
against LMNBT under normal (21% O,) and hypoxic (1.5% O,) conditions. (i) Proliferation assay of WI-38 cells expressing control or IMNBT shRNA.
Assays were performed in friplicates, and means + SD from three independent experiments are shown. ***, P < 0.001. Cell numbers of scrambled controls

were normalized to 1. a.u., arbitrary unit; WT, wild type.
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Figure 4. Overexpression of LMNB1 causes senescence, which is reversible by telomerase or p53 inactivation. (a) Doxycyclin-inducible overexpression
of v5tagged LMNB1 (LB1). (top) Western blot showing LMNB1 levels upon doxycyclin induction (+) in hTERT-negative and hTERT-positive normal dermal
fibroblasts. Samples were run in parallel on two gels and probed with the following antibodies: LMNB1, LMNA/C (LA and LC), and v5 tag. GAPDH load-
ing control is shown for both gels. (bottom) Quantification of LMNB1 in noninduced versus induced cells (normalized to GAPDH/hTERT negative or hTERT
positive/no doxycycline [Dox]; n = 5). The means + SD of five independent experiments are shown. (b, top) Growth curve of hTERT-negative (red and light
red) and hTERT-positive (blue and light blue) cells expressing LMNB1 or a vector control. Dotted lines indicate SEM (n = 6). (bottom) Mean growth rate of
cells £ LMNB1. Error bars indicate + SEM. **, P < 0.01. (c) Quantification of SA-B-gal-positive cells in LMNB 1-overexpressing cells versus vector control
(n = 3). Data are presented as means = SD from three independent experiments. (d) Expression of LMNB1 or vector control, dominantnegative p53 (p53DD),
or pBABE-hygro control in hTERT-negative and hTERT-positive fibroblasts. Antibodies are p53, LMNB1, and GAPDH. (e) Growth curve of hTERT-deficient
fibroblasts overexpressing LMNB1 (or pBABE-neo) in the presence of dominant-negative p53DD or pBABE-hygro control (ctrl). Dotted lines indicate SEM
(n = 3). a.u., arbitrary unit; NDF, normal dermal fibroblast.

(TIFs). TIFs were previously identified in cells expressing harboring one, two, or more than three TIFs was significantly
TRF2ABAM, which removes endogenous TRF2 from the telo- increased in ShLMNA/C:LMNBI1 cells versus controls (Fig. 5 h).
meres and triggers a DNA damage response (Takai et al., Conversely, the proportion of cells with no TIFs was reduced in

2003). TIFs were clearly identifiable in our positive control shLMNA/C:LMNBI cells. Because of the nature of telomeric
cells that expressed TRF2ABAM (Fig. 5 g). Similarly, we ob- chromatin, telomere-associated DNA damage foci persist and
served many TIFs in sShLMNA/C:LMNBI cells compared with cannot be resolved by conventional DNA repair mechanisms

controls. Telomere-associated DNA damage foci often en- under normal circumstances. Collectively, these results re-
compassed several telomeres (visualized by TRF1 staining), veal that a reduction in LMNA/C enhances the consequences
forming telomere aggregates (Fig. 5 g, bottom two rows). of increased LMNB1 expression, causing telomere dysfunc-
Quantification of TIFs revealed that the proportion of cells tion and impaired cell proliferation.
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Figure 5. Reduced levels of LMNA/C exacerbate the effects of LMMB1 overexpression. (a, top) Western blot showing LMNB1 (LB1) and LMNA/C (LA/C)
levels in cells expressing pBABE-neo control or pBABE-neoLMNB1 in cells previously transduced with control (ctrl) or LMNA/C shRNA. Antibodies are LMNB1,
LMNA/C, and actin. (bottom) Quantification of LMNB1 and LMNA/C levels normalized to actin (n = 3). Data are from three independent experiments.
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Discussion

Mutations in LMNA result in diseases affecting skeletal ho-
meostasis, muscle, heart, vascular tissue, and premature aging,
whereas duplication of the LMNBI locus results in ADLD (Chen
et al., 2003; De Sandre-Giovannoli et al., 2003; Eriksson
et al., 2003; Csoka et al., 2004; Padiath and Fu, 2010). In-
creased levels of LMNBI1 have also been observed in patients
with AT (Barascu et al., 2012). Interestingly, both ADLD and
AT affect myelination of the CNS, resulting in severe neuro-
logical defects.

Recent studies showed that LMNB1 loss is associated
with senescence in fibroblasts (Shimi et al., 2011; Freund et al.,
2012). Furthermore, alterations in LMINBI1 levels affect cell
proliferation and entry into replicative senescence (Shimi et al.,
2011; Barascu et al., 2012). These findings raise the question
whether the decline in LMNBI1 during senescence occurs in
other cell types or during aging in vivo.

Here, we show that both LMNB1 and LAP2 decrease dur-
ing senescence of the two principal cell types of human skin:
primary dermal fibroblasts and keratinocytes. These results are
relevant in vivo, as LMNBI1 decreases in keratinocytes during
normal aging of human skin. Consequently, LMNBI1 reduction
may serve as a prognostic marker for skin aging and possibly
other skin pathologies. These results also suggest that the nu-
clear lamina undergoes profound changes as cells enter replica-
tive senescence.

Is loss of LMNBI1 a cause or a consequence of cellular
senescence? A recent study suggested that shRNA-mediated
down-regulation of LMNBI1 triggers senescence, in a manner
that is reversible by p53 inactivation or growth under hypoxic
conditions (Shimi et al., 2011). Here, we show that LMNBI1 de-
pletion, using constitutive or doxycyclin-inducible shRNA con-
structs, resulted in reduced proliferation in dermal fibroblasts
(and their h\TERT-immortalized counterparts) as well as in WI-38.
This growth defect was not rescued by hTERT, p53 inactivation,
or by growth under hypoxic conditions. In addition, we could
not detect a significant increase in the number of senescent
cells in LMNB1-depleted populations. However, we did ob-
serve an increase in SA-B-gal-positive cells when LMNB1-
depleted cells were grown under sparse conditions. Based on
these results, we conclude that LMNB1 depletion does not di-
rectly cause senescence unless it is accompanied by additional
stress, such as sparse growth. Thus, LMNB1 loss is a hallmark
and consequence but not a cause of senescence.

The importance of maintaining appropriate levels of
LMNBI is highlighted by the fact that in humans, an increase

in LMNBI1 expression, caused by duplication of the LMNBI
locus, is associated with ADLD (Padiath et al., 2006; Brussino
et al., 2010). ADLD is characterized by widespread myelin loss in
the CNS, reminiscent of chronic progressive multiple sclerosis.
An increase in LMNBI1 has also been observed in fibroblasts
and lymphocytes from patients with AT, an autosomal-recessive
disorder caused by mutations in the DNA damage response fac-
tor ATM (Barascu et al., 2012). Both ADLD and AT lead to de-
myelination of the CNS and acute neurological defects.

How do increased levels of LMNBI lead to these detri-
mental cellular consequences, and why, as in ADLD, are these
effects confined to the brain? We demonstrate that elevated
LMNBI1 levels lead to impaired proliferation and increased se-
nescence in human fibroblasts. These phenotypes are rescued
by expression of hTERT or by inactivation of the p53 tumor
suppressor pathway. However, the phenotypic consequences
of overexpressing physiologically relevant levels of LMNB1
in fibroblasts were subtle. This may not be unexpected, as ADLD
patients do not show any overt skin problems. In contrast, neu-
rological defects appear to be a consistent effect in humans and
mice that have either increased or decreased LMNBI1 levels, re-
spectively (Padiath et al., 2006; Brussino et al., 2010; Coffinier
et al.,, 2010, 2011).

Why is the CNS more susceptible to LMNBI1 fluctua-
tions? Is it possible that the low levels of LMNA/C in CNS
cells (Zhang et al., 2011; Jung et al., 2012) renders them more
susceptible to LMNBI1 fluctuations? If so, would fibroblasts
with reduced LMNA/C become more vulnerable to the effects
of LMNBI overexpression? Our results clearly demonstrate
that this is indeed the case. Increased LMNBI in cells with re-
duced LMNA/C resulted in a significantly greater proliferative
defect than fibroblasts with normal levels of LMNA/C. This
proliferation defect was accompanied by increased SA-3-gal
staining, reduced S-phase index, an increase in the percent-
age of cells in the GO/G1 stage of the cell cycle, and greater
DNA damage. In particular, sSALMNA/C:LMNBI fibroblasts
exhibited increased telomeric DNA damage, suggesting that
telomere dysfunction may be responsible for the proliferation
defects and premature senescence observed in these cells. In
conclusion, low levels of LMNA/C exacerbate the effects of
increased LMNB1 in fibroblasts.

Our results may explain why LMNBI alterations seem to
mainly affect neuronal lineages and how low levels of LMNA/
C may contribute to the pathology of ADLD. Additionally,
other differences in the composition of the nuclear lamina or the
cellular physiology of neurons versus fibroblasts may account
for the tissue-specific nature of ADLD.

(b) Proliferation assay of cells expressing pBABE-neo or pBABE-neo-LMNB1 in cells expressing control shRNA (first two bars) or in cells expressing shRNA
against LMNA/C (last two bars). *, P < 0.05; **, P < 0.01; n = 4. (c) SA-B-gal staining of control versus LMNB1 in shtMNA/C cells (PH, phase contrast;
BF, bright field). Bars, 50 pm. (d) Quantification of SA-B-gal-positive cells in cells described in b. (n = 4). (e) Cell cycle analysis of control versus LMNB1
in shi(MNA/C cells. Percentages of cells in different cell cycle stages are indicated (n = 4). (f) Quantification of DNA damage foci by 53BP1 staining in
control versus LMNB1 in shtMNA/C cells. At least 400 cells were counted for each condition. (g) Confocal immunofluorescence microscopy showing
telomere dysfunction-induced DNA damage foci (TIFs). Cells were stained with 53BP-1 (red) and TRF1 (green). Shown are cells expressing TRF2ABAM
(positive control) or vector control (scrambled shRNA + pBABE-neo) and cells with reduced levels of LMNA/C overexpressing LMNB1 (bottom two rows).
Merged images also show DAPI staining. Bar, 20 pm. White boxes highlight TIFs. Thick framed white boxes are enlarged on the right. Bar, 2.5 pm.
(h) Quantification of TIFs from control versus shLMNA/C:LMNBT1 cells. Percentages of cells showing zero, one, two or more than three TIFs are shown. 100 cells

were counted for each condition. Error bars represent + SD.
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Impaired proliferation, increased senescence, and telomere-
associated DNA damage that is rescued by hTERT have also
been shown in cells expressing progerin, the truncated form of
LMNA, which causes the premature aging syndrome HGPS
(Kudlow et al., 2008; Benson et al., 2010). It remains unclear
how increased LMNBI1 expression or progerin independently
results in growth arrest and cellular senescence. However, these
observations raise important questions as to how perturbations
to the nuclear lamina can interfere with human telomeres. This
missing link may be crucial to understanding how mutations or
stoichiometric changes in the levels of different lamins lead to
such a wide variety of diseases and in turn may offer new routes
to therapeutic intervention.

Materials and methods

Fibroblast and keratinocyte cell culture

All human material was obtained with informed donor consent and local
ethical committee approval. Primary dermal fibroblasts were a gift from
B. Reversade (Institute of Medical Biology, Singapore). Cells were grown
under standard conditions (37°C; 5% CO,) in MEM (Invitrogen) supple-
mented with 50 U/ml penicillin and streptomycin (Invitrogen), 15% FCS
(Invitrogen), 0.2 mM nonessential amino acids (Invitrogen), and 2 mM glu-
tamine (Invitrogen). An original aliquot of the original LMNA E145K cell
line was a gift from M. Eriksson (Karolinska Institute, Stockholm, Sweden).
Primary keratinocyte cells were isolated from fresh skin samples using dis-
pase and trypsin treatments to initiate a pure culture. Primary and N/TERT-1
keratinocyte cells were cultured in keratinocyte serumfree medium (Gibco)
containing 25 pg/ml bovine pituitary extract, 0.1 mg/ml penicillin/
streptomycin, 0.2 ng/ml epidermal growth factor, and 0.3 mM CaCl; as
previously described (Dickson et al., 2000; Invitrogen) or Dermalife Basal
Medium + provided supplements (Lifeline Cell Technology). Sites of skin
biopsies included scalp, eyelid, and skin above the upper lip.

Retro- and lentiviral constructs

pBABE-neo-hTERT, pBABE-puro-hTERT (Counter et al., 1998), pBABE-hygro,
and pBABE-hygro-p53DD (Shaulian et al., 1992) were obtained from
B. Weinberg (Massachusetts Institute of Technology, Cambridge, MA) via
Addgene. pLPC-TRF2ABAM (puro) was obtained from T. de Lange (Rock-
efeller University, New York, NY) via Addgene. LMNB1 was amplified
from a human cDNA and cloned into pBABE-neo. Retroviruses were gener-
ated using standard procedures. Two different shRNAs against LMNB]
were obtained from Thermo Fisher Scientific. Target sequences for LMNB1
silencing were LMNB1A, 5'-GGCGAAGATGTGAAGGTTATA-3'; and
LMNB1B, 5-GGAGACACATCAGTCAGTTAT-3". The target sequence for
LMNA/C knockdown was 5'-TGCGCTTTTTGGTGACGCT-3'. Lentiviruses
were generated according to the manufacturer’s protocol (Thermo Fisher
Scientific). v5-LMNB1 was cloned into pTRIPZ (Thermo Fisher Scientific) by
replacing the whole shRNA cassette with the fulllength cDNA of human
LMNB1. Stable cell lines were generated by selecting virally transduced
cells for 7-12 d with their respective antibiotics: 1 pg/ml puro (Sigmao-
Aldrich), 0.05 mg/ml hygro (Sigma-Aldrich), and 0.1 mg/ml G418 (Life
Technologies). pTRIPZ-based constructs (containing LMNBT shRNAs or v5-
tagged LMNB1) were induced with 1 pg/ml doxycyclin for 5 d before
performing assays.

Immunofluorescence and image acquisition

Fibroblasts were grown on chambered coverglass slides (Lab-Tek; Thermo
Fisher Scientific) for 2-3 d, fixed for 10 min in 4% paraformaldehyde,
washed in PBS, permeabilized using PBS + 0.3% Triton X-100, and
blocked in PBS + 5% FBS + 1% BSA. Cells were incubated with primary
antibodies in blocking solution overnight at 4°C, washed in PBS, probed
with secondary antibodies for 30-45 min at RT, and DAPI stained in PBS
for 5 min. Images were acquired on an inverted microscope (Axiovert
200M; Carl Zeiss) using 10x, NA 0.3 Plan-Neofluar (Carl Zeiss), 40x,
NA 0.60 Ph2 Corr long distance Plan-Neofluar, or 63x, NA 1.4 oil dif-
ferential interference contrast Plan-Apochromat (Carl Zeiss) objectives
and a camera [AxioCam MRm; Carl Zeiss). Images were processed and
exported using AxioVision LE software 4.5 SP (2006; Carl Zeiss). Im-
ages were cropped, and figures were assembled using Photoshop (CS4;

Adobe) and lllustrator (CS3; Adobe). Nuclear abnormalities (by Jol2
staining) and DNA damage (by 53BP and y-H2AX staining) were quan-
tified by scoring 350-500 cells for each cell line and condition. Confocal
imaging was performed on an upright confocal microscope (FV-1000;
Olympus) using a 100x oil objective. TIFs were identified by colocaliza-
tion of TRF1 with 53BP-1. Scoring criteria were zero, one, two, and more
than three TIFs per nucleus.

Immunohistochemistry

Formalinfixed, wax-embedded sections of skin biopsies were stained by
immunoperoxidase affer epitope heat retrieval at pH 6. After 1-h primary
antibody incubation, sections were washed in tap water and incubated for
30 min with HRP-labeled polymer conjugated to goat anti-mouse immuno-
globulins (Dako). Sections were developed with DAB substrate (Abcam)
and counterstained with hematoxylin before dehydrating and mounting in
DPX (CellPath). Photographs were taken with a microscope (Axio Imager
Z1; Carl Zeiss) using a 40x, NA 0.60 Ph2 Corr long distance Plan-
Neofluar objective.

Immunoblotting

Whole-cell lysates were generated using the Lysis-M kit solution (cOm-
plete; Roche). Lysates were quantified using the bicinchoninic acid protein
assay kit (Microplate; Thermo Fisher Scientific), separated by SDS-PAGE,
and transferred onto nitrocellulose membranes. Membranes were blocked
for 1 h in Odyssey blocking buffer/PBS (1:1; LI-COR Biosciences) and
hybridized with indicated antibodies overnight at 4°C. Membranes were
washed in PBS + 0.1% Tween 20, and two-color detection was carried
out using Odyssey infrared-labeled secondary antibodies. Membranes
were scanned, and signals quantified using the scanner (Odyssey;
LI-COR Biosciences).

Antibodies

Antibodies were used against the following proteins as indicated: LMNB1
(YenZym), LMNA/C and progerin (JoL2 and MAB3211; EMD Millipore),
LMNB2 (LN43 and MAB3536; EMD Millipore), v5 tag (37-7500;
Invitrogen), GAPDH (G9545; Sigma-Aldrich), B-tubulin (MRB 435P;
Covance), B-actin (A5441; Sigma-Aldrich), 53BP-1 (NB100-304; Novus
Biologicals), antiphospho-Histone H2A-X (Ser139 and 05-636; EMD
Millipore), TRF2 (13579; Abcam), LAP2 (28541; Santa Cruz Biotechnol-
ogy, Inc.), LAP2-a (5162; Abcam), and Ki-67 (MM-1; Novocastra). The
p53 antibody was a gift from D. Lane (p53 Laboratory, A*STAR Biomedi-
cal Sciences Institutes, Singapore).

qRT-PCR

RNA was isolated using TRIZOL (Life Technologies) and further purified
using the RNeasy kit (QIAGEN). DNase treatment was performed on a col-
umn, and total RNA was quantified by a spectrophotometer (ND-1000;
NanoDrop Technologies). cDNA was generated using reverse transcrip-
tion supermix for qRT-PCR (iScript; Bio-Rad Laboratories). For gRT-PCR, the
TagMan Fast Universal PCR master mix was used with TagMan primers
obtained from Applied Biosystems: LMNA/C (Hs00153462_m1), LMNB1
(Hs01059210_m1), and GAPDH (43263 17E). qRT-PCR was performed on
a realtime PCR system (7500 Fast; Applied Biosystems).

Growth curves and proliferation assays

Growth curves were performed using the xCELLigence System (Roche) in
96-well plates. Cell Index was monitored every hour throughout the experi-
ment. For proliferation assays, cells were seeded in friplicates in 12-well
culture plates and grown for 3-5 d under various conditions (hypoxia vs.
normal O, concentration), trypsinized, and counted using an automated
cell counter (Scepter; EMD Millipore).

SA-B-gal staining

Cells were fixed in 2% formaldehyde and 0.2% glutaraldehyde for 5 min
at RT, washed twice in PBS, and incubated for 6 h in 5-bromo-4-chloro-3-
indolyl-B->-galactopyranoside as described previously (Dimri et al., 1995).

miR-23a qRT-PCR detection and luciferase reporter assays

Quantification of miR-23a levels was performed using the TagMan miRNA
reverse transcription kit. The expression level of miR-23a was measured
using gene-specific predesigned TagMan primers. U6 was used as a
normalization control. The 3'UTR from human IMNB1 was cloned into
psiCHECK?2 vector, and mutations were intfroduced using PCR-based mu-
tagenesis. Mutations were verified by sequencing. The miR-23a precur-
sor plus an ~300-bp flanking region was amplified from human genomic
DNA and inserted into miRVecBlast using BamHI and EcoRl restriction sites.
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miRVecblastmiR-882 was a gift from D. Zhang (Institute of Medical Biol-
ogy, Singapore). For transfection, 50 ng psiCHECK2 plasmid DNA and
500 ng miRVecBlast plasmid DNA were cotransfected into each well of a
24-well plate using transfection reagent (Lipofectamine 2000; Invitrogen)
and 35 pl Opti-MEM (Invitrogen). Duplicates were made, and cells were
harvested 40 h after transfection. Samples were lysed and harvested to
defermine luciferase activity. Sample signals were detected using a detec-
tion kit (Dual Luciferase; Promega). To determine the effects of miR-23a
or miR-882 on LMNB1 protein and mRNA levels, 500 ng miRNA (in
miRVecBlast) was transfected into dermal fibroblasts using Lipofectamine
2000. mRNA and protein lysates were harvested 30 h after transfection.
Experiments were run in biological triplicates. P-values were determined
using the Student's ttest.

Online supplemental material

Fig. S1 provides evidence of LMNB1 loss in progeria patient-derived
fibroblasts, normal senescent human fibroblasts, and upon induction of
telomere-specific DNA damage. Fig. S2 shows that the lamina-associated
polypeptide (LAP2) a isoform also declines in senescent fibroblasts. Fig. S3
demonstrates that in senescent cells, loss of LIMNBT mRNA is accompanied
by increased levels of miR-23a. Fig. S4 shows that in contrast to LMNB1-
depleted cells, LMNB2 loss does not result in any overt proliferation pheno-
type. Fig. S5 provides information regarding our lentiviral transduction
efficiency, SA-B-gal staining, and quantification of SA-B-gal-positive cells
in LMNB1-depleted or normal human fibroblasts grown at different seed-
ing densities. Online supplemental material is available at http://www.jcb
.org/cgi/content/full/jcb.201206121/DC1.
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