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Abstract

Hutchinson-Gilford Progeria Syndrome (HGPS) is a rare genetic condition characterized by
features of accelerated aging, and individuals with HGPS seldom live beyond their mid-
teens. The syndrome is commonly caused by a point mutation in the LMNA gene which
codes for lamin A and its splice variant lamin C, components of the nuclear lamina. The
mutation causing HGPS leads to production of a truncated, farnesylated form of lamin A
referred to as "progerin." Progerin is also expressed at low levels in healthy individuals and
appears to play a role in normal aging. HGPS is associated with an accumulation of genomic
DNA double-strand breaks (DSBs) and alterations in the nature of DSB repair. The source
of DSBs in HGPS is often attributed to stalling and subsequent collapse of replication forks
in conjunction with faulty recruitment of repair factors to damage sites. In this work, we used
a model system involving immortalized human cell lines to investigate progerin-induced
genomic damage. Using an immunofluorescence approach to visualize phosphorylated his-
tone H2AX foci which mark sites of genomic damage, we report that cells engineered to
express progerin displayed a significant elevation of endogenous damage in the absence of
any change in the cell cycle profile or doubling time of cells. Genomic damage was
enhanced and persistent in progerin-expressing cells treated with hydroxyurea. Overex-
pression of wild-type lamin A did not elicit the outcomes associated with progerin expres-
sion. Our results show that DNA damage caused by progerin can occur independently from
global changes in replication or cell proliferation.

Introduction

Genomic stability in mammalian cells relies on a cell’s ability to successfully correct a multi-
tude of forms of DNA damage that arise each day. One type of damage that cells must contend
with is a DNA double-strand break (DSB). A DSB can be generated by a variety of means,
including chemical or radiological exposure or through obstruction of replication forks. It is
important that DSBs be repaired efficiently and accurately to avoid potentially deleterious
chromosomal rearrangements or mutations.
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Mammalian cells have two general types of DSB repair pathways at their disposal: homolo-
gous recombination (HR) and nonhomologous end-joining (NHE]) [reviewed in 1-10]. The
salient difference between these two broadly defined repair strategies is that HR utilizes a tem-
plate sequence to maintain or restore genetic information to the DSB site that may otherwise
be lost through strand degradation, whereas NHE] involves no template in the rejoining of
DNA ends. HR is thus generally considered to be accurate while the NHE] pathway, despite its
potential for healing DSBs accurately, is comparatively error-prone and not infrequently pro-
duces deletions or insertions [1, 3-10].

The efficient and accurate execution of DNA repair pathways is of paramount importance
in maintaining genomic stability. However, DNA repair pathways can become corrupted and,
in turn, generate genomic instability which can take a variety of forms. Aberrant DSB repair
has often been associated with cancer [11-13]. Genomic instability has also been associated
with aging in humans and other organisms [14-27]. There is much evidence in the literature
that the origin of the increase in genomic instability that accompanies aging is a decrease in
the effectiveness of a variety of DNA repair pathways. Alterations in NHE] were reported in
rat brain during aging [20], and studies with mice have suggested a correlation between age
and the loss of fidelity of DSB repair [21]. As human fibroblasts approach senescence, the effi-
ciency and fidelity of DNA end-joining has been reported to decrease [22]. Chromosomal
DSBs accumulate in human cells approaching senescence and may actually play a roll in the
induction of senescence [14]. Failure to efficiently or effectively repair DNA damage may in
turn lead to loss of cell number and loss of biological functions. In summary, accumulation of
unrepaired or misrepaired DNA damage is commonly viewed as an important contributor to
the aging process.

As might be expected, genetic disorders that produce clinical features of premature aging
(progeria) are often associated with DNA repair defects and associated genomic instability
[15-19, 23-27]. Hutchinson-Gilford Progeria Syndrome (HGPS) is one such genetic syn-
drome that leads to accelerated aging [reviewed in 28]. Individuals with HGPS rarely live
beyond their teens. HGPS is most commonly caused by a point mutation in the LMNA gene
which normally codes for lamin A and its splice variant lamin C. The LMNA mutation associ-
ated with HGPS leads to increased usage of a cryptic splice site which leads to the production
of a truncated form of lamin A referred to as "progerin.” Through mis-splicing, progerin is
also expressed at low levels in healthy individuals and is believed to play a role in the normal
aging process [29-32]. Unlike wild-type (wt) fully processed lamin A, progerin retains a farne-
syl group and a methyl group at its carboxy terminus. These modifications cause progerin to
largely remain associated with the nuclear membrane rather than localize to the nuclear lamina
where lamin A normally resides.

In HGPS, progerin overexpression has a severe effect on the nuclear lamina which, in turn,
has severe effects on nuclear architecture and function. The nuclei of HGPS cells are character-
istically misshapen and often display blebs and other alterations. The altered nuclear structure
engenders important changes to numerous nuclear functions and profoundly alters chromatin
organization. One impact of progerin expression in HGPS cells is an accumulation of DSBs
and increased sensitivity to DNA damaging agents [33-40]. Studies have revealed that recruit-
ment of repair proteins, most specifically those involved in HR repair (including Rad 50,
Rad51, NBS1, and MRE11), to the site of a DSB is delayed in HGPS [36, 37]. In accord with
such findings, several studies have provided evidence of an enhancement of NHE] with a con-
comitant suppression of HR in association with progerin expression [41-44]. We have devel-
oped an experimental system using cultured mammalian cells containing an integrated DSB
repair reporter substrate into which we can induce a DSB by expression of endonuclease
I-Scel. Using this model system, we directly demonstrated [45] that repair of a genomic DSB is
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indeed shifted away from HR and toward NHE] in cells expressing progerin. Additionally,
repair by HR is shifted away from crossovers and toward gene conversions in cells expressing
progerin [45]. We recently also reported [46] that the precision of DNA end-joining repair of
a genomic DSB is reduced in the presence of progerin expression. A unifying theme of our
findings is that progerin brings about an apparent diminution of a cell’s ability to anneal com-
plementary terminal DNA sequences at the site of a DSB, and this dysfunction is likely to
reduce the efficiency of DSB repair and destabilize the genome.

Despite an expanding knowledge of the impact that progerin expression has on the nature
of DSB repair events, many unknowns remain, including the lack of a firm understanding of
the temporal sequence of events that may be responsible for the genesis of the DSBs that accu-
mulate in the genomes of HGPS patients. There is evidence that much progerin-induced dam-
age occurs during S-phase of proliferating cells [reviewed in 47]. Among its various roles,
lamin A normally helps recruit proliferating cell nuclear antigen (PCNA), DNA polymerase
delta and other factors to replication forks. Progerin expression in HGPS interferes with this
recruitment, often leading to replication fork stalling and collapse [27, 33-36, 47-50]. Such
collective observations have led to the paradigm that stalled and subsequently collapsed repli-
cation forks are a direct and primary source of endogenous DNA damage in HGPS. Matters
are made worse by the mislocalization and binding of XPA to sites of breakage at collapsed
replication forks [34, 35, 48]. Mislocalization of XPA is believed to suppress DSB repair by
stearic hindrance of the appropriate repair proteins. The essence of these collective observa-
tions is that problems with replication fork progression set in motion a series of events that
results in genome damage and ultimately cellular demise.

In the current work, we used our model system to investigate the levels of endogenous dam-
age in cells expressing progerin compared to levels of damage in cells not expressing progerin.
We now report that, consistent with other studies, progerin expression was associated with sig-
nificantly increased endogenous chromosome damage but, notably, we observed progerin-
associated genomic damage in an immortalized cell line that exhibited neither an increase in
cell doubling time nor an alteration in cell cycle profile compared with control cells. Addi-
tional experiments suggested that progerin-expressing cells exhibit a reduced ability to recover
from replication fork stalling and/or a particular sensitivity to alteration of nucleotide pools.
Our model system, in a straightforward way, challenges a paradigm in which obstructed repli-
cation necessarily serves as the initiating source of progerin-inflicted endogenous DNA
damage.

Materials and methods
General cell culture

All cell lines were derived from normal human fibroblast cell line GM637 which was obtained
from the NIGMS. The GM637 cell line is immortalized by SV40. Cells were cultured in alpha-
modified minimum essential medium supplemented with 10% fetal bovine serum. All cells
were maintained at 37°C in a humidified atmosphere of 5% CO..

DNA recombination and repair substrate

Plasmid pLB4 is a recombination and DSB repair reporter substrate and was described previ-
ously [51, 52]. Briefly, pLB4 contains a gene comprised of herpes simplex virus type 1 thymi-
dine kinase (tk) sequence fused to a neo gene sequence. The tk-neo fusion gene is disrupted by
a 22 bp oligonucleotide containing the 18 bp recognition sequence for endonuclease I-Scel.
The substrate pLB4 also contains a “donor” tk sequence that shares about 1.7 kb of homology
with the tk portion of the tk-neo fusion gene.
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Cell lines

As previously described [53], substrate pLB4 was stably integrated into the genome of human
cell line GM637 cells to produce cell line pLB4/11 containing a single integrated copy of pLB4.
To produce a derivative of pLB4/11 that constitutively expresses GFP-progerin, cell line pLB4/
11 was stably transfected with plasmid pBABE-puro-GFP-progerin (Addgene plasmid #
17663) as described [45]. This latter plasmid, a gift of Tom Misteli from the National Cancer
Institute, expresses progerin as a GFP fusion protein under the control of a Moloney murine
leukemia virus LTR promoter. The derivative of cell line pLB4/11 that expresses GFP-progerin
is named pLB4-progerin. A derivative of pLB4/11, named pLB4-GFP, that constitutively
expresses GFP was also previously produced as described [45].

To produce a derivative of pLB4/11 that constitutively expresses GFP-wt lamin A, plasmid
pBABE-puro-GFP-wt Lamin A (Addgene plasmid #17662, gift of Tom Misteli) was transfected
into pLB4/11 cells in the same manner as previously described [45]. Briefly, 5 x 10° pLB4/11
cells were mixed with 3 pg plasmid DNA (which was first linearized by digestion with NotI) in
a total volume of 800 uL phosphate buffered saline (PBS) at room temperature (RT). The cell/
DNA mixture was then electroporated in a 0.4 cm gap electroporation cuvette using a Bio-Rad
Gene Pulser (Bio-Rad, Hercules, CA, USA) at 700 V and 25 pF. Following electroporation,
cells were plated into medium under no selection for 2 days. Cells were then harvested and
plated into 75cm? flasks at a density of 1x10° cells per flask in medium containing 0.5 pg/mL
puromycin to select for stable transfectants. After 14 days of selection, colonies that showed
nuclear GFP fluorescence were propagated further and GFP- wt lamin A expression was con-
firmed by Western blot. One clone expressing GFP-wt lamin A was dubbed “pLB4-lamin A”
and was used in further experiments.

Western blotting

Blots were performed using SDS-PAGE with 8% polyacrylamide gels followed by transfer to a
nitrocellulose membrane. Each lane contained 20 pg of total cellular protein, and Thermo Sci-
entific™ PageRuler™ Prestained Protein Ladder, 10 to 180 kDa, was used for molecular weight
markers. The primary antibody used was GFP (B-2): sc-9996 (mouse monoclonal, from Santa
Cruz Biotechnology, Inc.) at a dilution of 1:500. Secondary antibody used was goat anti-mouse
IgG-HRP: sc-2005 (Santa Cruz Biotechnology, Inc.) at a dilution of 1:1000. Detection was
accomplished using GE Healthcare Amersham ECL Select Western Blotting Detection
Reagent and western blot images were analyzed using Typhoon FLA 7000 and ImageQuant
LAS 4000 (GE Health).

Immunofluorescence

Cells (5x10°) were seeded onto glass coverslips and grown overnight in six-well plates. The fol-
lowing day, growth medium was removed and cells were washed with PBS. Cells were fixed
onto the glass coverslips with 4% formaldehyde in PBS for 10 min at RT. Then, immunofluo-
rescence (IF) was performed as previously described [54]. Briefly, coverslips were blocked for
one hour at RT in 1-2 mL antibody dilution buffer (2% Bovine Serum Albumin (BSA), 1%
Fish Gelatin) in PBS. Then, coverslips were incubated in primary antibody for yYH2AX (Bethyl,
A300-081A) at a dilution of 1:2000 for one hour at RT. The coverslips were carefully washed
three times with PBS with 0.1% Tween 20 (PBST) for 5 min each. Coverslips were incubated
with goat anti-rabbit Alexa Fluor 594 secondary antibody (Thermo Fisher Scientific A-11037)
ata 1:1000 dilution in antibody dilution buffer for 30 min at RT, protected from light. Cover-
slips were rinsed three times for 3-5 min with PBST. All coverslips were dehydrated using an
ethanol series (70%, 90%, 100%) for 1-2 min, and air-dried protected from light. Coverslips
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were mounted with Fluoromount-G (Thermo Fisher Scientific 00-4958-02) containing 0.2 pg/
mL DAPI (Thermo Fisher Scientific 62248). Images were taken under 40x-60x on an EVOS FL
microscope. The number of foci were scored by hand, and at least three coverslips were
counted for each cell line for each experiment. For some experiments, the nuclear signal inten-
sity for yYH2AX was analyzed in CellProfiler and Image] [54].

In some experiments, after the initial overnight growth of cells on coverslips the growth
medium was replaced with medium containing 2 mM HU (Millipore Sigma, 400046). After a
two-hour incubation in HU, the media was replaced with fresh growth medium without HU.
Cells were either fixed immediately for IF, or were fixed 12hr or 24hr post-HU treatment. IF
was performed as described above. Nuclear foci signal intensity values were derived from a
minimum of 340 nuclei for each time point for each cell line.

Cell cycle analysis

Approximately 1 x 10° exponentially growing cells were harvested by trypsinization and pel-
leted by centrifugation for 5 min at 200 x g. Cells were then rinsed in one mL ice- cold PBS
containing 1% BSA and pelleted again. The cell pellet was resuspended in two mL ice cold PBS
(without BSA) and fixed by the slow addition of ethanol to a final concentration of 70% at
which point the cells were placed at -20°C overnight. The next day, fixative was removed from
cells by centrifugation followed by a rinse with 1mL ice-cold PBS with 1% BSA followed by
centrifugation. DNA was then labeled by resuspending cells in 1mL of fresh DAPI staining
solution (0.1% Triton X-100, 0.1 mg/mL RNase, 1 ug/mL DAPI diluted in PBS) and run on a
BD LSR II Flow Cytometer in the Microscopy and Flow Cytometry Facility at the University of
South Carolina, College of Pharmacy. Cell cycle analysis was performed using BD FACS Diva
8.0 software. 30,000 cells were analyzed per experiment.

Recovery of DSB-induced HR and NHE] events

In order to induce a DSB at the I-Scel site within the integrated copy of substrate pLB4, cells
were electroporated with the I-Scel expression plasmid pCMV-3xnls-I-Scel (“pSce”), gener-
ously supplied by Maria Jasin (Sloan Kettering), essentially as previously described [55].
Briefly, 5 x 10° cells were mixed with 20 pg of pSce in a volume of 800 L of phosphate buff-
ered saline at RT and electroporated in a 0.4 cm gap electroporation cuvette using a Bio-Rad
Gene Pulser (Bio-Rad, Hercules, CA, USA) set to 700 V and 25 uF. Following electroporation,
cells were plated into growth medium under no selection and allowed to recover for 2 days.
Cells were then harvested and plated into 75 cm” flasks at a density of 1 x 10° cells per flask
using medium containing 1000 pg/mL of G418 to select for cells that had undergone HR or
NHE] at the DSB site.

Determination of spontaneous intrachromosomal HR frequencies

Spontaneous recombination frequencies were determined for cell line pLB4-wt lamin A by
fluctuation tests that were performed by first generating 10 subclones of the line and then
propagating the subclones separately to several million cells each. Cells from each subclone
were then plated into several 75 cm” flasks at a density of 3 x 10° cells per flask in order to
select for G418" segregants. Colony frequency was then calculated by dividing the number of
G418 colonies recovered by the number of cells plated into G418. G418® colonies were har-
vested for further propagation and analysis.
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Fig 1. DNA repair substrate pLB4. pLB4 contains a tk-neo fusion gene disrupted by a 22 bp oligonucleotide containing the I-Scel
recognition site (underlined). The sites of staggered cleavage by I-Scel are indicated. Short horizontal arrows represent PCR primers
used in subsequent analysis of DNA transactions. The donor sequence is a complete functional herpes tk gene. BamHI (B) and
HindIII (H) sites are shown.

https://doi.org/10.1371/journal.pone.0315084.9001

PCR amplification and DNA sequence analysis

A segment of the tk-neo fusion gene spanning the I-Scel site was amplified from 500 ng of
genomic DNA isolated from G418 clones using primers AW85 (5'-
TAATACGACTCACTATAGGGCCAGCGTCTT GTCATTGGCG-3') and AW91 (5'-
GATTTAGGTGACACTATAGCCAAGCGGCCGGAGAACCTG-3'). AWS5 is composed of nucleo-
tides 308-327 of the coding sequence of the herpes tk gene, numbering according to [56], with
a T7 forward universal primer appended to the 5" end of the primer. AW91 is composed of 20
nucleotides from the noncoding strand of neomycin gene mapping 25 through 44 bp down-
stream from the neomycin start codon, with an Sp6 primer appended to the 5" end of the
primer. The positions of the PCR primers are indicated in Fig 1. PCR was carried out using
PuReTaq™ Ready-To-Go™ PCR beads (Cytiva) and a “touchdown” PCR protocol as previously
described [57]. PCR products were then sequenced using a T7 primer by Eton Bioscience, Inc.
(Research Triangle Park, NC).

Statistical analysis

Two-sided Fisher exact tests and 2 x 2 Chi square tests were performed on the MedCalc web-
site (www.medcalc.org/calc). Standard errors of the mean and standard deviations were calclu-
ated using Microsoft Excel.

Results
A system to study the impact of progerin on DSB repair in human cells

Our work focuses on gaining a better understanding of the impact that progerin expression
has on DSB repair and, more broadly, on genome stability. To do so, we have developed and
made use of cell line pLB4/11 which is a derivative of human fibroblast cell line GM637, an
SV40-immortalized cell line derived from an apparently healthy individual. Cell line pLB4/11
contains a single stably integrated copy of DSB repair reporter substrate pLB4 (Fig 1). A DSB
can be induced at the I-Scel site within the tk-neo fusion gene on pLB4 by transient expression
of I-Scel. Subsequent selection for G418-resistant (G418") clones allows recovery of DSB
repair events occurring via NHE] or HR between the fusion gene and the donor tk sequence.
We previously engineered derivatives of pLB4/11 that constitutively express GFP-progerin
and GFP, and we named these cell lines pLB4-progerin and pLB4-GFP, respectively [45]. In
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DAPI Merged

Fig 2. A representative blebbed nucleus from cell line pLB4-progerin. Nuclear bleb is indicated by arrow. DAPI
stains DNA and GFP detects GFP-progerin. The bleb appears to contain a high concentration of DNA.

https://doi.org/10.1371/journal.pone.0315084.9002

the current study we isolated an additional derivative of pLB4/11 that constitutively expresses
GFP-wt lamin A and we named this new cell line pLB4-lamin A. The nuclei of pLB4-progerin
are generally misshapen, with some showing blebs (Fig 2 and Table 1) as seen in HGPS [58].
The portion of pLB4-progerin cells that shows nuclear blebbing is significantly greater than
the portion of each of the other cell lines that shows nuclear blebbing (p < 10~ by chi square).

In our previous studies [45] we had shown that the level of expression of GFP-progerin in
cell line pLB4-progerin is comparable to the level of progerin expression in a cell line derived
from an HGPS patient. As shown by nuclear GFP fluorescence and western blot (Fig 3),
expression of GFP- wt lamin A in cell line pLB4-lamin A is comparable to the expression level
of GFP-progerin in cell line pLB4-progerin.

Expression of progerin induces endogenous DNA damage in immortalized
cells

Comparison of DSB repair in cell line pLB4-progerin with repair in lines pLB4/11 and
pLB4-GEFP previously revealed that that expression of progerin shifted repair of an I-Scel-
induced DSB away from HR and toward NHE], and increased the fraction of HR events that
had occurred via gene conversion relative to crossing-over [45]. Further, spontaneous HR and
gene amplifications were elevated in cells expressing progerin.

We were curious to learn if these changes in DNA metabolism were associated with a con-
comitant increase in the overall level of endogenous DNA damage.

To gain insight into how alterations in nuclear lamina components may impact endoge-
nous genomic damage, we examined the level of spontaneous DNA damage in the genomes of
cell lines pLB4/11, pLB4-GFP, pLB4-progerin, and pLB4-lamin A. Our approach was to use a
standard immunofluorescence method to score foci of YH2AX, a phosphorylated form of

Table 1. Nuclear blebbing in cells expressing progerin®.

Cell line Nuclei with > 1 Bleb Nuclei with no Blebbing Total Nuclei Counted Percentage of Nuclei with > 1 Bleb
pLB4/11 36 189 225 16
pLB4-GFP 21 204 225
pLB4-lamin A 27 198 225
pLB4-progerin 74 151 225 33

“Data presented for each cell line is pooled from two independent experiments.

https://doi.org/10.1371/journal.pone.0315084.t001
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Fig 3. Expression levels of GFP- progerin and GFP- wt lamin A. (A) Intensity of nuclear fluorescence of GFP-progerin in cell line
pLB4-progerin is comparable to intensity of nuclear fluorescence of GFP-wt lamin A in cell line pLB4-lamin A. The white bar in each
fluorescence microscopy image represents 200 microns. (B) Protein extracts from cell line pLB4-progerin and cell line pLB4-lamin A are
displayed on a western blot using an anti-GFP antibody to visualize GFP-progerin and GFP-wt lamin A. 20 pg of total cell protein was loaded in
each lane. An antibody against beta actin demonstrates equal protein loading for the two cell lines.

https://doi.org/10.1371/journal.pone.0315084.g003

histone H2AX that is produced in the vicinity of DNA damage as an early cellular response to
the damage. Damage foci were scored in over 500 nuclei per cell line from two independent
experiments, and nuclei were binned into categories of nuclei displaying fewer than three
damage foci and nuclei with three or more foci. Fig 4 provides images of YH2AX foci visual-
ized in the cell lines, and quantification of endogenous YH2AX foci in all four cell lines is pre-
sented in Table 2A. The data revealed that the portion of nuclei displaying three or more
damage foci was significantly greater in cell line pLB4-progerin relative to each of the cell lines
pLB4/11, pLB4-GFP, and pLB4-lamin A (p < 10~* by chi square). The levels of endogenous
damage in the three cell lines pLB4/11, pLB4-GFP, and pLB4-lamin A were not significantly
different from one another. Overall, our results indicated that progerin-expressing cells have
elevated levels of endogenous chromosomal damage and that this increase is due to expression
of progerin rather than simply overexpression of a nuclear lamina component.

Expression of progerin does not alter the cell cycle in immortalized cells

Because progerin-induced DNA damage is often attributed to replication stress in the form of
stalled and collapsed replication forks, and because cell line pLB4-progerin accumulated

pLB4/11 pLB4-GFP pLB4-lamin A pLB4-progerin

Fig 4. Detection of endogenous DNA damage. Shown are representative images visualizing YH2AX foci in cell lines
pLB4/11, pLB4-GFP, pLB4-lamin A, and pLB4-progerin. Cell nuclei were stained blue with DAPI, and
immunofluorescence with a Texas-Red conjugated antibody against YH2AX was used to detect damage foci as red
dots. Red bars represent 40 microns.

https://doi.org/10.1371/journal.pone.0315084.g004
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Table 2. YH2AX foci counts.
A. Endogenous YH2AX Foci®

Cell Line
pLB4/11
pLB4-GFP
pLB4- lamin A
pLB4-progerin

B. YH2AX Foci After 2 Hour Treatment with 2 mM HU?*

Cell Line
pLB4/11
pLB4-GFP
pLB4-lamin A
pLB4-progerin

Nuclei with > 3 Foci Total Nuclei Counted Percentage of Nuclei with > 3 Focr
90 573 15.71
99 562 17.62
94 573 16.4
221 565 39.1
Nuctel witH > 3 Foct Total Nuclei Percentage of Nuclei with > 3 Focr
166 269 61.7
160 255 62.7
164 261 62.8
214 260 82.3

“Data presented for each cell line is pooled from at two independent experiments.

https://doi.org/10.1371/journal.pone.0315084.t002

substantially elevated levels of damage relative to its parent cell line pLB4/11 (Table 2A), we
were keen to assess if there was any evidence for replication obstruction in cell line pLB4-pro-
gerin. Cell line pLB4-progerin and pLB4/11 are derivatives of normal human fibroblast cell
line GM637. We were mindful that GM637 had been immortalized with SV40 and that
immortalization disrupts cell cycle checkpoints. Nonetheless, if it were indeed the case that
progerin-induced genomic damage is generated primarily as a consequence of a high level of
physical disruption of replication fork progression due to impeded loading of replication fac-
tors, it stood to reason that we should have observed an alteration in the cell cycle profile in
pLB4-progerin cells relative to the parent pLB4/11 line.

As shown in Fig 5, cell cycle analysis revealed a virtually identical distribution of cells in G1,
S, and G2/M for pLB4-progerin and parent cell line pLB4/11. There was no evidence of any
cells with sub-G1 DNA content for either cell line, indicating a dearth of apoptotic cells. We
concluded that progerin expression in pLB4-progerin did not alter the cell cycle relative to par-
ent line pLB4/11 and did not result in cell death, which indicated that progerin expression did
not fundamentally create a barrier to cell proliferation. Further, the doubling time for both
pLB4-progerin and parent line pLB4/11 was approximately 24 hours and both cell lines were
cultured for several months with no apparent change in doubling time. We therefore con-
cluded that the elevated level of endogenous DNA damage in pLB4-progerin cells was not gen-
erated by obstructions to replication fork progression that altered global replication rates.

Cells expressing progerin are sensitive to treatment with HU

Our observations indicated that progerin inflicts genomic damage in immortalized cells with-
out causing any obvious impediment to cell proliferation and without imposing any overt
obstacle to the progression of replication forks that elicits a cell cycle arrest. Nonetheless, we
were curious to learn if exogenous induction of replication fork stalling might induce a partic-
ularly high level of damage in cells expressing progerin. To explore this question, we assessed
levels of DNA damage following HU treatment of cell lines pLB4/11, pLB4-GFP, pLB4-lamin
A, and pLB4-progerin. HU treatment inhibits ribonucleotide reductase and is commonly used
to perturb nucleotide pools and bring about subsequent replication fork stalling [59].

After a two-hour treatment with 2 mM HU, all cell lines displayed significantly increased
chromosomal damage signaling relative to endogenous damage as measured by the portion of
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Fig 5. Cell cycle analysis of cell lines pLB4/11 and pLB4-progerin. Shown are the percentages of pLB4/11 and GFP-
progerin cells in each cell cycle phase. Two trials were run, with 30,000 cells counted per cell line per trial. Standard
deviation is indicated, and there was no significant difference seen between the two cell lines. ns: not significant.

https://doi.org/10.1371/journal.pone.0315084.g005

cells displaying three or more YH2AX foci (Table 2B). Cell line pLB4-progerin displayed
greater damage after HU treatment than each of the cell lines pLB4/11, pLB4-GFP, or pLB4-la-
min A (p < 10™%, by chi square). Strikingly, damage in pLB4-progerin persisted for at least 24
hours post HU-treatment, whereas the level of damage in the three other cell lines had essen-
tially recovered to pre-treatment level by that time point (Table 3 and Fig 6).

Table 3. DNA damage following treatment of cells with HU.

Time after HU treatment Mean Fluorescence of YH2AX foci (AFU)?
Cell line pLB4/11 Cell line pLB4-GFP Cell line pLB4-lamin A Cell line pLB4-progerin
PT® 3.430 = 0.050 3.830 = 0.060 4.100 £ 0.115 4.910 +£0.133
0 6.958 £ 0.173 7.491 £ 0.191 7.898 £ 0.207 9.100 £ 0.244
12 5.853 + 0.097 6.651 £0.110 6.231 £0.116 10.100 + 0.180
24 3.989 £ 0.062 4.166 = 0.076 4.929 +£0.074 10.200 + 0.202

* Shown for each time point for each cell line is the mean nuclear fluorescence (arbitrary fluroescence units) for data pooled from two independent
experiments * standard error of the mean. A minimum of 340 nuclei were measured for each time point for each cell line.

PPT refers to fluorescence measured pre-treatment with HU.

https://doi.org/10.1371/journal.pone.0315084.t003
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Fig 6. Persistence of DNA damage in cell line GFP-progerin after HU treatment. Shown is a plot of global mean
yH2AX immunofluorescence intensity in arbitrary fluorescence units (AFU) prior to treatment with HU (PT),
immediately following a 2 hr treatment with 2 mM HU (0 hrs of recovery), and at 12 hrs and 24 hrs of recovery
following the HU treatment. For each point plotted, the standard error of the mean is indicated.

https://doi.org/10.1371/journal.pone.0315084.g006

Overexpression of wt lamin A does not alter genetic recombination and
DSB repair

The above experiments demonstrated that cell line pLB4-progerin accumulated significantly
more endogenous DNA damage than did pLB4-lamin A, and pLB4-lamin A did not display
the sensitivity to HU treatment that pLB4-progerin did. We were curious to further learn
whether overexpression of wt lamin A induced any of the alterations to DSB repair and spon-
taneous recombination that we previously reported for cells expressing progerin.

Cell line pLB4-lamin A was electroporated with plasmid pSce to induce a DSB within the
integrated copy of substrate pLB4 and DSB repair events were recovered as G418 colonies.
Genomic DNA was isolated from these colonies and DNA sequences surrounding the healed
DSB were PCR- amplified. The PCR products were sequenced to determine if each clone arose
from HR or NHE]. HR events are characterized by loss of the 22 bp oligonucleotide that dis-
rupts the fusion gene, with an accompanying transfer of a few scattered heterologous nucleo-
tides from the donor tk gene which serve as markers to identify HR events. Each HR event was
further classified as a gene conversion or crossover based on Southern blotting (Fig 7). Alter-
natively, DSB repair may occur via NHE] events which display a deletion, or insertion, at the
DSB site that restores the correct reading frame to allow neo expression, with no concomitant
transfer of marker nucleotides from the linked functional tk gene. The results of such analyses
are summarized in Table 4. The data in Table 4 revealed that the shift in DSB repair from HR
to NHE] observed previously [45] for cell line pLB4-progerin (relative to DSB repair events
from pLB4/11 and pLB4-GFP) was not observed for cell line pLB4-lamin A.

We also carried out two fluctuation tests on pLB4-lamin A to measure the frequency of for-
mation of spontaneous G418" segregants (Table 5). As presented in Table 5, the frequency
with which G418" segregants arose in cell line pLB4-lamin A was no greater than the fre-
quency of G418" segregants in cell lines pLB4/11 and pLB4-GFP as we previously reported
[45]. Thus, pLB4-lamin A differed from cell line pLB4-progerin which displayed a substantially
elevated frequency of G418 segregants as we previously described [45]. Further, every analyzed
G418" clone that arose from pLB4-lamin A represented a bona-fide HR event (Table 6). This
is significantly different (p = 1.1 x 10™*) by a two-sided Fisher exact test) from the 19 out of 35
G418® clones from pLB4-progerin which were previously found to have arisen through a
mechanism other than bona-fide HR and appeared to involve a gene amplification event [45].
Additionally, the exclusive recovery of gene conversions among the HR events occurring in
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Fig 7. Distinguishing gene conversions from crossovers. (A) Schematic showing that a BamHI digestion of genomic DNA isolated from a gene
conversion clone produces a 4.5 kb and a 3.9 kb fragment predicted to be detectable on a Southern blot using a tk probe. In contrast, a crossover clone
produces only a 3.9 kb fragment. (B) Representative Southern blot using a tk probe to display BamHI digestions of DNA isolated from a clone that
arose from a gene conversion (“GC”) and a clone that arose from a crossover (“CO”).

https://doi.org/10.1371/journal.pone.0315084.9007

o8]

pLB4-progerin was not repeated for pLB4-lamin A. In summary, overexpression of wt lamin A
did not elicit the alterations in DSB repair and spontaneous genetic rearrangements displayed
by cells expressing progerin.

Discussion

We report here that expression of progerin is associated with a significant increase in the accu-
mulation of DNA damage in an SV40-immortalized human cell line. We recorded elevated
levels of endogenous DNA damage in cell line pLB4-progerin which expresses progerin but
shows no alteration in cell cycle profile or doubling time relative to its parent cell line pLB4/11
which does not express detectable levels of progerin [45]. Our work demonstrates that pro-
gerin expression can inflict damage on the human genome in a manner independent from
global replication fork stalling and collapse.

Progerin-induced DNA damage was previously reported for a human fibroblast cell line
that had been immortalized by human telomerase reverse transcriptase (hTERT) [60], and our
current study demonstrates that progerin’s ability to trigger damage in immortalized cells is
not restricted to cells immortalized by hTERT. Moreover, the relationship between hTERT

Table 4. Analysis of recovered DSB repair events.

Cell Line® Colony Frequency® (107%) Total Colonies Analyzed HR events NHE]
Gene Conversions Crossovers

pLB4/11 41.7 22 4 16 2

pLB4-GFP 71.1 25 5 19 1

pLB4-progerin 26.4 42 13 14 15

pLB4-lamin A 45.8 23 10 10 3

*Data for cell lines pLB4/11, pLB4-GFP, and pLB4-progerin are from [45]; data for cell line pLB4-lamin A are pooled from two independent trials.

PColony frequency was calculated as number of G418" colonies divided by total number of cells plated into selection.

https://doi.org/10.1371/journal.pone.0315084.t004
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Table 5. Recovery of spontaneous G418 resistant segregants.

Cell Line® Cells Plated (10°)° G418® Colonies® Median No. Colonies? Colony Frequency 1077)¢ HR Frequency 1077)f
pLB4/11 145 (30) 29 0 2.0 1.8

pLB4-GFP 30 (10) 20 2 6.8 6.8

pLB4-progerin 30 (10) 228 17.5 76 34.7

pLB4-lamin A 65 (20) 64 1 9.8 (3.9)8 9.8 (3.9)¢

*Data for cell lines pLB4/11, pLB4-GFP, and pLB4-progerin are from our previous study [45].

PFor each cell line, 10 or more subclones were each propagated separately to a total of 3-5 million cells before being plated into medium containing G418. Total number
of subclones plated is presented in parentheses.

“Total number of G418 colonies recovered from all of the subclones for each cell line.

9Median number of colonies recovered from all of the subclones plated.

“Total number of colonies recovered divided by the total number of cells plated.

fCalculated as colony frequency multiplied by percentage of colonies characterized as bona fide HR.

$pLB4-lamin A included a single “jackpot” subclone that produced 40 out of the total of 64 colonies recovered. The number in parentheses is the colony frequency and
HR frequency for pLB4-lamin A excluding the jackpot subclone.

https://doi.org/10.1371/journal.pone.0315084.t005

expression and progerin is complicated with regards to both progerin’s effect on DNA damage
as well as hTERTs ability to immortalize cells. Several reports found that hTERT expression
protects against progerin-induced DNA damage [61, 62], while at least one report found that
cells from HGPS patients frequently fail to immortalize with hTERT expression [63].

Our basic observation that progerin expression caused DNA damage in a cell line despite
immortalization is relevant to understanding the temporal sequence of events that produces
accelerated or normal aging. As described in the Introduction, a commonly accepted paradigm
to explain progerin-induced damage posits that progerin reduces replicative capacity by inter-
fering with the recruitment of replication proteins, including PCNA, that are required for rep-
lication fork progression. In this scenario, replication forks in progerin-expressing cells are
subject to stalling and collapse, leading to strand breakage [27, 33-36, 47-50]. At the same
time, nucleotide excision protein XPA is inappropriately recruited to the stalled or collapsed
replication forks due to an affinity of XPA for DNA structures that contain a junction between
single and double-stranded DNA. Binding of XPA at the replication forks is presumed to be
facilitated by exposed DNA which would normally be protected by bound PCNA. The pres-
ence of XPA results in the stearic blockage of repair proteins and so DSBs accumulate at the
stalled and collapsed forks [34, 35, 48]. However, since there is no evidence that the progres-
sion of replication forks is impeded at a global level in immortalized cell line pLB4-progerin in
our study, the stalled replication fork paradigm for the genesis of damage does not provide a
satisfactory explanation for the endogenous damage seen in pLB4-progerin.

Table 6. Analysis of spontaneous G418 segregants.

Cell Line* No. Clones Analyzed Gene Conversions Crossovers Gene Amplification”
pLB4/11 24 5 16 3

pLB4-GFP 17 8 9 0

pLB4-progerin 35 16 0 19

pLB4-lamin A 17 12 5 0

“*Analyses of clones from cell lines pLB4/11, pLB4-GFP, and pLB4-progerin are from our previous study [45].
® Clones displaying amplification of the number copies of integrated pLB4 substrate with no other sequence change. These clones were recovered due to apparent leaky

expression of the parent tk-neo fusion gene which provided G418 resistance when present in multiple copies.

https://doi.org/10.1371/journal.pone.0315084.t006
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If replication fork stalling is not a cause of the elevated levels of endogenous damage seen in
pLB4-progerin, then what is? The genesis of the accumulated damage remains unknown at
this point, but we recognize that in cell line pLB4-progerin there may be either an elevated rate
of damage production, a reduced rate of repair, or both. In any case, we infer that essentially
all DNA damage in most pLB4-progerin cells is repaired within the course of a cell cycle, since
if this were not the case we would expect that the pLB4-progerin cell line would display a nota-
ble defect in propagation. Said differently, it is difficult to imagine a cell line successfully prolif-
erating for months with no appreciable cell death if its genome is continually accruing
unrepaired damage. We also note that mitotic chromosome spreads of pLB4-progerin did not
reveal any abnormal chromosomal structures (not shown).

Although our data points to progerin-inflicted DNA damage occurring independently
from impediment of replication fork progression, our experiments did reveal a sensitivity of
pLB4-progerin cells to treatment with HU. HU blocks ribonucleotide reductase and is known
to induce replication fork stalling and nucleotide pool disruption [59]. The substantially ele-
vated level of damage seen in cell line pLB4-progerin upon HU treatment, along with the per-
sistence of the damage specifically in pLB4-progerin (Fig 6), implies that the mechanisms for
rescuing stalled or collapsed replication forks are impaired by progerin. Pathways that under-
pin replication as means for rescuing stalled or collapsed forks are believed to involve processes
such as DNA strand invasion and annealing of homologous DNA sequences, branch migra-
tion, and formation and resolution of Holliday junctions [59]. These processes are in essence
equivalent to HR, and replication fork restart indeed often requires the involvement of HR
proteins including Rad51 [59]. HR processes are precisely the types of repair processes that we
and others have found to be attenuated in cells expressing progerin [41-46], providing an
explanation for why stalled replication forks, when they occur, present a particular challenge
for progerin-expressing cells to overcome.

It is also a distinct possibility that pLB4-progerin cells are especially sensitive to the diminu-
tion of nucleotide pools which is a consequence of HU treatment. Consistent with the notion
of progerin-induced sensitivity to nucleotide pool levels, it has been reported that the replica-
tion timing signature is perturbed in cells expressing progerin, creating a situation where too
many replication origins are active at once [62]. Simultaneous replication from many origins
can render cells prone to nucleotide pool exhaustion and can limit the replicative capacity of
cells expressing progerin [62]. Significantly, replicative capacity was shown to be restored
upon nucleotide supplementation of growth medium [62]. In our current work, there is no
evidence that pLB4-progerin displays reduced replicative capacity. Instead, we conjecture that
the increased load of endogenous DNA damage observed in cell line pLB4-progerin may place
a strain on nucleotide pools since DNA repair either needs to keep up with an elevated rate of
production of DNA lesions or needs to play “catch-up” to eliminate damage that, due to possi-
bly sluggish repair, accumulates prior to replication. Progerin-expressing cells may thus be
faced with repairing many lesions simultaneously in order to complete a cell cycle. The picture
painted is that cells expressing progerin may be teetering on the edge of sufficient levels of
nucleotides needed to both complete repair and replicate the genome. Interestingly, insuffi-
cient levels of purine nucleotides due to reduced levels of ribose-phosphate pyrophosphoki-
nase has been reported as a potentially important contributing factor to premature aging in
HGPS [64]. Furthermore, increased ribonucleotide reductase activity has been shown to allevi-
ate the severity of a progeroid disease in mice [65].

In our previous work [45], we reported that the spontaneous rate of HR in pLB4-progerin
was elevated relative to cell lines pLB4/11 and pLB4-GFP. We speculated that the elevated fre-
quency of HR in pLB4-progerin may be provoked by high levels of genomic DSBs, despite
repair of any given DSB being shifted toward NHE]. We did not measure genomic damage in
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our earlier work, but our current work corroborates that pLB4-progerin does display elevated
endogenous damage, lending credence to our prior speculation. Our current work also shows
that overexpression of wt lamin A in pLB4-lamin A does not lead to the level of endogenous
damage seen in pLB4-progerin (Table 2), and the frequency of spontaneous HR in pLB4-lamin
A is correspondingly not elevated relative to pLB4/11 or pLB4-GFP (Table 5). Further, we do
not see evidence of elevated levels of gene amplification in pLB4-lamin A (Table 6) nor do we
see a shift in DSB repair pathways from HR to NHE] in pLB4-lamin A. In short, our results
indicate the changes we see in pLB4-progerin are progerin-specific and are not duplicated by
disrupting the stoichiometry of nuclear lamina components by overexpressing lamin A.

In summary, our work illustrates that progerin expression can produce elevated levels of
endogenous DNA damage independent from an impact on replication progress and cell prolif-
eration. Although replication fork stalling is not required in order for progerin to induce DNA
damage, cells expressing progerin appear to have difficulty recovering from damage inflicted
by replication fork stalling should it occur. Our work, in conjunction with studies by others,
raises the possibility that progerin may force cells to live on the edge when it comes to nucleo-
tide pools in the sense that nucleotides may frequently become a critically limiting commodity.
Limiting nucleotides may contribute to a cascade of events producing alterations in DNA
repair pathways, accumulation of DNA damage, and obstruction of replication. The interrelat-
edness between these various aspects of nucleic acid metabolism may set up a vicious cycle
rather than a linear temporal sequence of events that leads to cellular demise that contributes
to both accelerated and normal aging. By using pLB4-progerin which is an immortalized cell
line, obstructed replication was not a contributor to the impact of progerin observed in our
studies. It will be instructive to learn if nucleotide supplementation or other treatments of cell
line pLB4-progerin can reverse the DNA repair and/or DNA damage phenotypes recorded for
this progerin-expressing cell line. Such investigations using our model system can potentially
allow further dissection of the individual elements of the genome instability cycle set in motion
by progerin, with the goal of someday learning how to break that cycle.
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