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Reprogramming of Fibroblasts From Older Women
With Pelvic Floor Disorders Alters Cellular Behavior
Associated With Donor Age
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ABSTRACT

We aimed to derive induced pluripotent stem cell (iPSC) lines from vaginal fibroblasts from older
women with pelvic organ prolapse. We examined the effect of donor age on iPSCs and on the cells
redifferentiated from these iPSCs. Vaginal fibroblasts were isolated from younger and older subjects
for reprogramming. iPSCs were generated simultaneously using an excisable polycistronic lentiviral
vector expressing Oct4, KIf4, Sox2, and cMyc. The pluripotent markers of iPSCs were confirmed by
immunocytochemistry and quantitative reverse transcription-polymerase chain reaction (qRT-PCR).
Spectral karyotyping was performed. The ability of the iPSCs to differentiate into three germ layers
was confirmed by embryoid body and teratoma formation. Senescence marker (p21, p53, and Bax)
expressions were determined by qRT-PCR and Western blot. The iPSCs were redifferentiated to
fibroblasts and were evaluated with senescence-associated 3-galactosidase (SA) activity and mitotic
index using time-lapse dark-field microscopy. iPSCs derived from both the younger and older sub-
jects expressed pluripotency markers and showed normal karyotype and positive teratoma assays.
There was no significant difference in expression of senescence and apoptosis markers (p21, p53,
and Bax) in iPSCs derived from the younger subject compared with the older subject. Furthermore,
fibroblasts redifferentiated from these iPSCs did not differ in SA activity or mitotic index. We report
successful derivation of iPSCs from women with pelvic organ prolapse. Older age did not interfere
with successful reprogramming. Donor age differences were not observed in these iPSCs using
standard senescence markers, and donor age did not appear to affect cell mitotic activity in fibro-
blasts redifferentiated from iPSCs. STEM CELLS TRANSLATIONAL MEDICINE 2013;2:118-128

with both MDSCs and ADSCs have also shown
optimistic results with increases in urethral pres-
sure after stem cell or differentiated myoblast
injections [6—12]. These promising clinical data
suggest that stem cell therapy may be a viable
noninvasive therapy for urinary incontinence
and for other forms of PFD [13, 14]. Because
these therapies are still in their early explorative
stages, the optimum stem cell type, stage of dif-
ferentiation of the cells to be used, and ultimate
composition of differentiated cells for reinjec-
tion have not been defined.

The reprogramming of somatic cells to in-
duced pluripotent stem cells (iPSCs) has opened
new possibilities to restore tissues that are defi-
cient because of aging or degenerative disease.

INTRODUCTION

Pelvic floor disorders (PFDs) are a group of de-
generative conditions that include urinary and
fecal incontinence and pelvic organ prolapse
(POP). The pathophysiology of PFDs is multifac-
torial. It includes atrophy of the urethral rhab-
dosphincter and smooth muscle, changes in con-
nective tissues, and loss of innervation and pelvic
muscle mass. Vaginal birth trauma and aging are
thought to be major contributors to PFD [1]. Cur-
rent treatment is primarily surgical. However,
nearly 30% of treated women experience a re-
lapse [2], suggesting a clear need for new pre-
ventive and treatment strategies.

Small clinical studies have explored the fea-
sibility of stem cell therapy for treatment of uri-

nary incontinence using adult stem cells such as
muscle-derived stem cells (MDSCs) and adipose-
derived stem cells (ADSCs) [3, 4]. Carr and col-
leagues [5] demonstrated treatment efficacy of
autologous MDSC injections into the urethra for
stress urinary incontinence in a blinded, random-
ized study involving 29 patients. Animal data

The advantage of pluripotent stem cells (human
embryonic stem cell [hESC] lines and iPSCs) over
the adult stem cells is that they are pluripotent,
allowing differentiation into all cell types in tis-
sues (muscle, nerves, blood vessels, and connec-
tive tissues) for full restoration of tissues with
different types of cells. Additionally, data suggest
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that cellular reprogramming has the ability to counteract the
mechanisms of cellular aging, which brings the cells to a self-
renewing, rejuvenated state. If iPSCs are to be considered for
autologous stem cell therapies for PFD or other degenerative
conditions that are associated with aging, the effect of cellular
senescence must be defined. Here we report on the feasibility of
iPSC derivation from fibroblasts of older women affected with
PFD. We also examine donor age-related effects on the derived
iPSCs and whether these differences are carried over to the cells
differentiated from these cell lines.

Activation of oncogenes, shortened telomeres, DNA dam-
age, oxidative stress, and mitochondrial dysfunction are all asso-
ciated with cell senescence. Tumor suppressor protein p53 is
known to play an important role in senescence and apoptotic
responses to dysfunctional telomeres [15] and genotoxic stress
[16]. When p53 is activated, it triggers p21 and Bax activation,
which mediate different aspects of p53 action on senescence
and apoptosis, respectively [17]. Data on adult stem cells such as
human mesenchymal stem cells (MSCs) indicate that p53 levels
increase with age, mirroring cumulative levels of stress [18], and
both p53 and p21 were found to be upregulated in MSCs from
older donors [19]. However, studies on senescence-related mi-
tochondrial/oxidative stress pathway and telomere size in iPSCs
suggest that cellular reprogramming into iPSCs can modulate
these mechanisms toward a rejuvenated state [20, 21]. We eval-
uate this by examining the p53 signaling pathway gene expres-
sions in the iPSCs derived from patients with PFD. To examine
donor age effect on the cells redifferentiated from iPSCs, we
examined senescence-associated 3-galactosidase (SA) activity, a
specific biomarker for senescence [22], and mitotic index, the
fraction of cells in mitosis in at any given time [23].

MATERIALS AND METHODS

Tissue Collection

The Institutional Review Board of the Stanford University School
of Medicine and the Stanford University Stem Cell Research
Oversight committee approved this study. Written informed
consent was obtained from each subject. Vaginal tissues were
collected for fibroblast culture because these are the tissues af-
fected by PFD. The vaginal wall tissues were collected as previ-
ously described [24]. We excised approximately 1 cm? of full-
thickness, periurethral vaginal tissue 1 cm lateral to the
urethrovesical junction (identified by a Foley balloon) from a 78-
year-old woman undergoing hysterectomy for pelvic organ pro-
lapse and urinary incontinence. We excised smaller, 0.5-cm? bi-
opsies of vaginal mucosa from a similar area in a 47-year-old
woman undergoing hysterectomy for fibroids. The epithelial
layer was removed with a razor blade, and the tissues were
washed three times with Dulbecco’s modified Eagle’s medium
(DMEM; Invitrogen, Carlsbad, CA, http://www.invitrogen.com).
They were then cut into small pieces (1 mm?) for fibroblast iso-
lation.

Isolation of Primary Vaginal Wall Fibroblast Culture

We isolated fibroblasts from vaginal wall tissues of a 78-year-old
woman and a 47-year-old woman and cultured them as de-
scribed previously [25]. The purity of the cultured fibroblasts was
confirmed by immunofluorescence using mouse anti-desmin
monoclonal antibody (a smooth muscle cell marker; Sigma-Al-
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drich, St. Louis, MO, http://www.sigmaaldrich.com), mouse anti-
cytokeratin AE1/AE3 monoclonal antibody (an epithelial cell
marker; Chemicon, Temecula, CA, http://www.chemicon.com),
or mouse anti-vimentin (a fibroblast marker; Sigma-Aldrich) [25].
Fibroblasts isolated from each patient’s vaginal wall tissue were
cultured in six-well plates (BD Biosciences, San Diego, CA, http://
www.bdbiosciences.com) in fibroblast culture medium (DMEM
with 20% fetal bovine serum and 100 IU/ml penicillin-streptomy-
cin) (Invitrogen).

Lentivirus Production and Infection

A single polycistronic lentiviral vector, encoding Oct4, KIf4, Sox2,
and cMyc flanked by loxP sites (a gift from Dr. Mostoslavsky,
Boston, MA) was produced in 293-FT (Invitrogen) packaging cells
[26, 27]. 293FT cells maintained in DMEM with 10% fetal bovine
serum (mouse embryonic fibroblast [MEF] growth medium),
supplemented with 0.5 mg/ml Geneticin (Invitrogen), were al-
lowed to expand until reaching 85%—90% confluence. One day
prior to infection, fresh antibiotic-free MEF medium was added
to the cells. For each 175-cm? flask, 293FT cells were transfected
with DNA plasmid mixture carrying 210 ug of pPSTEMCCA, 10 ug
of pTAT, 10 ug of pREV, 10 ug of pGAG/POL, and 21 ug of pVSVG.
The transfection was facilitated by 120 ul of Lipofectamine 2000
(Invitrogen) and 15 ml of Opti-MEM (Invitrogen) for 6 hours and
then replaced with 18 ml of fresh MEF medium without antibi-
otics. Viral supernatants were collected 48 hours after transfec-
tion by spinning and passing through a Millex-HV 0.45-um filter
unit (Millipore, Billerica, MA, http://www.millipore.com). The vi-
ral supernatants were concentrated by ultracentrifugation (Op-
tima L-80 XP; Beckman Coulter, Fullerton, CA, http://www.
beckmancoulter.com) at 17,100 rpm for 2.2 hours at 20°C and
resuspended in fresh media to obtain 100X concentration.

Fibroblasts (100,000 per well) were plated in a six-well plate
2 days before infection. The fibroblasts were transduced one
time with concentrated viral supernatant supplemented with
polybrene (8 ug/ml) for 16—20 hours. The viral supernatants
were washed with PBS and replaced with fresh fibroblast culture
medium and changed every day. Seven days post-transduction,
the cells were trypsinized, counted, and seeded into 10-cm
dishes, preplated with irradiated mouse embryonic fibroblasts
(MEF feeders). Induced pluripotent stem (iPS) colonies were
manually picked 25-31 days post-transduction.

Maintenance Culture of iPSCs

iPSCs were clonally expanded and maintained on irradiated MEF
feeders in hESC medium consisting of DMEM/F12 (Ham) medium
with GlutaMAX supplemented with 20% knockout serum re-
placer, 0.1 mM nonessential amino acid, 100 IU penicillin-strep-
tomycin, 0.1 mM B-mercaptoethanol, and 10 ng/ml recombi-
nant human basic fibroblast growth factor (Invitrogen). The cells
were passed every 5-7 days with collagenase IV (Invitrogen). We
focused on three iPSC clones from each patient.

Immunofluorescence and Alkaline Phosphatase Staining

iPSCs grown on MEF feeder or embryoid bodies grown in the
four-well chamber slides (Nunc, Rochester, NY, http://www.
nalgenunc.com) were fixed in 4% paraformaldehyde for 30 min-
utes, permeabilized with 0.5% Triton X-100 in phosphate-buff-
ered saline (PBS) for 30 minutes, and then blocked in 1% bovine
serum albumin, 5% goat serumin PBS + 0.02% Tween (PBS-T) for
2 hours. The cells were incubated with primary antibodies at 4°C
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Table 1. Primers used for quantitative reverse transcription-polymerase chain reaction

Target gene Forward primer

Reverse primer

NANOG ATGCCTCACACGGAGACTGT AAGTGGGTTGTTTGCCTTTG

S50X2 AGCTACAGCATGATGCAGGA GGTCATGGAGTTGTACTGCA

oCT4 TCGAGAACCGAGTGAGAGG GAACCACACTCGGACCACA

TERT GCTGACGTGGAAGATGAGC TTGGCCAGGATCTCCTCA

p21 CCTGTCACTGTCTTGTACCCT GCGTTTGGAGTGGTAGAAATCT
p53 CCGCAGTCAGATCCTAGCG AATCATCCATTGCTTGGGACG

BAX AGGGTTTCATCCAGGATCGAGCAG ATCTTCTTCCAGATGGTGAGCGAG
GAPDH CTCAACGACCACTTTGTCAAGCTCA GGTCTTACTCCTTGGAGGCCATGTG

overnight; primary antibodies used were rabbit anti-Nanog (IgG,
1/500; Abcam, Cambridge, U.K., http://www.abcam.com), rab-
bit anti-Oct4 (IgG, 1/500; Abcam), rabbit anti-Sox2 (IgG, 1/500;
Santa Cruz Biotechnology Inc., Santa Cruz, CA, http://www.scbt.
com), rabbit anti-hTert (IgG, 1/500; Santa Cruz Biotechnology),
rat anti-SSEA3 (IgG, 1/300; Millipore), mouse anti-SSEA4 (1/300;
Millipore), mouse anti-TRA-1-60 (IgM, 1/300; Millipore), mouse
anti-TRA-1-81 (IgM, 1/300; Millipore), mouse anti-a-fetopro-
tein (1gG, 1/200; Millipore), rabbit anti-Blll-tubulin (IgG, 1/200;
Millipore), mouse anti-a-smooth muscle actin (1gG, 1/200; Milli-
pore), mouse anti-vimentin (IgG, 1/40; Sigma-Aldrich), and
mouse anti-cytokeratin (IgG; Dako, Glostrup, Denmark, http://
www.dako.com). After washing with PBS-T, the cells were incu-
bated with the secondary antibodies for 1 hour at room temper-
ature. The secondary antibodies used were Alexa 488-
conjugated goat anti-rabbit IgG (1/500), goat anti-mouse I1gG
(1/300; Invitrogen), Alexa 594-conjugated goat anti-rat IgM,
or anti-mouse I1gM (1/300; Invitrogen). 4’,6-Diamidino-2-phe-
nylindole was used to stain the nuclei. Alkaline phosphatase
staining was performed for 30 minutes at room temperature
in the dark using the Vector Red Alkaline Phosphatase Sub-
strate Kit | (Vector Laboratories, Burlingame, CA, http://www.
vectorlabs.com) according to the manufacturer’s protocol.

In Vitro Differentiation of iPSC-Embryoid Body
Formation

For embryoid body (EB) formation, the iPSCs were detached with
collagenase IV (200 U/ml) and washed with EB differentiation
medium consisting of DMEM/F12 (Ham), GlutaMAX, 20% FBS,
0.1 mM nonessential amino acids, 100 IU/ml penicillin-strepto-
mycin (Invitrogen), and 0.1 mM B-mercaptoethanol (Millipore).
The cells were cultured in suspension in ultralow-attachment
six-well plates containing differentiated medium for 8 days
(Corning Enterprises, Corning, NY, http://www.corning.com).
The cells were then transferred into gelatin-precoated six-well
plates and cultured in differentiated medium until beating cardi-
omyocytes (10—15 days) were observed. Differentiated cells
were trypsinized and transferred into four-well chamber slides
for immunostaining.

In Vitro Differentiation of iPSCs Toward Fibroblast-Like
Cells

Floating EBs from three iPSC clones of each cell line were sus-
pended in the native rat tail type | collagen (Sigma-Aldrich) solu-
tion (0.75 mg/ml) as described by Togo et al. [28] and cultured in
a six-well plate with the basal medium (1:1 of differentiation
medium and DMEM/F12 [Ham] medium) for 21 days in type |
collagen gels. The gels were dissolved with 1 mg/ml collagenase
at 37°C for 1 hour. The resulting cells containing EBs were cul-
tured in the DMEM with 20% FBS, 100 IU/ml penicillin-strepto-
mycin. The cellular biomarkers (vimentin, cytokeratin, and
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a-smooth muscle actin) were determined by immunocytochem-
istry.

Teratoma Assay

For the teratoma assay, approximately 1 X 10° iPSCs were har-
vested by collagenase IV treatment and injected subcutaneously
into SCID mice (Charles River Laboratories, Wilmington, MA,
http://www.criver.com) as described previously [29]. The tu-
mors were dissected 7-9 weeks post-transplantation from the
mice and fixed with 4% paraformaldehyde/PBS solution for 16
hours. Paraffin-embedded specimens were cut into 5-um sec-
tions, and hematoxylin and eosin staining was performed. The
presence of all three germ layers was detected by light micro-
scope. All animal experiments were performed in accordance
with institutional guidelines.

RNA Isolation and Reverse Transcription-Polymerase
Chain Reaction

The iPSCs were grown on the Matrigel in 60-mm dishes (BD Bio-
sciences) containing MEF conditioned medium until they were
90% confluent. Total RNA was extracted from cells using the
RNeasy kit from Qiagen (Qiagen, Hilden, Germany, http://www.
giagen.com) according to the manufacturer’s instructions. The
cDNA was generated from 1 g of total RNA using the Super-
Script Il First Strand Synthesis System (Invitrogen). PCR primers
used to amplify NANOG, SOX2, OCT4, hTERT, p21, p53, BAX, and
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) are
shown in Table 1. GAPDH was used as an endogenous reference.
Real-time quantification PCR (QPCR) was carried on the Mx3005P
Multiplex Quantitative PCR System with MxPro QPCR soft-
ware (Stratagene, LA Jolla, CA). Brilliant SYBR Green gqPCR
Master Mix (Stratagene) was used to perform PCR. Real-time
gPCR was performed as described previously [30]. The ampli-
fications were done following a 10-minute hot start at 95°Ciin
a three-step protocol with 30 seconds of denaturation (94°C),
1 minute of annealing (55°C), and extension at 72°C for 30
seconds. Forty cycles were performed. Cycle of threshold
methods were used for quantification. Relative quantification
of the respective gene corrected for the quantity of the nor-
malizer gene (GAPDH) was divided by one normalized control
sample value (calibrator) to generate the relative quantifica-
tion to calibrator. The calculations were done by MxPro QPCR
software. The PCR products were loaded on 2% agarose gel to
confirm their size.

Western Blot Analysis

The iPSCs were grown on Matrigel (BD Biosciences) in 60-mm
dishes containing MEF conditioned medium until they were 90%
confluent. The cells were washed three times with PBS, lysed
with RIPA buffer (50 mM Tris, 150 mM NaCl, 1% NP40, and 0.5%
deoxycholate; Roche Diagnostics, Basel, Switzerland, http://
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www.roche-applied-science.com), and then rotated at 4°C over-
night. The cell debris was removed by centrifugation at 14,000
rpm for 30 minutes. Total protein concentrations were deter-
mined using the Bradford method (Bio-Rad, Hercules, CA, http://
www.bio-rad.com). The samples were subjected to 10% poly-
acrylamide gels (sodium dodecyl sulfate-polyacrylamide gel
electrophoresis). The gels were blotted onto nitrocellulose
membranes (Pierce, Rockford, IL, http://www.piercenet.com) in
an electrophoretic transfer cell (Bio-Rad). The blots were
blocked with 5% nonfat milk at 4°C overnight and then probed
with mouse anti-p21 monoclonal antibody (1 ug/ml; Abcam),
mouse anti-p53 monoclonal antibody (2.5 wg/ml; Abcam), rabbit
anti-Bax polyclonal antibody (1/100; Abcam), or goat anti-
GAPDH (1/50,000; Abcam) for 1 hour at room temperature. After
washing three times with phosphate-buffered saline with 0.1%
Tween, pH 7.4 (PBS-T), the membrane was incubated in 1:5000
dilution of sheep anti-mouse IgG conjugated to HRP or in 1:5000
dilution of donkey anti-rabbit 1gG conjugated to HRP or in
1:50,000 dilution of mouse anti-goat I1gG conjugated to HRP (GE
Healthcare, Little Chalfont, U.K., http://www.gehealthcare.com)
for 1 hour at room temperature. This was followed by three
washes in PBS-T. The blots were developed by chemilumines-
cence. The band density was determined by Bio-Rad Quality One
Software.

Karyotypic Analysis

Spectral karyotyping was performed as described previously
[31]. Briefly, actively growing iPSCs (passage 19) on the Matrigel
were treated with 0.1 ug/ml Colcemid solution (Invitrogen) at
37°C for 16 hours. The cells were harvested with 0.05% trypsin
for 5 minutes at 37°C. Trypsin activity was inactivated with
DMEM containing 10% FBS. The cell pellet was resuspended
slowly in prewarmed hypotonic solution containing equal
amounts of 0.4% potassium chloride and 0.4% sodium citrate
and incubated at 37°C for 7 minutes. After centrifugation, the
cells were fixed with Carnoy’s solution (methanol:galcial acetic
acid, 3:1) for 30 minutes at room temperature. This step was
repeated twice. Finally, the cell pellet was resuspended into a
small volume of fixative and dropped onto a precleaned slide.
Spectral karyotypic (SKY) analysis was performed using a SKY
Paint Probe Kit according to the manufacturer’s instructions (Ap-
plied Spectral Imaging, Vista, CA, http://www.spectral-imaging.
com). The metaphase spreads were detected and analyzed using
the SkyView Spectral Imaging System (Applied Spectral Imaging,
Inc.).

Cytochemical Staining for SA

SAis widely used as a biomarker of cellular senescence. We were
unable to clearly identify the SA-positive staining single iPSC be-
cause of cell clumping. Therefore, we examined SA in fibroblast-
like cells differentiated from EBs derived from the clones of each
cell line. The cells at passage 3 were stained with a Senescence
Cells Histochemical Staining Kit (Sigma-Aldrich) overnight at 37°C
at the manufacturer’s suggestion. Stained cells were viewed un-
der a Leica DMIRB inverted microscope at X200 magnification.
The percentage of SA-positive cells was determined by counting
the number of blue cells under bright field and then the total
number of cells in the same field under phase contrast. Three
fields for each well were examined by two examiners. The aver-
age numbers were used for data analysis.

www.StemCellsTM.com

Mitotic Activity of Fibroblasts Determined by Time-
Lapse Dark-Field Microscopy

We determined the mitotic index, a cell proliferation marker, by
time-lapse dark-field microscopy. This technique allowed us to
assess cell replication over a period of time without exposure to
harmful light or radiation. The single fibroblast-like cells differ-
entiated from three iPSC clones of each cell line in DMEM with
20% FBS were loaded into a four-well plate (BD Biosciences;
200,000 cells per well) coated with Matrigel. The cells were cov-
ered with oil. The cells from the older patient were imaged simul-
taneously with cells from the younger patient in order to mini-
mize experimental variation. The time-lapse imaging was
performed on a system setup with two modified Olympus IX-
70/71 microscopes equipped with Tokai Hit heated stages,
white-light Luxeon, LEDs, and an aperture for dark-field illumina-
tion [32]. The time-lapse images were acquired every 5 minutes
for 16 hours. Each image field included roughly 130 cells. Quick
Time Pro.7 (Apple, Cupertino, CA, http://www.apple.com) and
Image)  (http://rsbweb.nih.gov/ij/download.html) software
were used to count the cell numbers of mitosis.

RESULTS

Generation and Characterization of iPSCs Derived From
Fibroblasts of Younger and Older Subjects

To generate iPSCs, we simultaneously transduced the fibro-
blasts, which were isolated from the vaginal wall of a 78-year-old
woman with POP and a 47-year-old woman without POP, with a
single polycistronic lentiviral vector, encoding Oct4, KIf4, Sox2,
and cMyc transgenes flanked by loxP sites. The iPS colonies were
picked up at day 25 post-transduction. Reprogramming of so-
matic cells to iPSCs was more efficient in the younger subject
(76% fully reprogramming colonies) compared with the older
subject (56% fully reprogramming colonies; Fig. 1). The iPSC
clones from these two cell lines were maintained and expanded
on irradiated MEF cells. They expressed alkaline phosphatase
and were positive for pluripotency markers: NANOG, OCT4,
SOX2, hTERT, SSEA-3, SSEA-4, Tra-1-60, and Tra-1-80 (Fig. 2A,
2B). Quantitative real-time RT-PCR using the primers designed to
recognize the genes of pluripotency markers (Table 1) showed
that the mRNA expression levels of NANOG, SOX2, OCT4, and
hTERT in these two iPSC lines were increased relative to their
parental fibroblast controls. H9 hESCs were used as a positive
control. When compared with H9 hESCs, there was no significant
difference in increased expression of pluripotency marker gene
expressions between the iPSC lines.

In Vitro and In Vivo Differentiation of iPSC Lines

iPSCs from both of the lines were able to spontaneously differ-
entiate into derivatives of the three germ layers in vitro. The EBs
derived from these two cell lines showed positive staining for
Blll-tubulin, an ectodermal marker; a-smooth muscle actin
(SMA), a mesoderm marker; and a-fetoprotein, an endodermal
marker (Fig. 3A).

Furthermore, these iPSCs were able to form teratomas in
vivo after subcutaneous injection into SCID mice. Histological
analysis revealed that the teratomas were comprised of tissues
from each of the three germ layers (Fig. 3B).
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Figure 1. Counts of colonies with human embryonic stem (hES) cell-like morphology and non-hES cell-like colonies from transduction of 50 X
10° vaginal wall fibroblasts isolated from a 78-year-old woman with pelvic organ prolapse and a 47-year-old control woman. The number of
colonies was counted at day 31 after transduction. The data are the averages of two individual plates of each subject.

Effects of Donor Age on p53 Pathway in iPSCs

To test the effect of age on p53 pathway gene expression, we
examined the expression of p53, p21, and BAX by quantitative
real-time RT-PCR from three iPSC clones of each cell line. The
expression level of p53, p21, and BAX in the three iPS clones
derived from the older subject did not differ significantly com-
pared with the three clones derived from the younger subject
(Fig. 4A). This was confirmed by the protein expression levels of
p53, p21, and BAX (Fig. 4B).

Effects of Donor Age on SA Activity and Cell Mitotic
Index in the Fibroblasts Redifferentiated From iPSC
Lines

The fibroblast-like cells derived from EBs (three clones from each
cell line) stained with vimentin (marker for fibroblasts), cytoker-
atin (marker for epithelial cells), and a-SMA showed that more
than 95% cells were positive for vimentin. Less than 5% of the
redifferentiated cells were positive for a-SMA, and they were
entirely negative for cytokeratin (Fig. 5). We stained these cells
for SA activity and showed no difference between the older and
younger cell lines (Fig. 6). The mitotic index, which was deter-
mined by the numbers of cells in mitosis at a given time, in the
fibroblast redifferentiated from the older donor iPSC line (20—30
cells per 16 hours) was similar to that of the fibroblasts differen-
tiated from the younger donor iPSC lines (20-25 cells per 16
hours) over a 16-hour time course (Fig. 7).

©AlphaMed Press 2013

DiscussioN

Cell-based therapy using patient-specific iPSCs presents an alter-
native approach in the treatment of urinary incontinence and
pelvic floor disorders. In contrast to surgery, where the repair is
based on mechanical support of already deficient and aged tis-
sues, stem cell therapy holds the promise of restoring many of
the cellular components of the urethral continence mechanism.
The prevalence of PFDs, such as urinary incontinence and pelvic
organ prolapse, increases with age. Therefore, many of the pa-
tients seeking treatment will be older. With respect to PFD, there
are no data on reprogramming of somatic cells from older pa-
tients, and there are scant data about the effect of donor age on
the basic characteristics of iPSCs and their potential in regener-
ative applications. The present study reports derivation of iPSCs
from vaginal fibroblasts from older women with PFD. We also
examine whether there are donor age-related effects in our iP-
SCs and whether these differences are carried over to the cells
redifferentiated from these iPSC lines.

Although reprogramming of somatic cells to iPSCs was more
efficient in the younger subject (76% fully reprogramming colonies)
compared with the older subject (56% fully reprogramming colo-
nies), the iPSCs derived from the vaginal wall fibroblasts of both the
older and younger women expressed the embryonic stem cell mark-
ers detected by reverse transcription-polymerase chain reaction
and immunocytochemical staining. They were all pluripotent with
respect to their ability to differentiate into the three germ layers in
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Figure 2. Characterization of iPSC lines. (A): Patient-specific iPSC lines derived from vaginal wall fibroblasts of 78- and 46-year-old
subjects expressed AP. Immunofluorescence staining of the iPSCs also showed expression of pluripotency markers, including NANOG,
OCT4,S50X2, hTERT, SSEA-3, SSEA-4, Tra-1-60, and Tra-1—-80. DAPI staining is shown on the right and indicates the total cell content per
image. Mouse embryonic fibroblasts surrounding human colonies served as internal negative controls for immunohistochemistry
staining. Scale bars = 100 wm. (B): Quantitative real-time reverse transcription-polymerase chain reaction (PCR) assay for mRNA
expression level of pluripotency-associated genes in two iPSC lines (passage 9) derived from the young and older donors and their
respective parental fibroblasts. The expression level of endogenous NANOG, SOX2, OCT4, and hTERT genes was increased in both iPSC
lines (passage 9) relative to their respective parental fibroblast controls. Three clones (passage 9) from each cell line were analyzed (C1,
C3, and C64 were derived from the older donor; C15, C16 and C42 were derived from the younger donor). PCRs were normalized against
internal control (glyceraldehyde-3-phosphate dehydrogenase). The H9 clone was used as a positive control and a calibrator for PCR.
Abbreviations: AP, alkaline phosphatase; DAPI, 4’,6-diamidino-2-phenylindole; iPSC, induced pluripotent stem cell; yo, years old.
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Figure 3. Invitro and in vivo differentiation of induced pluripotent stem cell (|PSC) lines. (A): Immunofluorescence staining of differentiated

markers (overlayered with 4',6-diamidino-2-phenylindole) on 28-day attached EBs. Ectoderm marker Blll-tubulin, mesoderm marker SMA,
and endoderm marker a—fetoprotein were detected in EBs. EBs derived from H9 clone were used as a positive control. Scale bars = 100-200
mum. (B): The formation of teratoma was evaluated using passage 15 iPSCs implanted subcutaneously. Hematoxylin- and eosin-stained
teratoma sections were detected by light microscopy. Scale bars = 200 um. The tissues from each of the three germ layers, including neural
rosettes (ectoderm), cartilage and smooth muscle (mesoderm), and secretory gland (endoderm), are shown. Abbreviations: AFP, a-fetopro-
tein; EB, embryoid body; SMA, a-smooth muscle actin; TUBB3, Blll-tubulin.

vitro (embryonic bodies) and in vivo (teratomas). Both iPSC lines
showed normal karyotype (data shown in supplemental online Fig. 1).

When the tumor suppressor protein p53 is activated, it triggers
p21 and Bax to mediate different aspects of p53 action on senes-
cence and apoptosis, respectively [17]. We previously documented
that the expression of apoptotic proteins, Bad and Bax, in vaginal
wall tissues of women with severe PFD was higher compared with
the control group [33]. These data suggest that there is increased
apoptotic activity or sensitivity to induction of apoptosis in the vag-
inal wall tissues of women with PFD. Therefore, we characterized
the effect of donor age on the iPSCs derived from the older woman
with PFD with respect to p53 signaling pathway and apoptosis. We
did not find significant differences in the mRNA and protein expres-
sion of p53, p21, and Bax between iPSCs from younger and older
PFD donors, consistent with other reports of cellular rejuvenation
after reprogramming [21, 34, 35].

Human iPSC lines have been derived from a variety of somatic
cell types and characterized. However, few studies examined the
proliferative capability, a key parameter of cell function, of the cells
redifferentiated from the iPSCs. Feng et al. [36] observed signifi-

©AlphaMed Press 2013

cantly increased apoptosis, limited growth and expansion capabil-
ity, and substantially decreased hematopoietic colony-forming ca-
pability in the hemangioblasts differentiated from human iPSCs
(hiPSCs). Likewise, reduced proliferation was documented in cardi-
omyocytes differentiated from hiPSCs [37]. In contrast, Lapasset et
al. [21] recently reported that fibroblasts derived from hiPSC from
older donors proliferated at the same rate as young fibroblasts.
These studies show inconsistent data on the behavior of cells redif-
ferentiated from iPSCs. To investigate whether donor-age effects
are carried over to the cells differentiated from the iPSC lines from
donors affected with PFD, we examined cellular senescence (senes-
cence-associated 3-galactosidase activity) and mitotic activity of the
fibroblasts redifferentiated from each iPSC line.

The activity of SA has been used as a marker for aged cells be-
cause it increases with aging of fibroblasts both in vitro and in vivo
[38]. The number of SA-positive fibroblast-like cells differentiated
from the iPSCs of the older donor was similar to that of young donor.
Mitotic index, a proliferation marker [23], was analyzed using
time-lapse dark-field imaging analysis over 16 hours. In previous
experiments, we observed that the mitotic rate of the vaginal wall
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Figure4. Expression of senescence-associated genesiniPSClines. (A): Quantitative real-time reverse transcription-polymerase chain reaction (PCR)
for p21, p53, and Bax genes indicated no difference (p > .05) in the expression of senescence-associated genes in three induced pluripotent stem
clones of each cell line. The MRNA expression level is shown as the average of three clones of each cell line (passage 9). C1, C3, and C64 were derived
from the older donor; C15, C16, and C42 were derived from the younger donor). The reactions were normalized against internal control (GAPDH).
Fibroblasts isolated from the vaginal wall of a 34-year-old subject were used a calibrator for real-time PCR. HT1080 cells were used a positive control.
(Bi): Representative Western blots of p53, p21, and Bax from two clones (passage 9) from each cell line were analyzed. GAPDH was used a loading
control. (Bii): The average expression levels of three clones (passage 9) derived from an older and a younger donor indicate no significant difference
between groups. Abbreviations, GAPDH, glyceraldehyde-3-phosphate dehydrogenase; iPSC, induced pluripotent stem cell.
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Figure 5. Immunocytochemistry of redifferentiated fibroblasts in monolayers from embryoid bodies cultured in collagen type 1 gel for 26

days. At passage 2, cellular biomarkers were analyzed by immunohistochemistry. Top: older donor; bottom: young donor. Less than 5% of the
cells were cytokeratin-positive and a-SMA-positive, and more than 95% of the cells were vimetin-positive. Scale bars = 200 um.

Abbreviation: a-SMA, a-smooth muscle actin.
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Figure 6. Comparison of SA activity in the fibroblasts differentiated from the older-donor and young-donor induced pluripotent stem cells by
cytochemistry. No significant difference was observed between the two cell lines. Arrows indicate SA-positive staining fibroblasts. Abbrevi-

ation: SA, senescence-associated 3-galactosidase.

fibroblasts from older women with PFD (age >60 years old) was
significantly lower than the rate of the vaginal wall fibroblasts from
young women (age <50 years old; unpublished data). This is consis-
tent with published reports on the effects of donor age on fibro-
blasts, where population doubling level and mitotic index were ob-
served to have an inverse relationship with donor age [39, 40].
However, this age-associated effect on the mitotic rate was not ob-
served in the fibroblasts redifferentiated from the iPSCs derived
from the old donor. The mitotic rate of cells redifferentiated from
iPSCs was similar between the younger and older subjects.

©AlphaMed Press 2013

The above observations suggest that reprogramming vaginal
fibroblasts from older patients with PFD into iPSCs and subse-
quent redifferentiation can yield “rejuvenated” cells. This is con-
sistent with the recent documentation that skin fibroblasts from
a centenarian can be reprogrammed into iPSCs with aging mark-
ers that are indistinguishable from human embryonic stem cells
and that the iPSCs are able to redifferentiate into rejuvenated
cells [21]. Likewise, iPSCs have been successfully reprogrammed
from two older patients with type 2 diabetes. These iPSC clones
acquired a rejuvenated state with elongated telomeres and
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Figure 7. The proliferation of the fibroblasts redifferentiated from the older-donor and younger-donor iPSCs was measured by mitotic
activity with a time-lapse dark-field microscope during a 16-hour time course (150 cells per field at time 0). The cells in mitosis (red arrow) were
counted with Quick Time Pro7 and ImagelJ software. The fibroblasts of C1, C3, and C64 were redifferentiated from three clones of iPSCs of the

older donor; the fibroblasts of C15, C16, and C42 were redifferentiated fi

rom three clones of iPSCs of the younger donor. The number of cells

in mitosis in the older donor (20—-30 cells per 16 hours) was similar to that in the younger donor (20-25 cells per 16 hours). The experiments

with the same color curve were imaged simultaneously.

decreased senescence-related gene expression and oxidative
stress signaling [34]. We note that, similar to these and other
studies, the sample size in our study is small. Because of this, we
cannot generalize our observations to conclude that cellular re-
juvenation occurs through iPSC reprogramming of cells from
older patients with PFD. We plan on future studies with a larger
sample size to confirm our observations.

CONCLUSION

The decline in tissue regenerative capacity caused by age-related
changes in adult stem cells has been observed in animal and human
studies [41-43]. Because of this, iPSC technologies should be con-
sidered for treatment of pelvic floor disorders. We report successful
derivation of iPSCs from vaginal fibroblasts from older women with
PFD. We did not detect donor age-related changes in the iPSC lines
derived from women with PFD or in the fibroblasts redifferentiated
from these iPSCs. Similar to reports from iPSCs derived from the
older subject, our observations suggest that the effects of aging may
be “erased” by the reprogramming of fibroblasts from donors with
PFD into iPSCs. These results support further exploration of iPSC
therapies for pelvic floor disorders.
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