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was expressed in podocytes in NEP25/LLMB2 mice on day / by serial
section analysis, and it was absent in control mice (Fig. 2H). Electron
microscopy showed the association of endothelial injury and over-
laying podocyte damage in NEP25/LMB2 mice (Fig. 21).

Inhibition of PAI-1 Ameliorated Microangiopathy and
Protected Podocyte Loss

Treatment with the PAI-1 inhibitor TM5484 decreased glomer-
ular PAI-1 expression in NEP25/LMB2 mice on day I compared
with vehicle-treated mice (Fig. 34). TM5484 significantly ame-
liorated proteinuria and thrombosis and preserved podocyte num-
bers compared with NEP25/LMB2 + VH mice (Fig. 3, B-D). In
addition, glomerular mRNA levels of eNOS and VEGF in NEP25/
LMB2 + PI mice were higher and podocyte injury markers desmin
and vimentin were lower than those in NEP25/LMB2 + VH mice
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(Fig. 3E). Light and electron microscopy showed that glomerular
structure and podocytes were preserved and glomerulosclerosis was
significantly decreased in NEP25/LMB2 -+ PI mice on day 12 (Fig.
4, A and B). Immunofluorescence microscopy revealed that (3;-
integrin on the basal surface of podocytes did not colocalize with
synaptopodin in control or NEP25/LMB2 + PI mice, whereas
Bi-integrin was located in the cytoplasm of podocytes in NEP25/
LMB2 + VH mice, indicating that PAI-1-mediated {3;-integrin
translocation in NEP25/LMB2 mice was protected by PAI-1
inhibitor in vivo (Fig. 5).

Heparin Loading Interfered With Thrombi But Had No
Effect on Podocyte Protection

Heparin loading experiments showed no effect on protein-
uria and podocyte number despite the suppression of throm-

Fig. 3. PAI-1 inhibitor ameliorated proteinuria and pre-
served podocyte numbers in NEP25/LMB2 mice. A: ex-
pression of PAI-1 was reduced in PAI-1 inhibitor-treated
NEP25/LMB2 mice (NEP25/LMB2 + PI group) com-
pared with vehicle-treated NEP25/LMB2 mice (NEP25/
LMB2 + VH group). B: proteinuria in NEP25/LMB?2 +
PI mice (n = 8) was significantly lower than that in
NEP25/LMB2 + VH mice (n = 6) on day 12. *P < 0.05.
* C: the thrombosis score was significantly lower in
NEP25/LMB2 + PI mice (n = 8) than in NEP25/LMB2 +
VH mice (n = 6). *P < 0.05. D: mean WT-1-positive
cells per glomerular profile in NEP25/LMB2 + PI mice
(n = 8) were significantly higher than those in NEP25/
LMB2 + VH mice (n = 6). ***P < 0.001. E: relative
mRNA expression from isolated glomeruli on day 12 in
NEP25/LMB2 + PI mice (n = 5) and NEP25/LMB2 +
VH mice (n = 5) was compared. Glomeruli were isolated
from each mouse, and quantitative real-time PCR was
done on each sample. NEP25/LMB2 + PI mice showed

significantly higher levels in eNOS and VEGF mRNA but
significantly lower levels of desmin and vimentin mRNA
compared with NEP25/LMB2 + VH mice.
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Fig. 4. PAI-1 inhibitor protected glomerular structure and podocyte injury in NEP25/LMB2 mice. A: histology of the kidney cortex. At lower magnification
(X200; scale bars = 15 pm), NEP25/LMB2 + PI mice showed less glomerular injury and tubular dilatation than NEP25/LMB2 + VH mice (leff). Higher
magnification (X400, scale bars = 15 pm) of periodic acid-silver methenamine staining revealed glomerular epithelial proliferation and thrombi on day 8 (middle
left) and glomerulosclerosis on day 12 (middle right) in NEP25/LMB2 + VH mice. Bowman’s space cells were interpreted as proliferating parietal epithelial
cells and may well represent podocytes undergoing detachment in NEP25/LMB2 + VH mice on day 8. Relatively normal glomeruli were noted in NEP25/LMB2 +
PI mice. A transmission EM image of the glomerulus on day /2 is shown on the right. In NEP25/LMB2 + VH mice, thrombotic formation was associated with
degeneration in overlaying podocytes (arrow). These features were not observed, and the foot process was preserved in NEP25/LMB2 + PI mice. Scale bars =
2 pm. B: prevalence of glomerulosclerosis in NEP25/LMB2 mice with or without PAI-1 inhibitor. The sclerosis score was significantly lower in NEP25/LMB2 +

PI mice (n = 8) than in NEP25/LMB2 + VH mice (n = 6). **P < 0.01.

botic formation, suggesting that thrombi per se do not act on
podocyte loss (Fig. 6, A-C).

PAI-1/uPA Complex-Induced Podocyte Detachment In Vitro
Required uPAR-Dependent B;-Integrin Endocytosis

The mechanism underlying podocyte protection by the
PAI-1 inhibitor in vivo was tested using established mouse
podocytes in vitro. PAI-1/uPA-treated podocytes showed a
significant cell detachment with a loss of arborized shape,
whereas this was not seen in podocytes treated with uPA and
PAI-1 alone. Apoptotic bodies and caspase-3-positive cells
were not observed upon podocyte detachment (data not
shown). In addition, podocytes treated with anti-uPAR anti-
body targeting the PAI-1/uPA complex (anti-uPAR + PAI-1/

uPA) did not exhibit podocyte detachment, indicating that
PAI-1/uPA-mediated podocyte detachment was uPAR depen-
dent (Fig. 7). Using confocal immunofluorescence microscopy,
cultured podocytes treated with the PAI-1/uPA complex ex-
pressed P;-integrin in the cytoplasm that colocalized with
uPAR expression, despite the absence of such translocation in
podocytes treated with uPA or PAI-1 alone or with anti-
uPAR + PAI-1/uPA (Fig. 8, A and B). Biotinylated experi-
ments showed a reduction of membrane (:-integrin only in
PAI-1/uPA-treated cells. Western blot analysis showed an
increase of Pi-integrin in the cytoplasmic fraction of PAI-1/
uPA-treated podocytes but not those with other treatments
(Fig. 9, A and B). In addition, double immunogold labeling
electron microscopy showed a disappearance of cell surface
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B1-integrin and colocalization of Bi-integrin and uPAR within
the endocytotic vesicles of PAI-1/uPA-treated podocytes (Fig.
9C). The cytoplasmic shift of (;-integrin and uPAR was
confirmed by counting gold particles (Fig. 9D).

DISCUSSION

The present study describes novel mechanism of podocyte
loss by aberrant intracapillary signaling, which, in turn, targets
podocytes by pathological PAI-1-mediated and uPAR-depen-
dent Bi-integrin internalization, resulting cell detachment.

Our first observation was that induced podocyte-specific
injury correlated with thrombosis in glomeruli. Double immu-
nolabeling and electron microscopy displayed an association of
focal thrombi with damage in overlying podocytes. Because
our heparin loading experiments suppressed thrombi without
changing podocyte number, thrombosis has no significant re-
sponsibility for podocyte loss. These findings support the
notion that podocyte dysfunction causes glomerular TMA and
suggests that podocyte-intracapillary signaling is locally regu-
lated. Generally, TMA appeared in the setting of severe endo-
thelial cell injury, such as hemolytic uremic syndrome, which
seems to be mediated by PAI-1, a strong effector of antifibrin-
olysis (2, 31). Normally, PAI-1 is not produced in kidneys but
is elevated in glomeruli in cases with crescentic glomerulone-
phritis, which accompanies fibrin exudation (20). This may
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Fig. 5. Bi-Integrin was expressed in the cyto-
plasm of podocytes in NEP25/LMB2 mice. In
control mice, Bi-integrin was detected in the
mesangium and along the glomerular basement
membrane (GBM) and did not overlap with
synaptopodin. In NEP25/LMB2 + VH mice on
days 3 and 12, Bi-integrin was found in the
podocyte cytoplasm and occasionally colocal-
ized with synaptopodin. Such B;-integrin trans-
Jocation was not apparent in NEP25/LMB2 +
PI mice on days 3 and 12. Magnification:
X600.

reflect severe glomerular endothelial cell injury and is thought
to be a response to tissue fibrinolysis.

In our model of NEP25/LMB2 mice, expression of glomer-
ular PAI-1 protein revealed some unique features, i.e., a diffuse
pattern in a de novo fashion in glomerular endothelial cells as
early as 1 day after LMB2 injection. Since LMB2 binds to
human CD25 and mouse endothelial cells do not express it,
glomerular PAI-1 upregulation 1 day after LMB2 injection is
caused by LMB2-induced podocyte injury but not a direct
action of LMB2 in glomerular endothelial cells (26).

Notably, this was before decreases in VEGF and eNOS
mRNA expression as well as the formation of glomerular TMA
lesions. The ultrastructure on day I showed podocyte foot
process effacement accompanied by endothelial cell swelling
but not with platelet accumulation or thrombi in NEP25/LMB2
mice. Because LMB2 immediately binds to and injures podo-
cytes, diffuse PAI-1 expression in endothelial cells on day I
suggests that PAI-1 synthesis is an early endothelial response
to podocyte injury but may not be the same for antifibrinolytic
actions. Of note, we also demonstrated de novo expression of
uPAR in podocytes, not in endothelial cells, on day I. Thus,
podocyte injury rapidly activates aberrant endothelium-podo-
cyte signaling in vivo. At the later stage where glomerular
TMA was apparent, PAI-1 was also expressed in preserved
capillaries but not in the portion of thrombi, implicating that
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Fig. 6. Interference with thrombosis by heparin loading had no effect on proteinuria and podocyte numbers. A: proteinuria levels were similar in mice treated
with (NEP25/LMB2 + Hep group; n = 5) or without heparin (NEP25/LMB2 + PBS group; n = 5). B: mean WT-1-positive cells per glomerular profile in
NEP25/LMB2 + Hep mice (n = 5) were similar to those in NEP25/LMB2 + PBS mice (n = 5) on days —1 and /2. C: the thrombosis score in NEP25/LMB2 +
Hep mice (n = 5) was significantly lower on day /2 compared with that in NEP25/LMB2 + PBS mice (n = 5). **P < 0.01.

activated endothelial cells persistently expressed PAI-1. The
absence of PAI-1 at thrombi may be due to the loss of
endothelial cells, as shown in our electron microscopy exper-
iments (Fig. 1G). Importantly, we showed colocalization of
PAI-land synaptopodin in this late stage. Since uPAR, a
receptor of PAI-1, was shown to be expressed in podocytes
among several models of nephrosis (41), endothelium-derived

Anti-uPAR +

PAI-1/uPA
R R

PAI-1

PAI-1/uPA

0 min

10 min

100 -

80 — *
60 -
40

20

Cell detachment (%)

uPA PAI-1 PAI-1/uPA  Anti-uPAR +

PAI-1/uPA

Fig. 7. PAI-1 and the uPA complex induced cell detachment in podocytes in
vitro. We evaluated podocyte adhesive capabilities by manual counting cells.
All experiments were repeated three times and statistically estimated. The
number of podocytes incubated with the PAI-1/uPA complex was significantly
reduced compared with those incubated with uPA, PAI-1 alone, and anti-uPAR
+ PAI-1/uPA. *P < 0.05 vs. uPA, PAI-1, and anti-uPAR + PAI-1/uPA.

PAI-1 may pass through the GBM and form a complex with
uPAR during podocyte injury.

PAI-1 is known to have pleiotropic functions, including
effects on cell motility, activation of apoptosis, and promotion
of cell senescence, some of which may contribute to the
progression of glomerular damage (9, 11, 24, 35). Although
several reports have shown glomerular PAI-1 expression in
glomerular diseases (14, 29, 45), the role of PAI-1 in podocyte
diseases has not been extensively explored. In this regard, the
present study investigated the actions of PAI-1 during podo-
cyte injury by several experiments. First, we administered a
PAI-1 inhibitor immediately after LMB2 treatment and found
suppression of thrombosis and maintained VEGF and eNOS
levels in NEP25/LMB2 mice, suggestive of endothelial pro-
tection. Moreover, PAI-1 inhibitor treatment showed signifi-
cantly less proteinuria and higher podocyte numbers in NEP25/
LMB2 mice compared with vehicle-treated NEP25/LMB2
mice. This suggests that intracapillary PAI-1 impacted the
glomerular filtration barrier and particularly promoted podo-
cyte loss. Second, because it is unknown whether the effect of
PAI-1 inhibitor on podocyte protection was by direct or indi-
rect actions through fibrinolysis, we performed heparin loading
experiments in our model. Heparin loading significantly re-
duced thrombosis but had no effects on proteinuria and podo-
cyte number. These observations may provide a novel action of
PAI-1, other than fibrinolysis, as an aberrant intracapillary
podocyte danger signal during podocyte injury.

Our hypothesis that primary podocyte injury causes second-
ary podocyte loss by the above-described PAI-1 mechanism
suggests a positive feedback loop of podocyte loss. Using
podocyte-specific CD25 chimeric mice, Matsusaka et al. (25)
showed that LMB2 induced primary podocyte injury in CD25-
positive podocytes only, even though neighboring podocytes
lacking CD25 were secondarily damaged. This observation
provides important clues to understanding progressive glomer-
ulosclerosis promoted by a vicious cycle of podocyte loss as a
“domino effect,” and our hypothesis of an intracapillary danger
signal toward podocytes may explain this phenomenon.

Our additional experiments in vitro disclosed the mechanism
whereby intracapillary PAI-1 upregulation triggered secondary
to podocyte loss. Basically, motility of cells requires the proper
function of cytoskeletal and cell membrane dynamics (4). It is
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known that tissue PAI-1 acts to promote cell motility and
proliferation by the uPA/uPAR complex, one of the mecha-
nisms of cancer metastasis (5, 6, 37). Integrins are key mole-
cules maintaining cell integrity via matrix-cytoskeleton signal-
ing as transmembrane receptors (4).

In the podocyte, as3B;-integrin is the main contributor of
tight adhesion of podocytes to the GBM (32). Podocyte-
specific B-integrin/** mice exhibit foot process effacement,
podocyte loss, and glomerulosclerosis (30). Czekay et al. (5, 6)
showed that PAI-1/uPA complex-bound uPAR on the cell
membrane promoted endocytosis of ayBs-, ayPs-, and osP;-
integrins. In the present study, NEP25/LMB2 mice showed
Bi-integrin in the podocyte cytoplasm on day 12, which was
not observed in control mice, and was blocked by PAI-1
inhibitor. Additionally, immortalized podocytes treated with
the PAI-1/uPA complex underwent significant cell detachment.
Confocal immunofluorescence microscopy showed 3;-integrin
and uPAR internalization only in PAI-1/uPA-treated podo-
cytes. PAI-1/uPAR-mediated P;-integrin internalization was
confirmed by decreased membrane-localized {;-integrin by
biotinylated experiments and an increase of 3;-integrin protein
in the cytoplasmic fraction. Furthermore, the double immuno-
gold labeling technique displayed colocalization of B-integrin
and uPAR within endocytotic vesicles after PAI-1/uPA treat-
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Fig. 8. The PAI-1/uPA complex induced trans-
location of (;-integrin from the podocyte sur-
face to the cytoplasm via a uPAR-dependent
mechanism. A: localization of ;-integrin and
uPAR was visualized by confocal laser scan-
ning microscopy. Using immunofluorescence
microcopy, cultured podocytes treated with the
PAI-1/uPA complex expressed Bi-integrin in
the cytoplasm that colocalized with uPAR,
whereas no translocalization occurred in podo-
cytes treated with uPA or PAI-1 alone. ;-
Integrin translocalization in response to PAI-
1/uPA could be inhibited by the administration
of anti-uPAR. Magnification: X1,000. Scale
bars = 10 wm. B: colocalization between f3:-
integrin and uPAR was significantly aug-
mented in PAI-1/uPA-treated cells (n = 30
cells/group). ***P < 0.001 vs. uPA, PAI-1,
and anti-uPAR + PAI-1/uPA. Pearson’s cor-
relation coefficient for Bi-integrin and uPAR
colocalization was calculated using Image]
and JaCoP software (3, 34). In every experi-
ment using JaCoP software, the red fluores-
cence indirectly emitted by [i-integrin was
primarily detected in Chl and the green fluo-
rescence indirectly emitted by uPAR was pri-
marily detected in Ch2. In all calculations, the
background was subtracted from the intensity
values.

ment, suggesting endocytosis as a mechanism of Bi-integrin
internalization.

In patients with FSGS, soluble uPAR is elevated in the
serum and on the surface of podocytes. Wei et al. (41, 42)
recently reported that uPAR-activated podocyte o p3-integrin
resulted in the effacement of foot processes through disruption
of the actin cytoskeleton. This mechanism could prime podo-
cyte for detachment and then could be followed by endothelial
PAI-1 induction, setting a progressive mechanism into motion.
Clearly, more experiments are needed to link (soluble) uPAR-
mediated podocyte injury and PAI-1-uPAR-B;-integrin inter-
nalization, even though it is known that repression of ;-
integrin activates Ps-integrin via Racl and ERK (15). These
observations, together with our present findings, suggest that
primary podocyte injury accelerates progressive podocyte loss
by upregulation of endothelial PAI-1-mediated podocyte B;-
integrin endocytosis. uUPAR may have an important role in
orchestrating disruption of integrin homeostatic functions to
accelerate the cascade of responses leading to podocyte loss.
The present study not only describes a novel mechanism of
podocyte loss but also suggests that the PAI-1 inhibitor may
be a possible therapeutic option for podocyte protection
through the stabilization of B;-integrin, similar to the sug-
gested role for the B7-1 inhibitor abatacept (46). These

AJP-Renal Physiol - doi:10.1152/ajprenal.00616.2014 « www.ajprenal.org

128



F624 PAI-1-MEDIATED PODOCYTE DOMINO EFFECTS

A Anti-uPAR+ G
uPA PAI-1  PAI-1/uPA PAI-1/uPA

Biotinylated : s "
[31 integrin “ m

Whole cell ; ; - . ;
Blnegn - Gy D
B
B1 integrin
a-tublin
D
0.8+
)
e 8 N
= E 0.6
o 8
£ £ 044
o @
T < 02
88 ]
0
B1integrin uPAR

Fig. 9. The PAT-1/uPA complex induced B;-integrin and uPAR translocation via an endosomal pathway. A: biotinylated experiments with Western blot analysis
of B1-integrin expression revealed a decrease of biotinylated membrane B1-integrin in PAI-1/uPAR complex-treated podocytes. Such changes were not observed
in podocytes treated with uPA, PAI-1 alone, or the anti-uPAR + PAI-1uPA complex. B: Bi-integrin was increased in the cytoplasmic fraction in
PAI-1/uPAR-treated podocytes. C: double immunogold labeling by immunoelectron microscopy of Bi-integrin (5-nm gold particles) and uPAR (10-nm gold
particles). For uPA, both B;-integrin and uPAR were predominantly located on the cell surface, whereas PAI-1/uPA showed colocalization of both proteins in
the cytoplasm. Note that gold particles of both sizes were associated with endocytotic vesicles (inser). Scale bars = 50 nm. D: under X40,000 magnification,
gold particles of both sizes were counted, and the particle ratio in the cell membrane and total numbers of particles were calculated. Ratios of Bi-integrin and
uPAR were significantly reduced in podocytes treated with PAI-1/uPA (n = 6) than in those treated with uPA (n = 4). *P < 0.05.

findings shed light into the new therapeutic strategies tar- to PBi-integrin endocytosis (Fig. 10). This mechanism may
geting podocyte integrin signaling. explain a vicious cycle of podocyte injury. Therefore, we

In conclusion, primary podocyte injury stimulates upregula- suggest PAI-1 inhibition as a possible therapeutic option for
tion of endothelial PAI-1, with the uPA/uPAR complex on the the progression of glomerular injury inhibiting the vicious
podocyte surface, resulting in podocyte detachment secondary  podocyte domino effect.
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Fig. 10. Schematic demonstration of the podocyte domino effect by PAI-1/uPAR-mediated 3;-integrin endocytosis. From the left, damaged podocytes repressed
VEGF expression, leading to endothelial dysfunction. Damaged endothelial cells produced and secreted PAI-1 (molecular mass: 45 kDa), which binds to
circulating uPA (molecular mass: 31.5 kDa) either in the capillary or on the podocyte surface and then makes a complex with uPAR on the podocyte surface.
The complex formation is able to bind B;-integrin, which is known as a strong assembler of podocyte-GBM attachment. With the aid of a large endocytotic
receptor, LDL receptor-related protein (LRP), on the podocyte surface (the expression of LRP was detected in vivo and cultured podocytes by real-time PCR
in our preliminary experiments), Bi-integrin is translocated to the podocyte cytoplasm by endocytosis with the PAI-1/uPA/uPAR complex. Finally,
B1-integrin-lost primary healthy podocytes undergo detachment from the GBM.
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Abstract

N®-nitro-L-arginine methyl ester (L-NAME) treatment induces arteriosclerosis and vascular
senescence. Here, we report that the systemic inhibition of nitric oxide (NO) production by
L-NAME causes pulmonary emphysema. L-NAME-treated lungs exhibited both the structur-
al (alveolar tissue destruction) and functional (increased compliance and reduced ela-
stance) characteristics of emphysema development. Furthermore, we found that L-NAME-
induced emphysema could be attenuated through both genetic deficiency and pharmaco-
logical inhibition of plasminogen activator inhibitor-1 (PAI-1). Because PAI-1 is an important
contributor to the development of senescence both in vitro and in vivo, we investigated
whether L-NAME-induced senescence led to the observed emphysematous changes. We
found that L-NAME treatment was associated with molecular and cellular evidence of pre-
mature senescence in mice, and that PAI-1 inhibition attenuated these increases. These
findings indicate that NO serves to protect and defend lung tissue from physiological aging.

Introduction

We have previously reported that chronic exposure to the nitric oxide synthase (NOS) inhibitor
N®-nitro-L-arginine methyl ester (L-NAME) causes hypertension, arteriosclerosis, and vascular
senescence in mice [1,2,3]. The development of these pathologies can be attenuated through
either genetic deficiency [ |,2] or pharmacologic inhibition [3] of plasminogen activator
inhibitor-1 (PAI-1). These studies defined the in vivo roles of both nitric oxide (NO) and PAI-1
in vascular senescence. While the vascular biology of NO often focuses on its vasodilator prop-
erties, NO can also alter proteins through posttranslational modification via S-nitrosylation to
form S-nitrosothiols (SNOs). SNO-based signaling plays a major role in oxygen sensing, deliv-
ery, and utilization, and SNO-modified proteins affect the respiratory cycle, pulmonary gas ex-
change, and ventilation [4]. Therefore, we sought to expand upon our previous work and
determine what role, if any, NO and PAI-1 has in lung tissue.
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Experimental animals and L-NAME/TM5441 administration

Studies were performed on littermate 6-8 week old C57BL/6] mice (either WT or PAI-17) of
both sexes purchased from Jackson Laboratories (Bar Harbor, ME). L-NAME (Sigma Aldrich,
St. Louis, MO) was administered in the drinking water at 1 mg/mL (approximately 100-120 mg/
kg/day). TM5441 was mixed in the chow at a concentration of 20 mg/kg/day as described previ-
ously [3]. Mice remained in the study for either 1 week or 8 weeks before undergoing final mea-
surements and tissue harvest.

Ethics Statement

All work was performed as proposed in experimental Animal Study Protocol 2012-1771,
which was approved by the Institutional Animal Care and Use Committee of Northwestern
University. Euthanasia was carried out with Isoflurane followed by cervical dislocation for tis-
sue harvest. Every effort was made to minimize suffering.

gRT-PCR

Lungs harvested from mice were snap frozen in liquid nitrogen. 15-40 mg of tissue was
weighed out for RNA isolation using the Qiagen RNeasy Mini Kit (Qiagen, Valencia, CA) by
following the manufacturer’s protocol. cDNA was generated from the RNA using the qScript
c¢DNA Supermix (Quanta Biosciences, Gaithersburg, MD) by following the manufacturer’s
protocol. cDNA concentration was quantified using the Take 3 software and plate reader (Bio-
Tek Instruments, Winooski, VT). Samples were then diluted to generate 0.1pg/pL solutions.

Quantitative real-time PCR (gRT-PCR) was performed using the SsoAdvanced SYBR Green
Supermix (Biorad, Hercules, CA) with primers for 1:»161“k4a (F: 5-AGGGCCGTGTGCATGA
CGTG-3" and R: 5-GCACCGGGCGGGAGAAGGTA-3’), p53 (F: 5-GGCCCAAGTGAAG
CCCTCCG-3 and R: 5-GCCCAGGGGTCTCGGTGACA-3), p21 (F: 5-GGACGTCCCAC
TTTGCCAGCAG-3’ and R: 5-GAGCGCATCGCAATCACGGC-3’), and GAPDH (F: 5’-
ATGTTCCAGTATGACTCCACTCACG-3 and R: 5-GAAGACACCAGTAGACTCCAC
GACA-3’) (Integrated DNA Technologies, Inc., Coralville, IA). Primers were resuspended at
100 uM and then diluted to generate 10 pM solutions. Reaction set up was as follows: 4.6 pL
¢DNA, 10 pL SYBR Supermix, 1 uL of both forward and reverse primers, 3.4 pL nuclease free
water. Cycling conditions were: 95°C for 30 seconds, 40 cycles of 95°C for 5 seconds and 59°C
for 15 seconds (CFX Connect Real-Time System, BioRad, Hercules, CA).

Average telomere length ratio

Lungs harvested from mice were snap frozen in liquid nitrogen. Genomic DNA was isolated
from 15-40 mg of lung tissue using the Qiagen DNeasy Blood & Tissue Kit (Qiagen, Valencia,
CA) by following the manufacturer’s protocol. Telomere length was measured using quantitative
real-time PCR as previously described with minor modification [5,6]. Briefly, telomere repeats
are amplified using specially designed primers. These are then compared to the amplification of
a single-copy gene, the 36B4 gene (acidic ribosomal phosphoprotein PO), to determine the aver-
age telomere length ratio (ATLR). Either 15 ng (aortas), 100 ng (livers), or 20 ng (lungs) of geno-
mic DNA template was added to each 20 pl reaction containing forward and reverse primers
(250 nM each for telomere primers, and 500 nM each for the 36B4 primers), SsoAdvanced SYBR
Green Supermix (Biorad, Hercules, CA), and nuclease free water. A serially diluted standard
curve of 25 ng to 1.5625 ng (aortas), 100 ng to 3.125 ng (livers), or 50 to 1.5625 (lungs) per well
of template DNA from a WT mouse sample was included on each plate for both the telomere
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