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Abstract

Pathologic features of idiopathic pulmonary fibrosis (IPF) include genetic predisposition,

activation of the unfolded protein response, telomere attrition, and cellular senescence. The

mechanisms leading to alveolar epithelial cell (AEC) senescence are poorly understood.

MicroRNAs (miRNAs) have been reported as regulators of cellular senescence. Senes-

cence markers including p16, p21, p53, and senescence-associated β-galactosidase

(SA-βgal) activity were measured in type II AECs from IPF lungs and unused donor lungs.

miRNAs were quantified in type II AECs using gene expression arrays and quantitative RT-

PCR. Molecular markers of senescence (p16, p21, and p53) were elevated in IPF type II

AECs. SA-βgal activity was detected in a greater percentage in type II AECs isolated from

IPF patients (23.1%) compared to patients with other interstitial lung diseases (1.2%) or nor-

mal controls (0.8%). The relative levels of senescence-associated miRNAs miR-34a, miR-

34b, and miR-34c, but not miR-20a, miR-29c, or miR-let-7f were significantly higher in type

II AECs from IPF patients. Overexpression of miR-34a, miR-34b, or miR-34c in lung epithe-

lial cells was associated with higher SA-βgal activity (27.8%, 35.1%, and 38.2%, respec-

tively) relative to control treated cells (8.8%). Targets of miR-34 miRNAs, including E2F1,

c-Myc, and cyclin E2, were lower in IPF type II AECs. These results show that markers of

senescence are uniquely elevated in IPF type II AECs and suggest that the miR-34 family of

miRNAs regulate senescence in IPF type II AECs.
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Introduction

The prevalence of idiopathic pulmonary fibrosis (IPF) is estimated to be 14 to 43 per 100,000

people in the United States [1] and increases with age ranging from 4 per 100,000 people aged

18 to 34 years to 227 per 100,000 people among those aged 75 years or older. Additionally,

recent reports have demonstrated that the prevalence is increasing with aging of the population

in the United States. [2] Although IPF is now recognized to be a disease associated with chro-

nological aging, age-associated molecular changes contributing to the development or progres-

sion of IPF are incompletely understood. [3] One contributing factor may be telomere

shortening, which has been found in lung epithelial cells of most IPF patients. [4, 5] Shortened

peripheral blood telomeres have also been shown to predict worse outcome of IPF patients. [6]

Cellular senescence is an irreversible cell-cycle arrest that has been associated with age-

related diseases including IPF. [7] Cellular senescence can be mediated by multiple stimuli

including telomere shortening, DNA damage, oncogene expression, and oxidative stress. [8]

Molecular changes that regulate cellular senescence include the p53-p21-pRb or the p16-pRb

pathways. [9, 10] Senescent cells can be identified by the expression of these markers or senes-

cence-associated β-galactosidase (SA-βgal) activity. [9, 11, 12]

MicroRNAs (miRNAs) are non-coding RNAs that regulate gene expression at the post-

transcriptional level. miRNAs induce changes in various biological processes, including apo-

ptosis, proliferation, and cellular senescence, by regulating expression of a variety of target

genes. [13] Reports of differential expression of miRNAs in the lungs of IPF patients [14] sug-

gest they may be involved in the pathogenesis of IPF. A number of senescence-associated miR-

NAs (SA-miRNAs) have been reported [15, 16] including the miR-34 family of miRNAs that

are downstream effectors of p53-mediated cellular senescence. [17, 18]

In this study, we measured senescence markers, p16, p21, p53, and SA-βgal activity, in lung

tissues and purified type II alveolar epithelial cells (AECs) from IPF patients and control sub-

jects. Then we measured expression of SA-miRNAs and their target mRNAs in type II AECs

from IPF lungs compared to those from normal lungs using microRNAmicroarrays. Finally,

we confirmed SA-miRNAs regulate cellular senescence by measuring senescence markers in

lung epithelial cells overexpressing differentially expressed miRNAs.

Materials and Methods

Subjects

IPF was established through a multidisciplinary review of clinical data, radiology, and pathol-

ogy according to established criteria. [19] The diagnosis of scleroderma was based on the crite-

ria of the American College of Rheumatology [20] and chronic hypersensitivity pneumonitis

on the diagnostic criteria suggested by Hanak. [21] Diseased lung tissues were obtained at the

time of lung transplantation. Non-diseased normal lung tissues were procured from lungs not

used by the Northern California Transplant Donor Network. The UCSF committee on Human

Research approved the study protocols and all study subjects provided written informed con-

sent for their participation.

Type II alveolar epithelial cell isolation

Type II AECs were isolated from explanted IPF, non-IPF interstitial lung disease, and unused

donor lungs as previously described. [22] Briefly, Human alveolar epithelial type II cells were

isolated from explanted lungs or human lungs not used by the Northern California Transplant

Donor Network. The pulmonary artery was perfused with PBS and distal airspaces lavaged sev-

eral times with PBS. Then HBSS containing elastase was instilled into distal air spaces and the
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lung incubated at 37°C for 60 min. The elastase-digested lung was minced in the presence of

bovine serum and DNase and the cell rich fraction sequentially filtered through nylon meshes.

Filtered cells were separated using a discontinuous percoll (Sigma-Aldrich, St. Louis, MO) den-

sity gradient centrifuged at 400g for 20 min. The band containing type II cells was collected,

washed, then resuspended in PBS containing FCS and incubated on human IgG (Equitech,

Kerrville, TX) -coated tissue-culture treated Petri dishes for up to 90 minutes. Unattached type

II cells were collected and stained for Epcam (eBioscience, San Diego, CA), CD45 (Invitrogen,

Life Technologies, Carlsbad, CA), and T1a (Angiobio, Del Mar, CA). The cells were then ana-

lyzed using a BD FACSAria Fusion cell sorter and the Epcam+, CD45-, T1a- fraction isolated.

Purity of human alveolar type II cells, assessed by pro-SPC staining on cytospun cells

was� 90% (S1 Fig).

Immunohistochemistry

5-μm sections of paraffin embedded, formalin fixed, lung were stained for p16, p21, and p53 by

immunohistochemistry as previously described. [23] Briefly, the sections were incubated in

PBS containing 5% normal goat serum and 1% bovine serum albumin (BSA), then incubated

with a 1:100 dilution of mouse anti-human p16 (Santa Cruz Biotechnology, Santa Cruz, CA),

rabbit anti-human p21 (Santa Cruz Biotechnology) or mouse anti-human p53 antibody (Santa

Cruz Biotechnology) overnight at 4°C. The sections were washed, incubated with horseradish

peroxidase (HRP)-conjugated goat anti-mouse or anti-rabbit IgG (Santa Cruz Biotechnology).

After washing, the bound peroxidase activity was detected using a diaminobenzidine (DAB)

substrate kit (Vector Laboratories, Burlingame, CA).

Immunoblots

Type II AECs were lysed in RIPA buffer and the cell lysates subjected to SDS-PAGE under

reducing conditions and transferred to nitrocellulose membrane (Life Sciences Products, Bos-

ton, MA). [22] The membranes were washed with 50 mM Tris-HCl containing 0.5 M NaCl,

0.01% Tween 20, (TBS; pH 7.5) and incubated overnight in 5% milk containing primary anti-

body: mouse anti-human p16 (Santa Cruz Biotechnology), rabbit anti-human p21 (Santa Cruz

Biotechnology), mouse anti-human p53 (Santa Cruz Biotechnology), or mouse anti-human β-

actin (Santa Cruz Biotechnology). The membrane was washed with TBS, then incubated with

secondary antibody and washed again. Immunoreactivity was detected using the phototope-

HRP-detection kit (New England Biolabs, Beverly, MA).

Senescence-associated β-galactosidase (SA-βgal) activity detection

SA-βgal activity was detected by using histochemical assay and fluorescence assay adapted for

flow cytometry. [24] For the histochemical assay, cryosections of frozen lung tissue were fixed

with 1% formaldehyde and washed in PBS then incubated overnight at 37°C with 5-bromo-

4-chloro-3-indolyl β-D-galactopyranoside (X-gal, Bioline, London, UK) in a buffer at pH 6.0.

After washing, the sections were counterstained with eosin and imaged using bright field

microscopy. For the fluorescence assay, cells were resuspended in DMEM containing 10% fetal

bovine serum (FBS) then incubated with 5-dodecanoylaminofluorescein di-β-D-galactopyra-

noside (C12FDG, Invitrogen, Life Technologies, Carlsbad, CA) for 1 hr at room temperature

after lysosomal alkalinization with bafilomycin A1 (Santa Cruz Biotechnology). We further

stained the cells with the following antibodies or substrates: Sytox blue dead cell stain (Invitro-

gen), Pacific blue-conjugated anti-human CD45 (Invitrogen), eFluor 660-conjugated anti-

human CD326 (Epcam, eBioscience), anti-human podoplanin (Angiobio), and Brilliant violet

421 anti-rat IgG (Biolegend, San Diego, CA). Hematopoietic and dead cell populations were
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excluded by using anti-human CD45 antibody and Sytox. Then type II AEC population was

selected for detection of SA-βgal activity. The cells were examined by flow cytometry with the

BD LSRII flow cytometer (BD Biosciences, San Jose, CA). Data were analyzed by FACSDiva

Software (BD Biosciences).

Lentivirus infection

A549 cells were plated in DMEM with 10% FBS and allowed to adhere overnight. Lentivirus

expressing miR-34a, miR-34b, or miR-34c co-expressing mCherry as transduction control in a

miR-30 context [25] were added in diethylaminoethyl-Dextran and the cells were incubated

for 24 hours. After 24 hours, equal amount of fresh media was added and the cells were incu-

bated for additional 72 hours prior to staining for SA-βgal activity. The transfection efficiency

was 80–95%.

Quantitative real-time polymerase chain reaction (qRT-PCR)

Total RNA containing miRNAs were isolated from type II AECs using miRNeasy Mini Kit

(Qiagen, Valencia, CA) according to manufacturer’s instruction. The miRNA and gene expres-

sion levels were quantified by qRT-PCR using Taqman Universal Master Mix Reagents

(Applied Biosystems, Foster City, CA) and SensiFAST SYBR Lo-ROX kit (Bioline), respec-

tively. The qRT-PCR was carried out on Life Technologies ViiA7 Real Time PCR system

(Applied Biosystems). The miRNA expression levels were determined by the threshold cycle

(CT) after normalization with miR-103 and miR-191 as endogenous controls. [26] The gene

expression levels were determined by the CT value after normalization with β-actin and

GAPDH as endogenous controls. The expression levels of miRNA or gene were presented as

the normalized relative log2 expression. The specific primers used are listed in S1 Table.

miRNA arrays

Total RNA quality was assessed using a Pico Chip on an Agilent 2100 Bioanalyzer (Agilent

Technologies, Palo Alto, CA). RNA was labeled with Cy3-CTP using the miRCURY LNA

microRNA power labeling kit (Exiqon, Inc, Woburn, MA), according to manufacturers proto-

col. Labeled RNA was hybridized to Agilent custom UCSF miRNA v3.5 multi-species 8x15K

Ink-jet arrays. Hybridizations were performed for 16 hrs, according to the manufacturers pro-

tocol. Arrays were scanned using the Agilent microarray scanner and raw signal intensities

were extracted with Feature Extraction v10.1 software. This dataset was normalized using the

quantile normalization method. [27] No background subtraction was performed, and the

median feature pixel intensity was used as the raw signal before normalization. A one-way

ANOVA linear model was fit to the comparison to estimate the mean M values and calculated

moderated t-statistic, B statistic, false discovery rate and p-value for each miRNA for the com-

parison of interest. Since the microarray study was a screen involving a small number of sub-

jects, we used a 2-fold difference and a nominal (unadjusted) p value< 0.05 to identify

candidate miRNAs for further study. All procedures were carried out using functions in the R

package limma in Bioconductor. [28]

Results

Tissue SA-βgal staining

Recent reports have associated mutations in TERT or TERC [4, 29, 30] and the presence of

short telomeres in type II AECs [4] to the development of IPF. Because telomere shortening

can lead to senescence [31], these findings suggest senescence may occur in the type II AECs in
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IPF lung. To evaluate for senescence, frozen lung sections were stained for SA-βgal, the most

common method used to detect senescent cells in tissues. [11] Importantly, a subpopulation of

type II AECs in IPF lungs stained for SA-βgal (blue cells, Fig 1A and 1B and S1 Fig). SA-βgal

tended to be less prominent in regions of more normal appearing lung in IPF patients (Fig 1B

and S2 Fig). SA-βgal was not detectable in type II AECs of normal lungs (Fig 1C), the lungs of

patients with scleroderma (Fig 1D), or hypersensitivity pneumonitis (Fig 1E).

p16, p21, and p53 immunostaining of IPF lung

To confirm IPF type II AECs are senescent, IPF lung sections were immunostained for the

senescence markers, p16, p21, and p53. Whereas normal lungs had no immunoreactive cells

(Fig 2A, 2B and 2C), type II AECs in tissue sections from IPF patients were immunoreactive

for p16, p21, and p53 (Fig 2D, 2E and 2F).

Expression of senescence markers in isolated type II AECs

To verify the cells immunoreactive for senescence markers in IPF lung sections are type II

AECs, we quantified senescence markers in type II AECs isolated from IPF lung. First, immu-

noblots were used to show that type II AECs isolated from IPF patients had significantly higher

levels of p16, p21, and p53 compared to type II AECs cells isolated from normal controls (Fig

3A). Next, we quantified the population of senescent type II AECs in lung digests using SA-

βgal staining to identify senescent cells (S2 and S3 Figs). [24] Importantly, SA-βgal activity was

detected in an average of 23.1 ± 13.0% of IPF type II AECs. In contrast, SA-βgal activity was

detected in only 0.8 ± 0.6% of type II AECs isolated from normal controls or 1.2 ± 1.3% from

non-IPF ILD patients (Fig 3B). When equal numbers of SA-βgal+ and SA-βgal- type II AECs

were cultured for 10 days, it was found that SA-βgal+ type II cells do not expand in culture

whereas SA-βgal- populations do expand in culture (S4 Fig), confirming a senescent pheno-

type. Baseline characteristics of these patients are shown in S2 Table. The mean age of normal

Fig 1. Lung staining for SA-β-galactosidase activity. (A and B) 5 μM sections of lung from of patients with IPF, (C)
normal donor controls, (D) scleroderma, or (E) hypersensitivity pneumonitis were stained for SA-βgal activity. Note the
blue staining epithelial cells in IPF lung (A and B, arrows) but not normal individuals, or patients with scleroderma or
hypersensitivity pneumonitis. Images are representative of staining of tissue from 8 patients with IPF, 14 control subjects,
5 patients with scleroderma, and 8 patients with hypersensitivity pneumonitis.

doi:10.1371/journal.pone.0158367.g001
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controls was lower than the mean age of non-IPF ILD and IPF patients (Fig 3C). However,

using regression analysis, age was not a predictor for SA-βgal activity. In contrast, the diagnosis

of IPF was a significant predictor for SA-βgal activity (p< 0.001).

miRNA analysis of IPF type II AECs

We next sought to identify additional molecular regulators of senescence in IPF type II AECs.

Because miRNAs are reported to regulate cellular senescence, [15] a miRNA oligonucleotide

array was used to screen for differential expression of 637 miRNAs in type II AECs isolated

from 4 IPF lungs and 4 control lungs. There were 22 miRNAs expressed at least 2-fold higher

and 7 miRNAs expressed at least 0.5-fold lower in IPF type II AECs (p< 0.05 by Student’s t-

test, see S3 Table). Of miRNAs reported to regulate senescence, [17, 32–35] three (miR-34a,

miR-34b, miR-34c) were elevated in IPF type II AECs and three others (miR-20a, miR-29c,

and miR-let-7f) were elevated (1.1–1.9-fold higher, p> 0.1) but not significantly. To validate

the candidate SA-miRNAs were differentially expressed, qRT-PCR was used to quantify miR-

34a, miR-34b, miR-34c, miR-20a, miR-29c, and miR-let-7f in type II AECs from a larger set of

lungs (15 IPF and 15 control). Of these miRNAs, only miR-34a, miR-34b, and miR-34c were

confirmed to be elevated in IPF type II AECs (Fig 4A, 4B, 4C, 4D, 4E and 4F). To test whether

serum miR34 levels could reflect differential expression of type II AEC in IPF lungs, miR-34a

Fig 2. Immunohistochemistry of IPF and normal lung with p16, p21, or p53 antibodies. 5 μM sections of normal
lung immunostained for (A) p16, (B) p21, (C) p53 show an absence of staining. In contrast, IPF lung immunostained for
(D) p16, (E) p21, or (F) p53 show immunoreactive cells lining airspaces consistent with type II AECs. (G-I) Isotype
control for p16, p21, or p53 are shown. Images are representative of staining of tissue from 12 patients with IPF and 10
control subjects.

doi:10.1371/journal.pone.0158367.g002
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and miR-34b, but not miR-34c, were measured in serum of normal and IPF subjects. miR-34a

and miR-34b, but not miR-34c were detectable in serum of control and IPF subjects. However,

there was no significant difference in serum miR-34 levels (not shown).

miRNA overexpression in lung epithelial cells

Next we sought to confirm that overexpression of miR-34 family of miRNAs can lead to cellu-

lar senescence in lung epithelial cells. To achieve this, lentivirus was used to overexpress miR-

34a, miR-34b, or miR-34c in A549 cells. [25] It was found that cells overexpressing miR-34a,

miR-34b, or miR-34c had a relative increase in the numbers of cells expressing SA-βgal activity

(Fig 5 and S5 Fig). In addition, levels of mRNA expression of p16 and p21 were increased

between 1–1.9 fold in A549 cells expressing miR-34s (S4 Table).

miR-34 targets in type II AECs

Several targets of the miR-34 family that mediate a senescent phenotype have been reported

including SIRT1, E2F, c-Myc, CDK4, CDK6, and cyclin E2 (CCNE2). [36–39] We used

Fig 3. Expression of senescence markers in isolated type II AECs. (A) Immunoblot for p16, p21 and p53
shows higher levels of these proteins in type II AECs isolated from IPF patients relative to those from control
subjects. Relative densitometric ratios of p16, p21, and p53 to β-actin are presented by bar graphs (*
p < 0.05). (B) SA-βgal activity in type II AECs isolated from IPF lungs was detected in an average of
23.1 ± 13% of cells relative to type II AECs isolated from disease controls (1.2 ± 1.3%), control subjects
(0.8 ± 0.6%) and unstatined type II AECs (1.5 ± 0.7%). (C) Scatter plots of age and SA-βgal activity of patients
whose type II AECs were analyzed by flow cytometry.

doi:10.1371/journal.pone.0158367.g003
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qRT-PCR to examine whether these candidate miR-34 targets were differentially expressed in

IPF type II AECs, finding that E2F1, c-Myc, and CCNE2 were significantly lower in IPF type II

AECs (Fig 6A, 6B, 6C, 6D, 6E and 6F). Similarly, the expression levels of SIRT1, E2F1, c-Myc,

CDK4, and CCNE2 were lower in lung epithelial cells overexpressing miR-34a, miR-34b, or

miR-34c (Fig 6G).

Discussion

Idiopathic pulmonary fibrosis is a progressive lung disease that is associated with chronological

aging. Cellular senescence is a pathologic feature of IPF. [7, 40, 41] However, the type of senes-

cent cells and mediators of senescence in IPF have not been fully characterized. The findings

reported in this study advance this association by quantification of molecular and phenotypic

markers of cellular senescence (p16, p21, p53 and SA-βgal activity) specifically in type II AECs

isolated from IPF lungs, and identification of miR-34 miRNAs as mediators of this senescence.

These results show that senescence markers were uniquely present in type II AECs of IPF

lungs.

Cellular senescence, a condition of stable cell-cycle arrest, is involved in multiple physiologic

processes including embryonic development, [42] tumor suppression, [43] tissue repair, [44,

45] and organismal aging. [46] Two senescence pathways have been proposed, the

p53-p21-pRb pathway and the p16-pRb pathway. [9, 10] These pathways are activated by vari-

ous stimuli including oncogenic stress, oxidative stress, DNA damage, or telomere shortening.

Stimuli identified in IPF patients that could lead to cellular senescence are telomere shortening

or DNA damage. [4, 47] DNA damage signaling leads to activation of ataxia telangiectasia

Fig 4. qRT-PCR for miRNAs isolated from type II AECs. Box plots of normalized relative log2 expression of miRNAs
in type II AECs isolated from IPF patients (n = 15) and control subjects (n = 15). The levels of miR-34a (A), miR-34b (B),
and miR-34c (C) were significantly higher in type II AECs isolated from IPF patients compared to those from control
subjects (* p< 0.001 by Mann-Whitney U test). The levels of (D) miR-20a, (E) miR-29c, and (F) miR-let-7f were not
significantly different in IPF patients relative to control subjects. The boxes are drawn extending from the 75th percentile
to the 25th percentile. The horizontal line inside the box represents median values. The whiskers above and below the
box delineate the maximum and minimum.

doi:10.1371/journal.pone.0158367.g004
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mutated (ATM) kinases that phosphorylate p53. Activation of p53 stimulates transcription of

p21 and the Rb protein, leading to cell cycle arrest. [48–50] Analogous to p53, activation of p16

also leads to activation of Rb protein and inhibition of cyclin-dependent kinases. [51] In the

present study, we report that p16, p21, and p53 are elevated in IPF lungs. Consistently, SA-βgal

activity, the most widely used senescence marker, was present in type II AEC of IPF lungs but

not normal lungs or the lungs of scleroderma and hypersensitivity pneumonitis patients. These

results show that type II AEC cellular senescence is a unique feature of IPF and is not a general

feature of lung fibrosis or normal lung aging.

Digests of human lungs identified type II AECs as a major source of senescent cells in IPF

lung. Multiple senescence markers (p16, p21, p53, and SA-βgal activity) were elevated in type

II AECs isolated from IPF lungs. Quantifying the proportion of type II AECs with detectable

SA-βgal activity showed that on average nearly 23% of the type II AECs are senescent in IPF

lungs with proportions as high as 61% in individual patients. Whether the relative percent of

senescent type II AECs varies during the course of disease, or correlates with disease progres-

sion requires future study.

Recent studies have reported miRNAs that mediate cellular senescence. These miRNAs reg-

ulate cellular senescence post-transcriptionally by inhibiting expression of various target genes

Fig 5. SA-βgal activity detected by flow cytometry in A549 cells overexpressingmiR-34a, miR-34b,
andmiR-34c. The relative percentage of cells with detectable SA-gal activity was measured in A549 cells
overexpressing (A) miR-34a, (B) miR-34b, (C) miR-34c, or (D) mCherry control. Note the higher percentage
of cells with SA-βgal activity in cells overexpressing miR-34a, miR-34b, or miR-34c compared to treated
control cells.

doi:10.1371/journal.pone.0158367.g005
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required for the cell cycle. [16] The majority of these senescence-associated miRNAs (SA-miR-

NAs) are involved in the p53-p21-pRb or p16-pRb pathways. [9, 10] In this study, miRNA oli-

gonucleotide arrays identified 22 miRNAs whose expression was elevated in type II AECs

isolated from IPF lungs. Of these miRNAs, we confirmed the miR-34 family of miRNAs as SA-

miRNAs [17, 32, 34] whose expression is up-regulated in type II AECs.

Fig 6. Targets of miR-34 family in isolated type II AECs and A549 cells overexpressingmiR-34 family
miRNAs. (A-F) Box plots of normalized relative log2 expression of SIRT1, E2F1, c-Myc, CDK4, CDK6, and CCNE2
in type II AECs isolated from IPF patients (n = 15) and control subjects (n = 15). The expression levels of (B) E2F1,
(C) c-Myc, and (F) CCNE2 were significantly lower in type II AECs isolated from IPF patients compared to those
from control subjects (* p < 0.05 by Mann-Whitney U test). The boxes are drawn extending from the 75th percentile
to the 25th percentile. The horizontal line inside the box represents median values. The whiskers above and below
the box delineate the maximum and minimum. (G) Expression levels of candidate targets of miR-34 family were
also measured in A549 overexpressing miR-34a, miR-34b, or miR-34c by qRT-PCR.

doi:10.1371/journal.pone.0158367.g006
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Expression of the miR-34 family of miRNAs is induced by p53 and they have been identified

as downstream mediators of p53 regulation of the cell cycle. [17, 39] Activation of p53 induces

p21 leading to induction of cell-cycle arrest by inhibiting cyclin E and CDK2 expression. Fur-

thermore, miR-34a also functions as a potent suppressor of cell proliferation by causing down-

regulation of E2F, which we found to be lower in IPF type II AECs. [34] Activation of miR-34

miRNAs results in multiple phenotypic changes depending on the target it modulates. [17] In

this study, targets of miR-34 miRNAs resulting in senescent phenotype were validated by

qRT-PCR include downregulation of E2F1, c-Myc, and CCNE2 in IPF type II AECs.

Apart from the role of miR-34 miRNAs in cellular senescence, these miRNAs have also

been shown to be required for lung ciliogenesis in mice. Using methods of miR-34 depletion,

Song and colleagues reported that miR-34 family members lead to enhanced ciliogenesis. [52]

Here we demonstrated the up-regulation of miR-34 family members and elevation of senes-

cence markers in purified type II AECs isolated from IPF patients. There was no evidence of

Fig 7. Proposed relationship betweenmiR-34 miRNAs and their targets as mediators of cellular senescence in
IPF type II AECs. p53 activation leads to up-regulation of miR-34 family of miRNAs in IPF type II AECs. Elevated miR-
34a, miR-34b, or miR-34c levels lead to down-regulation of key target genes, including E2F1, c-Myc, and CCNE2,
involved in the cell cycle, leading to cellular senescence.

doi:10.1371/journal.pone.0158367.g007
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senescence marker expression in multiciliated cells in IPF tissue sections or of contamination

of our type II AECs preps with multiciliated cells, limiting the possibility contamination by cili-

ated cells explains the higher levels of miR34 in IPF AECs. Additionally, we confirmed that

A549 cells overexpressing miR-34a, miR-34b, or miR-34c had greater percentage of SA-β-gal

activity than control cells.

In summary, these data suggest that up-regulation of miR-34 miRNAs in IPF type II AECs,

possibly driven by p53 activation, leads to down-regulation of key targets involved in the cell

cycle leading to a senescent phenotype in these cells (Fig 7). Whether their expression in IPF

type II AECs contributes to lung fibrosis in addition to senescence, similar to their purported

role in age-related cardiac fibrosis, [53] will require additional study.

Supporting Information

S1 Fig. SA-βgal + and SA-βgal − epithelial cells isolated by flow cytometry, showing

that> 90% are immunoreactive to SPC (red flouresence).

(TIF)

S2 Fig. The lower magnification views of SA-βgal of IPF lungs.

(TIF)

S3 Fig. Cytospins of SA-βgal + and SA-βgal − type II epithelial cells isolated by flow cytometry

were stained for SA-βgal, confirming that SA-βgal activity is detectable in the SA-βgal + fraction.

(TIF)

S4 Fig. Equal numbers of SA-βgal + and SA-βgal − type II epithelial cells isolated by flow

cytometry were cultured in SAGMmedia for 14 days.Note the increased numbers of SA-

βgal−type II epithelial cells compared to SA-βgal + control cells. Increased numbers was con-

firmed by counting the cells by flow cytometry (panel C).

(TIF)

S5 Fig. A549 cells transfected with lentivirus expressing control vector, or miR-34A, miR-

34B, or miR-34C were stained for SA-βgal. Note the positive SA-βgal stain in cells overex-

pressing miR34s.

(TIF)

S1 Table. Primer sequences used for quantitative RT-PCR.

(PDF)

S2 Table. Baseline characteristics of patients whose type II AECs were analyzed for SA-βgal

activity by flow cytometry.

(PDF)

S3 Table. Profile of differentially expressed miRNAs in IPF type II AECs using miRNA oli-

gonucleotide array.

(PDF)

S4 Table. Relative p16 or p21 expression in A549 Cells expressing miRNAs.

(PDF)

Acknowledgments

The authors thank Vikash Bhagwandin and Andrea Barczak, Rebecca Barbeau, and Joshua Pol-

lack of the UCSF SABRE Center Functional Genomics Core Facility for technical support and

miR-34 Mediated Senescence in Idiopathic Pulmonary Fibrosis

PLOS ONE | DOI:10.1371/journal.pone.0158367 June 30, 2016 12 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0158367.s009


the patients who generously donated lung tissue for this study. It is only because of their gener-

ous donation of biological samples that this study was performed.

Author Contributions

Conceived and designed the experiments: SD PJW. Performed the experiments: SD EKK SC GG

RPNASDJE. Analyzed the data: SD PJWEKK SCGGRPNASKDJ JAGMAM JKHRCDJE. Con-

tributed reagents/materials/analysis tools: KDJ JAGMAM JKHRCDJE.Wrote the paper: SD PJW.

References
1. Raghu G, Weycker D, Edelsberg J, Bradford WZ, Oster G. Incidence and prevalence of idiopathic pul-

monary fibrosis. Am J Respir Crit Care Med. 2006; 174(7):810–6. Epub 2006/07/01. doi: 200602-
163OC [pii] doi: 10.1164/rccm.200602-163OC PMID: 16809633.

2. Raghu G, Chen SY, YehWS, Maroni B, Li Q, Lee YC, et al. Idiopathic pulmonary fibrosis in US Medi-
care beneficiaries aged 65 years and older: incidence, prevalence, and survival, 2001–11. The Lancet
Respiratory medicine. 2014; 2(7):566–72. doi: 10.1016/S2213-2600(14)70101-8 PMID: 24875841.

3. Wolters PJ, Collard HR, Jones KD. Pathogenesis of idiopathic pulmonary fibrosis. Annual review of
pathology. 2014; 9:157–79. doi: 10.1146/annurev-pathol-012513-104706 PMID: 24050627; PubMed
Central PMCID: PMC4116429.

4. Alder JK, Chen JJ, Lancaster L, Danoff S, Su SC, Cogan JD, et al. Short telomeres are a risk factor for
idiopathic pulmonary fibrosis. Proc Natl Acad Sci U S A. 2008; 105(35):13051–6. Epub 2008/08/30.
0804280105 [pii] doi: 10.1073/pnas.0804280105 PMID: 18753630; PubMed Central PMCID:
PMC2529100.

5. Kropski JA, Pritchett JM, Zoz DF, Crossno PF, Markin C, Garnett ET, et al. Extensive Phenotyping of
Individuals At-risk for Familial Interstitial Pneumonia Reveals Clues to the Pathogenesis of Interstitial
Lung Disease. Am J Respir Crit Care Med. 2014. doi: 10.1164/rccm.201406-1162OC PMID:
25389906.

6. Stuart BD, Lee JS, Kozlitina J, Noth I, Devine MS, Glazer CS, et al. Effect of telomere length on survival
in patients with idiopathic pulmonary fibrosis: an observational cohort study with independent valida-
tion. The Lancet Respiratory medicine. 2014; 2(7):557–65. doi: 10.1016/S2213-2600(14)70124-9
PMID: 24948432; PubMed Central PMCID: PMC4136521.

7. Araya J, Kojima J, Takasaka N, Ito S, Fujii S, Hara H, et al. Insufficient autophagy in idiopathic pulmo-
nary fibrosis. Am J Physiol Lung Cell Mol Physiol. 2013; 304(1):L56–69. doi: 10.1152/ajplung.00213.
2012 PMID: 23087019.

8. Collado M, Blasco MA, Serrano M. Cellular senescence in cancer and aging. Cell. 2007; 130(2):223–
33. doi: 10.1016/j.cell.2007.07.003 PMID: 17662938.

9. Cristofalo VJ, Lorenzini A, Allen RG, Torres C, Tresini M. Replicative senescence: a critical review.
Mech Ageing Dev. 2004; 125(10–11):827–48. doi: 10.1016/j.mad.2004.07.010 PMID: 15541776.

10. Fridman AL, Tainsky MA. Critical pathways in cellular senescence and immortalization revealed by
gene expression profiling. Oncogene. 2008; 27(46):5975–87. doi: 10.1038/onc.2008.213 PMID:
18711403; PubMed Central PMCID: PMC3843241.

11. Dimri GP, Lee X, Basile G, Acosta M, Scott G, Roskelley C, et al. A biomarker that identifies senescent
human cells in culture and in aging skin in vivo. Proc Natl Acad Sci U S A. 1995; 92(20):9363–7. Epub
1995/09/26. PMID: 7568133; PubMed Central PMCID: PMC40985.

12. Noppe G, Dekker P, de Koning-Treurniet C, Blom J, van Heemst D, Dirks RW, et al. Rapid flow cyto-
metric method for measuring senescence associated beta-galactosidase activity in human fibroblasts.
Cytometry A. 2009; 75(11):910–6. doi: 10.1002/cyto.a.20796 PMID: 19777541.

13. Zhang B, Pan X, Wang Q, Cobb GP, Anderson TA. Computational identification of microRNAs and
their targets. Computational biology and chemistry. 2006; 30(6):395–407. doi: 10.1016/j.
compbiolchem.2006.08.006 PMID: 17123865.

14. Pandit KV, Corcoran D, Yousef H, Yarlagadda M, Tzouvelekis A, Gibson KF, et al. Inhibition and Role
of Let-7d in Idiopathic Pulmonary Fibrosis. Am J Respir Crit Care Med. Epub 2010/04/17. 200911-
1698OC [pii] doi: 10.1164/rccm.200911-1698OC PMID: 20395557.

15. Harries LW. MicroRNAs as Mediators of the Ageing Process. Genes. 2014; 5(3):656–70. doi: 10.3390/
genes5030656 PMID: 25140888; PubMed Central PMCID: PMC4198923.

16. Lafferty-Whyte K, Cairney CJ, Jamieson NB, Oien KA, Keith WN. Pathway analysis of senescence-
associated miRNA targets reveals common processes to different senescence induction mechanisms.
Biochim Biophys Acta. 2009; 1792(4):341–52. doi: 10.1016/j.bbadis.2009.02.003 PMID: 19419692.

miR-34 Mediated Senescence in Idiopathic Pulmonary Fibrosis

PLOS ONE | DOI:10.1371/journal.pone.0158367 June 30, 2016 13 / 15

http://dx.doi.org/10.1164/rccm.200602-163OC
http://www.ncbi.nlm.nih.gov/pubmed/16809633
http://dx.doi.org/10.1016/S2213-2600(14)70101-8
http://www.ncbi.nlm.nih.gov/pubmed/24875841
http://dx.doi.org/10.1146/annurev-pathol-012513-104706
http://www.ncbi.nlm.nih.gov/pubmed/24050627
http://dx.doi.org/10.1073/pnas.0804280105
http://www.ncbi.nlm.nih.gov/pubmed/18753630
http://dx.doi.org/10.1164/rccm.201406-1162OC
http://www.ncbi.nlm.nih.gov/pubmed/25389906
http://dx.doi.org/10.1016/S2213-2600(14)70124-9
http://www.ncbi.nlm.nih.gov/pubmed/24948432
http://dx.doi.org/10.1152/ajplung.00213.2012
http://dx.doi.org/10.1152/ajplung.00213.2012
http://www.ncbi.nlm.nih.gov/pubmed/23087019
http://dx.doi.org/10.1016/j.cell.2007.07.003
http://www.ncbi.nlm.nih.gov/pubmed/17662938
http://dx.doi.org/10.1016/j.mad.2004.07.010
http://www.ncbi.nlm.nih.gov/pubmed/15541776
http://dx.doi.org/10.1038/onc.2008.213
http://www.ncbi.nlm.nih.gov/pubmed/18711403
http://www.ncbi.nlm.nih.gov/pubmed/7568133
http://dx.doi.org/10.1002/cyto.a.20796
http://www.ncbi.nlm.nih.gov/pubmed/19777541
http://dx.doi.org/10.1016/j.compbiolchem.2006.08.006
http://dx.doi.org/10.1016/j.compbiolchem.2006.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17123865
http://dx.doi.org/10.1164/rccm.200911-1698OC
http://www.ncbi.nlm.nih.gov/pubmed/20395557
http://dx.doi.org/10.3390/genes5030656
http://dx.doi.org/10.3390/genes5030656
http://www.ncbi.nlm.nih.gov/pubmed/25140888
http://dx.doi.org/10.1016/j.bbadis.2009.02.003
http://www.ncbi.nlm.nih.gov/pubmed/19419692


17. He L, He X, Lim LP, de Stanchina E, Xuan Z, Liang Y, et al. A microRNA component of the p53 tumour
suppressor network. Nature. 2007; 447(7148):1130–4. Epub 2007/06/08. nature05939 [pii] doi: 10.
1038/nature05939 PMID: 17554337.

18. Rokavec M, Li H, Jiang L, Hermeking H. The p53/miR-34 axis in development and disease. Journal of
molecular cell biology. 2014; 6(3):214–30. doi: 10.1093/jmcb/mju003 PMID: 24815299.

19. Raghu G, Collard HR, Egan JJ, Martinez FJ, Behr J, Brown KK, et al. An official ATS/ERS/JRS/ALAT
statement: idiopathic pulmonary fibrosis: evidence-based guidelines for diagnosis and management.
Am J Respir Crit Care Med. 183(6):788–824. Epub 2011/04/08. 183/6/788 [pii] doi: 10.1164/rccm.
2009-040GL PMID: 21471066.

20. van den Hoogen F, Khanna D, Fransen J, Johnson SR, Baron M, Tyndall A, et al. 2013 classification
criteria for systemic sclerosis: an American College of Rheumatology/European League against Rheu-
matism collaborative initiative. Arthritis Rheum. 2013; 65(11):2737–47. doi: 10.1002/art.38098 PMID:
24122180; PubMed Central PMCID: PMC3930146.

21. Hanak V, Golbin JM, Hartman TE, Ryu JH. High-resolution CT findings of parenchymal fibrosis corre-
late with prognosis in hypersensitivity pneumonitis. Chest. 2008; 134(1):133–8. Epub 2008/04/12.
chest.07-3005 [pii] doi: 10.1378/chest.07-3005 PMID: 18403660.

22. Marmai C, Sutherland RE, Kim KK, Dolganov GM, Fang X, Kim SS, et al. Alveolar epithelial cells
express mesenchymal proteins in patients with idiopathic pulmonary fibrosis. Am J Physiol Lung Cell
Mol Physiol. 2011; 301(1):L71–8. Epub 2011/04/19. ajplung.00212.2010 [pii] doi: 10.1152/ajplung.
00212.2010 PMID: 21498628; PubMed Central PMCID: PMC3129898.

23. Cha SI, Ryerson CJ, Lee JS, Kukreja J, Barry SS, Jones KD, et al. Cleaved cytokeratin-18 is a mecha-
nistically informative biomarker in idiopathic pulmonary fibrosis. Respir Res. 2012; 13:105. doi: 10.
1186/1465-9921-13-105 PMID: 23167970; PubMed Central PMCID: PMC3547729.

24. Debacq-Chainiaux F, Erusalimsky JD, Campisi J, Toussaint O. Protocols to detect senescence-associ-
ated beta-galactosidase (SA-betagal) activity, a biomarker of senescent cells in culture and in vivo. Nat
Protoc. 2009; 4(12):1798–806. doi: 10.1038/nprot.2009.191 PMID: 20010931.

25. Stegmeier F, Hu G, Rickles RJ, Hannon GJ, Elledge SJ. A lentiviral microRNA-based system for sin-
gle-copy polymerase II-regulated RNA interference in mammalian cells. Proc Natl Acad Sci U S A.
2005; 102(37):13212–7. doi: 10.1073/pnas.0506306102 PMID: 16141338; PubMed Central PMCID:
PMC1196357.

26. Peltier HJ, LathamGJ. Normalization of microRNA expression levels in quantitative RT-PCR assays:
identification of suitable reference RNA targets in normal and cancerous human solid tissues. Rna.
2008; 14(5):844–52. doi: 10.1261/rna.939908 PMID: 18375788; PubMed Central PMCID:
PMC2327352.

27. Bolstad BM, Irizarry RA, Astrand M, Speed TP. A comparison of normalization methods for high density
oligonucleotide array data based on variance and bias. Bioinformatics. 2003; 19(2):185–93. Epub
2003/01/23. PMID: 12538238.

28. Smyth GK. Linear Models and Empirical Bayes Methods for Assessing Differential Expression in Micro-
array Experiments. Statistical Applications in Genetics and Molecular Biology. 2004; 3(1):Article 3.

29. Armanios MY, Chen JJ, Cogan JD, Alder JK, Ingersoll RG, Markin C, et al. Telomerase mutations in
families with idiopathic pulmonary fibrosis. N Engl J Med. 2007; 356(13):1317–26. Epub 2007/03/30.
356/13/1317 [pii] doi: 10.1056/NEJMoa066157 PMID: 17392301.

30. Tsakiri KD, Cronkhite JT, Kuan PJ, Xing C, Raghu G, Weissler JC, et al. Adult-onset pulmonary fibrosis
caused by mutations in telomerase. Proc Natl Acad Sci U S A. 2007; 104(18):7552–7. doi: 10.1073/
pnas.0701009104 PMID: 17460043; PubMed Central PMCID: PMC1855917.

31. Campisi J, d'Adda di Fagagna F. Cellular senescence: when bad things happen to good cells. Nat Rev
Mol Cell Biol. 2007; 8(9):729–40. Epub 2007/08/02. nrm2233 [pii] doi: 10.1038/nrm2233 PMID:
17667954.

32. Kumamoto K, Spillare EA, Fujita K, Horikawa I, Yamashita T, Appella E, et al. Nutlin-3a activates p53 to
both down-regulate inhibitor of growth 2 and up-regulate mir-34a, mir-34b, and mir-34c expression, and
induce senescence. Cancer Res. 2008; 68(9):3193–203. doi: 10.1158/0008-5472.CAN-07-2780
PMID: 18451145; PubMed Central PMCID: PMC2440635.

33. Poliseno L, Pitto L, Simili M, Mariani L, Riccardi L, Ciucci A, et al. The proto-oncogene LRF is under
post-transcriptional control of MiR-20a: implications for senescence. PLoS One. 2008; 3(7):e2542. doi:
10.1371/journal.pone.0002542 PMID: 18596985; PubMed Central PMCID: PMC2435600.

34. Tazawa H, Tsuchiya N, Izumiya M, Nakagama H. Tumor-suppressive miR-34a induces senescence-
like growth arrest through modulation of the E2F pathway in human colon cancer cells. Proc Natl Acad
Sci U S A. 2007; 104(39):15472–7. doi: 10.1073/pnas.0707351104 PMID: 17875987; PubMed Central
PMCID: PMC2000550.

miR-34 Mediated Senescence in Idiopathic Pulmonary Fibrosis

PLOS ONE | DOI:10.1371/journal.pone.0158367 June 30, 2016 14 / 15

http://dx.doi.org/10.1038/nature05939
http://dx.doi.org/10.1038/nature05939
http://www.ncbi.nlm.nih.gov/pubmed/17554337
http://dx.doi.org/10.1093/jmcb/mju003
http://www.ncbi.nlm.nih.gov/pubmed/24815299
http://dx.doi.org/10.1164/rccm.2009-040GL
http://dx.doi.org/10.1164/rccm.2009-040GL
http://www.ncbi.nlm.nih.gov/pubmed/21471066
http://dx.doi.org/10.1002/art.38098
http://www.ncbi.nlm.nih.gov/pubmed/24122180
http://dx.doi.org/10.1378/chest.07-3005
http://www.ncbi.nlm.nih.gov/pubmed/18403660
http://dx.doi.org/10.1152/ajplung.00212.2010
http://dx.doi.org/10.1152/ajplung.00212.2010
http://www.ncbi.nlm.nih.gov/pubmed/21498628
http://dx.doi.org/10.1186/1465-9921-13-105
http://dx.doi.org/10.1186/1465-9921-13-105
http://www.ncbi.nlm.nih.gov/pubmed/23167970
http://dx.doi.org/10.1038/nprot.2009.191
http://www.ncbi.nlm.nih.gov/pubmed/20010931
http://dx.doi.org/10.1073/pnas.0506306102
http://www.ncbi.nlm.nih.gov/pubmed/16141338
http://dx.doi.org/10.1261/rna.939908
http://www.ncbi.nlm.nih.gov/pubmed/18375788
http://www.ncbi.nlm.nih.gov/pubmed/12538238
http://dx.doi.org/10.1056/NEJMoa066157
http://www.ncbi.nlm.nih.gov/pubmed/17392301
http://dx.doi.org/10.1073/pnas.0701009104
http://dx.doi.org/10.1073/pnas.0701009104
http://www.ncbi.nlm.nih.gov/pubmed/17460043
http://dx.doi.org/10.1038/nrm2233
http://www.ncbi.nlm.nih.gov/pubmed/17667954
http://dx.doi.org/10.1158/0008-5472.CAN-07-2780
http://www.ncbi.nlm.nih.gov/pubmed/18451145
http://dx.doi.org/10.1371/journal.pone.0002542
http://www.ncbi.nlm.nih.gov/pubmed/18596985
http://dx.doi.org/10.1073/pnas.0707351104
http://www.ncbi.nlm.nih.gov/pubmed/17875987


35. Wagner W, Horn P, Castoldi M, Diehlmann A, Bork S, Saffrich R, et al. Replicative senescence of mes-
enchymal stem cells: a continuous and organized process. PLoS One. 2008; 3(5):e2213. doi: 10.1371/
journal.pone.0002213 PMID: 18493317; PubMed Central PMCID: PMC2374903.

36. Cannell IG, Bushell M. Regulation of Myc by miR-34c: A mechanism to prevent genomic instability?
Cell Cycle. 2010; 9(14):2726–30. PMID: 20603603.

37. Fabbri M, Bottoni A, Shimizu M, Spizzo R, Nicoloso MS, Rossi S, et al. Association of a microRNA/
TP53 feedback circuitry with pathogenesis and outcome of B-cell chronic lymphocytic leukemia. JAMA.
2011; 305(1):59–67. doi: 10.1001/jama.2010.1919 PMID: 21205967; PubMed Central PMCID:
PMC3690301.

38. Hermeking H. The miR-34 family in cancer and apoptosis. Cell Death Differ. 2010; 17(2):193–9. doi:
10.1038/cdd.2009.56 PMID: 19461653.

39. Yamakuchi M, Ferlito M, Lowenstein CJ. miR-34a repression of SIRT1 regulates apoptosis. Proc Natl
Acad Sci U S A. 2008; 105(36):13421–6. doi: 10.1073/pnas.0801613105 PMID: 18755897; PubMed
Central PMCID: PMC2533205.

40. Kuwano K, Kunitake R, Kawasaki M, Nomoto Y, Hagimoto N, Nakanishi Y, et al. P21Waf1/Cip1/Sdi1
and p53 expression in association with DNA strand breaks in idiopathic pulmonary fibrosis. Am J Respir
Crit Care Med. 1996; 154(2 Pt 1):477–83. doi: 10.1164/ajrccm.154.2.8756825 PMID: 8756825.

41. Minagawa S, Araya J, Numata T, Nojiri S, Hara H, Yumino Y, et al. Accelerated epithelial cell senes-
cence in IPF and the inhibitory role of SIRT6 in TGF-beta-induced senescence of human bronchial epi-
thelial cells. Am J Physiol Lung Cell Mol Physiol. 2011; 300(3):L391–401. doi: 10.1152/ajplung.00097.
2010 PMID: 21224216; PubMed Central PMCID: PMC3284316.

42. Storer M, Mas A, Robert-Moreno A, Pecoraro M, Ortells MC, Di Giacomo V, et al. Senescence is a
developmental mechanism that contributes to embryonic growth and patterning. Cell. 2013; 155
(5):1119–30. doi: 10.1016/j.cell.2013.10.041 PMID: 24238961.

43. Serrano M, Lin AW, McCurrach ME, Beach D, Lowe SW. Oncogenic ras provokes premature cell
senescence associated with accumulation of p53 and p16INK4a. Cell. 1997; 88(5):593–602. PMID:
9054499.

44. Jun JI, Lau LF. The matricellular protein CCN1 induces fibroblast senescence and restricts fibrosis in
cutaneous wound healing. Nat Cell Biol. 2010; 12(7):676–85. doi: 10.1038/ncb2070 PMID: 20526329;
PubMed Central PMCID: PMC2919364.

45. Krizhanovsky V, Yon M, Dickins RA, Hearn S, Simon J, Miething C, et al. Senescence of activated stel-
late cells limits liver fibrosis. Cell. 2008; 134(4):657–67. doi: 10.1016/j.cell.2008.06.049 PMID:
18724938; PubMed Central PMCID: PMC3073300.

46. Baker DJ, Perez-Terzic C, Jin F, Pitel KS, Niederlander NJ, Jeganathan K, et al. Opposing roles for
p16Ink4a and p19Arf in senescence and ageing caused by BubR1 insufficiency. Nat Cell Biol. 2008; 10
(7):825–36. doi: 10.1038/ncb1744 PMID: 18516091; PubMed Central PMCID: PMC2594014.

47. Cronkhite JT, Xing C, Raghu G, Chin KM, Torres F, Rosenblatt RL, et al. Telomere shortening in familial
and sporadic pulmonary fibrosis. Am J Respir Crit Care Med. 2008; 178(7):729–37. doi: 10.1164/rccm.
200804-550OC PMID: 18635888; PubMed Central PMCID: PMC2556455.

48. Appella E, Anderson CW. Post-translational modifications and activation of p53 by genotoxic stresses.
Eur J Biochem. 2001; 268(10):2764–72. PMID: 11358490.

49. d'Adda di Fagagna F, Reaper PM, Clay-Farrace L, Fiegler H, Carr P, Von Zglinicki T, et al. A DNA dam-
age checkpoint response in telomere-initiated senescence. Nature. 2003; 426(6963):194–8. doi: 10.
1038/nature02118 PMID: 14608368.

50. Pines J. Cell cycle. p21 inhibits cyclin shock. Nature. 1994; 369(6481):520–1. doi: 10.1038/369520a0
PMID: 7911227.

51. Gil J, Peters G. Regulation of the INK4b-ARF-INK4a tumour suppressor locus: all for one or one for all.
Nat Rev Mol Cell Biol. 2006; 7(9):667–77. doi: 10.1038/nrm1987 PMID: 16921403.

52. Song R, Walentek P, Sponer N, Klimke A, Lee JS, Dixon G, et al. miR-34/449 miRNAs are required for
motile ciliogenesis by repressing cp110. Nature. 2014; 510(7503):115–20. doi: 10.1038/nature13413
PMID: 24899310; PubMed Central PMCID: PMC4119886.

53. Boon RA, Iekushi K, Lechner S, Seeger T, Fischer A, Heydt S, et al. MicroRNA-34a regulates cardiac
ageing and function. Nature. 2013; 495(7439):107–10. doi: 10.1038/nature11919 PMID: 23426265.

miR-34 Mediated Senescence in Idiopathic Pulmonary Fibrosis

PLOS ONE | DOI:10.1371/journal.pone.0158367 June 30, 2016 15 / 15

http://dx.doi.org/10.1371/journal.pone.0002213
http://dx.doi.org/10.1371/journal.pone.0002213
http://www.ncbi.nlm.nih.gov/pubmed/18493317
http://www.ncbi.nlm.nih.gov/pubmed/20603603
http://dx.doi.org/10.1001/jama.2010.1919
http://www.ncbi.nlm.nih.gov/pubmed/21205967
http://dx.doi.org/10.1038/cdd.2009.56
http://www.ncbi.nlm.nih.gov/pubmed/19461653
http://dx.doi.org/10.1073/pnas.0801613105
http://www.ncbi.nlm.nih.gov/pubmed/18755897
http://dx.doi.org/10.1164/ajrccm.154.2.8756825
http://www.ncbi.nlm.nih.gov/pubmed/8756825
http://dx.doi.org/10.1152/ajplung.00097.2010
http://dx.doi.org/10.1152/ajplung.00097.2010
http://www.ncbi.nlm.nih.gov/pubmed/21224216
http://dx.doi.org/10.1016/j.cell.2013.10.041
http://www.ncbi.nlm.nih.gov/pubmed/24238961
http://www.ncbi.nlm.nih.gov/pubmed/9054499
http://dx.doi.org/10.1038/ncb2070
http://www.ncbi.nlm.nih.gov/pubmed/20526329
http://dx.doi.org/10.1016/j.cell.2008.06.049
http://www.ncbi.nlm.nih.gov/pubmed/18724938
http://dx.doi.org/10.1038/ncb1744
http://www.ncbi.nlm.nih.gov/pubmed/18516091
http://dx.doi.org/10.1164/rccm.200804-550OC
http://dx.doi.org/10.1164/rccm.200804-550OC
http://www.ncbi.nlm.nih.gov/pubmed/18635888
http://www.ncbi.nlm.nih.gov/pubmed/11358490
http://dx.doi.org/10.1038/nature02118
http://dx.doi.org/10.1038/nature02118
http://www.ncbi.nlm.nih.gov/pubmed/14608368
http://dx.doi.org/10.1038/369520a0
http://www.ncbi.nlm.nih.gov/pubmed/7911227
http://dx.doi.org/10.1038/nrm1987
http://www.ncbi.nlm.nih.gov/pubmed/16921403
http://dx.doi.org/10.1038/nature13413
http://www.ncbi.nlm.nih.gov/pubmed/24899310
http://dx.doi.org/10.1038/nature11919
http://www.ncbi.nlm.nih.gov/pubmed/23426265

