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PURPOSE. To investigate the alterations in microRNA (miRNA)
expression during replicative senescence (RS) in human tra-
becular meshwork (HTM) cells.

METHODS. Two HTM cell lines were serially passaged until they
reached RS. Changes in expression of 30 miRNAs were as-
sessed by real-time quantitative (q)-PCR. The effects of miR-
146a on gene expression were analyzed with gene arrays and
the results confirmed by real-time q-PCR. Protein levels of
IRAK1 and PAI-1 were analyzed by Western blot and those of
IL6 and IL8 by ELISA. Senescence-associated markers were
monitored by flow cytometry and cell proliferation by BrdU
incorporation.

RESULTS. RS of HTM cells was associated with significant
changes in expression of 18 miRNAs, including the upregula-
tion of miR-146a. miR-146a downregulated multiple genes as-
sociated with inflammation, including IRAK1, IL6, IL8, and
PAI-1, inhibited senescence-associated �-galactosidase (SA-�-
gal) activity and production of intracellular reactive species
(iROS), and increased cell proliferation. Overexpression of
either IRAK1 or PAI-1 inhibited the effects of miR-146a on cell
proliferation and iROS production in senescent cells.

CONCLUSIONS. RS in HTM cells was associated with changes in
miRNA expression that could influence the senescent pheno-
type. Upregulation of the anti-inflammatory miR-146a may
serve to restrain excessive production of inflammatory media-
tors in senescent cells and limit their deleterious effects on the
surrounding tissue. Among the different proteins repressed by
miR-146a, the inhibition of PAI-1 may act to minimize the
effects of senescence on the generation of iROS and growth
arrest and prevent alterations of the extracellular proteolytic
activity of the TM. (Invest Ophthalmol Vis Sci. 2010;51:
2976–2985) DOI:10.1167/iovs.09-4874

The trabecular meshwork (TM) from glaucoma donors is
characterized by chronic activation of a stress response

that leads to increased production of inflammatory markers.1–3

Chronic activation of a similar inflammatory response has been
found during aging and certain age-related conditions in other
tissues.4–12 One of the factors proposed to contribute to such
a response is the increased presence of senescent cells.

Senescent cells have been shown to accumulate with age
and in certain pathologic conditions in several tissues and
organs,5,9,13 including the TM in glaucoma.14 The senescent
response is associated with a series of phenotypic changes that
have been proposed to disrupt the tissue microenvironment
and contribute to pathologic alterations associated with ag-
ing.15,16 An important alteration observed in senescent cells
that may contribute to tissue malfunction is the presence of a
characteristic senescence-associated secretory phenotype
(SASP).17–19 Such a secretory phenotype involves an increase
in the release of inflammatory mediators and growth factors
that can affect the function of adjacent cells and lead to a
chronic activation of a stress response18 similar to that ob-
served in the TM of glaucoma donors.3

The regulatory mechanisms that mediate the phenotypic
changes in senescent cells and, in particular, those involved in
the chronic activation of inflammatory mediators have not
been completely elucidated.

MicroRNAs (miRNAs) are important regulators of gene ex-
pression and have been implicated in a variety of cellular
functions, including differentiation, apoptosis, and cancer pro-
gression.20–22 miRNAs are transcribed as primary transcripts or
pri-miRNAs that are converted in the nucleus into 70-nucleo-
tide, stem-loop structures known as pre-miRNAs. These pre-
miRNAs are then processed in the cytoplasm to mature miR-
NAs, 21 to 23 nucleotides in length, by the endonuclease
Dicer, which also initiates the formation of the RNA-induced
silencing complex (RISC).23 After integration into the active
RISC, miRNAs bind to target sites in the 3� untranslated region
(UTR) of the specific mRNA transcripts and inhibit translation
or induce mRNA degradation by argonaute proteins, the cata-
lytically active members of the RISC.24 There is some experi-
mental evidence suggesting that miRNAs play a role in cellular
senescence. Several miRNAs such as miR-34 and -20a have
been shown to induce senescent growth arrest.25,26 Ablation
of Dicer in mouse embryonic fibroblasts also induces senes-
cence by upregulating p53.27 Furthermore, we have recently
shown that stress-induced premature senescence (SIPS) is as-
sociated with significant alteration in expression of several
miRNAs in both human fibroblasts and TM cells.28 It has been
hypothesized that miRNAs play both positive and negative
roles in regulating the senescent response.29–31 Specifically, it
has recently been reported that the anti-inflammatory miR-146
is upregulated in senescent fibroblasts in response to increased
levels of inflammatory cytokines induced by the senescent
response, generating a negative feedback loop that restrains
excessive production of inflammatory mediators in senescent
cells and limits the deleterious effects of the SASP on the
surrounding tissues.31 However, there is still little information
about the role that miRNAs play in modulating the senescent
response.

We investigated changes in expression of miRNAs during
the process of replicative senescence (RS) in human TM (HTM)
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cells. Since one of the miRNAs significantly upregulated during
this process was miR-146a, which has been implicated in the
modulation of the SASP in fibroblasts,31 we further investigated
the effects of this miRNA on gene expression in HTM cells and
the mechanisms by which miR-146a may contribute to the
senescent response in the TM.

METHODS

Cell Culture of Primary HTM Cells

Donor human eyes or cornea rings were obtained from the New York
Eye Bank within 7 days after death, according to the tenets of the
Declaration of Helsinki. HTM from a single individual was dissected
from surrounding tissue and digested in 10 mg collagenase/20 mg
bovine serum albumin (BSA)/5 mL phosphate-buffered saline (PBS).
The cells were seeded on collagen I-coated 3-cm Petri dishes and
maintained at 37°C in a humidified atmosphere of 5% CO2 in TM
culture medium containing 20% fetal bovine serum (FBS). The TM
culture medium was low-glucose Dulbecco’s modified Eagle’s medium
(DMEM) with L-glutamine and 110 mg/L sodium pyruvate, supple-
mented with 100 �M nonessential amino acids, 100 U/mL penicillin,
and 100 �g/mL streptomycin sulfate. All reagents were obtained from
Invitrogen Corp. (Carlsbad, CA). The HTM636 and HTM1073 cell lines
were generated from 22- and 26-year-old donors. These cells lines were
used for experiments involving comparisons between late-passage
(p15 or p11) and early-passage (p4–6) cells. The HTM682, HTM113,
and HTM714 cell lines were generated from 47-, 49- and 42-year-old
donors and were used at p4 to p7, to study the effects of miR-146a on
gene and protein expression. None of the donors had a history of
POAG or ocular diseases.

miRNA and Plasmid Transfection

Transfection of miRNAs or plasmids was performed with a nonviral
transfection system (Nucleofector System; Amaxa Inc. Gaithersburg,
MD), according to the manufacturer’s instructions. miR-146a mimic
(146aM) or negative miRNA control mimic (ConM, 120 pmol per 5 �
105 cells; Dharmacon, Inc. Chicago, IL), or PAI-1 plasmid (pPAI-1)
(pCMV-SPORT6; Open Biosystems, Huntsville, AL), recombinant
IRAK1 plasmid (pIRAK1; pENTR221, OHS4559-99869058; Open Bio-
systems), or psiCHECK2 vector (2 �g per 5 � 105 cells, pCon; Promega
Corp., Madison, WI) were transfected into HTM cells (program T23;
Amaxa). For experiments involving cotransfection of expression plas-
mids and miRNA mimics, 2 �g of plasmid (pPAI-1, pIRAK1, or pCon)
and 120 pmol of miRNA mimic (either 146aM or ConM) were cotrans-
fected into 5 � 105 HTM cells by using the same program. The culture
medium was replaced with fresh DMEM 24 hours after transfection,
and cell culture supernatant or cells were collected 72 hours after
transfection.

PCR Quantification of Changes in Expression
of miRNAs

Small RNA was isolated (mirVana miRNA Isolation Kit; Applied Biosys-
tems, Inc. [ABI], Austin, TX), according to the manufacturer’s instruc-
tions. cDNAs from 20 ng miRNAs were transcribed (TaqMan microRNA
reverse transcription Kit; ABI) and amplified with specific primers
(ABI). RNU6B (ABI) was used as the control for normalization.

Gene Microarray and Data Analysis

HTM cell cultures (HTM1073, p6) were transfected with miR-146a or
control mimic for 3 days, total RNA was isolated and hybridized to a
gene microarray (Human Genome U133 2.0 Array; Affymetrix, Santa
Clara, CA) at the Duke University Microarray facility (Durham, NC).
This array includes the Human Genome U133 Set plus 6500 additional
genes for analysis of more than 47,000 transcripts. Raw data were
normalized and analyzed (GeneSpring 10; Silicon Genetics, Wilming-
ton, DE). The genes were filtered by intensity compared with the

control channel. P � 0.05, by paired student t-test, was considered
significant. The list of genes that were significantly downregulated was
compared to those on three databases that predict targets for miRNAs:
Microcosm (http://www.ebi.ac.uk/enright-srv/microcosm/htdocs/
targets/v5/; European Molecular Biology Laboratory, Heidelberg, Ger-
many) TargetScan (http://www.targetscan.org/; Whitehead Institute
for Biomedical Research, Cambridge, MA), and PicTar-Vert (http://
pictar.mdc-berlin.de/; Max Delbruck Centrum, Berlin, Germany, and
The Center for Comparative Functional Genomics, New York Univer-
sity, NY). To analyze the biological significance and regulatory path-
ways involved in the changes observed in the arrays, we performed
network analysis of genes differentially expressed more than twofold
(P � 0.05; Metacore pathway analysis; GeneGo, St. Joseph, MI).

Quantitative PCR Analysis of Gene Expression

Total RNA was isolated (RNeasy kit; Qiagen Inc., Valencia, CA). RNA yields
were measured with fluorescent dye (RiboGreen; Molecular Probes, Eu-
gene, OR). First-strand cDNA was synthesized from total RNA (1 �g) by
reverse transcription with oligodT and reverse transcriptase (Superscript
II; Invitrogen Corp.). Quantitative (q)-PCR was performed in a 20-�L
mixture that contained 1 �L of the cDNA preparation and 1� iQ SYBR
Green mastermix (Supermix; Bio-Rad, Hercules, CA), with the following
PCR parameters: 95°C for 5 minutes followed by 50 cycles of 95°C for 15
seconds, 60°C for 15 seconds, and 72°C for 15 seconds. Each quantifica-
tion was conducted in triplicate, and the experiments were performed in
triplicate with three individual cell lines. The fluorescence threshold value
(Ct) was calculated with the system software (iCycle; Bio-Rad). The ab-
sence of nonspecific products was confirmed by both the analysis of the
melting curves to exclude primer-dimer and by electrophoresis in 3%
agarose gels (Super AcrylAgarose; DNA Technologies, Inc., Gaithersburg,
MD), to verify the correct product size. �-Actin was used as an internal
standard of mRNA expression, to normalize the individual gene expres-
sion levels. The specific primer pairs used to amplify the genes are shown
in Table 1.

Assay of Intracellular Reactive Oxygen Species

The production of intracellular (i)ROS was measured by 2�-7�-dichlo-
rofluorescein H oxidation.32 Briefly, 10 mM 2�,7�-dichlorodihydrofluo-
rescein diacetate (H2DCFDA; Invitrogen Corp.) was dissolved in meth-
anol and diluted 500-fold in HBSS to give a 20-�M concentration of
H2DCFDA. Cells grown in 12-well plates were exposed to H2DCFDA
and collected after 15 minutes. The cells were then pelleted, washed
once with PBS, and resuspended in 200 �L of PBS for flow cytometry
(FACScalibur; BD Biosciences, San Jose, CA) with 488-nm excitation
and emission filters appropriate for Alexa Fluor 488 dye.

Measurement of Mitochondrial
Membrane Potential

Mitochondrial membrane potential (��m) was monitored in cells
loaded with JC-1 dye (Invitrogen Corp.) as described previously, with
minor modifications.1 Briefly, cells in 12-well plates were trypsinized
and pelleted by centrifuge. The cells were then washed with PBS once,
loaded with JC-1 in 1 mL of PBS to a final concentration of 2 �M, and
incubated at 37°C, 5% CO2 for 15 minutes. The cells were pelleted and
washed again with PBS, then resuspended in 200 �L of PBS. The cells
were analyzed by flow cytometry with 488-nm excitation with emis-
sion filters appropriate for Alexa Fluor 488 dye and R-phycoerythrin.

Measurement of Endogenous Autofluorescence
and SA-�-gal

Endogenous autofluorescence was quantified by flow cytometry. The
fluorescence emitted by 10,000 cells in the FL-2 channel (563–607 nm)
was recorded and analyzed (CELLQuest software; BD Biosciences).
Activity of SA-�-gal was also measured by flow cytometry with the
fluorogenic substrate 5-dodecanoylaminofluorescein di-�-D-galactopyr-
anoside (C12FDG; Invitrogen Corp.) as previously described.33 Briefly,

IOVS, June 2010, Vol. 51, No. 6 Role of miR-146a in Senescent Trabecular Meshwork Cells 2977



the cells were incubated with 300 �M chloroquine for 1 hour at 37°C
to modulate the intracellular pH. The cells were then trypsinized and
washed once with PBS, loaded with 2 mM C12FDG solution, and
incubated 1 minute at 37°C. The cells were then diluted 10� in cold
PBS, incubated on ice for 30 minutes, and analyzed by flow cytometer,
using the FL-1 channel (Alexa Fluor 488 nm). The average number of
cells analyzed for each experiment was 10,000.

Determination of Cell Proliferation

Cell growth was quantified with a BrdU cell proliferation assay
(Calbiochem, San Diego, CA) according to the manufacturer’s in-

structions. Briefly, 100 �L of cells (nontransfected p4 and p15, or
transfected with miR-146a mimic [146aM] or control mimic
[ConM]) at concentration of 4 � 104 cells/mL were seeded into a
96-well culture dish and incubated for 24 (p4 and p15) or 48 (146aM
and ConM) hours. Culture medium was then replaced with 100 �L
fresh DMEM containing 10% FBS and BrdU 1:10,000 dilution. After
overnight incubation, the cells were fixed, and BrdU incorporation
was measured by using anti-BrdU antibody and reconstituted per-
oxidase goat anti-mouse IgG HRP conjugate. The color was then
developed by adding substrate solution to each well. After 15
minutes of incubation in the dark at room temperature (RT), block-

FIGURE 1. Evaluation of cellular se-
nescence markers in two replicative
senescent HTM cell lines. Two HTM
(636-07-22 and 1073-07-26) cell lines
showed significant expression of se-
nescence markers at p15. Induction
of SA-�-gal (A), autofluorescence (B),
iROS (C), and ��m (D) in p15 versus
p4 cells was quantified by flow cy-
tometry. The cell proliferation rate
(E) was quantified by BrdU incorpo-
ration. Data represent the mean per-
centage change � SD, n � 3. *P �
0.05, compared with p4 cultures;
Mann–Whitney U test.

TABLE 1. Primer Pairs Used to Quantify Gene Expressions in HTM Cells

Gene Name Accession No.* Primer Pairs

IRAK1 NM_001025242 For: 5�-ATT TAT GCT TGG GAG GTC GAG GCT
Rev: 5�-TCG CTT CTT GCT AGG ACT GAA CCA

IL11 NM_000641 For: 5�-AGA TAT CCT GAC ATT GGC CAG GCA
Rev: 5�-TTG GAC TTC AGT GAT CCA CTC GCT

PPP2R1B NM_002716 For: 5�-CTC GCA CAT CTG CAT GTG GTT TGT
Rev: 5�-TGT CAT CTG AGC ACA AGG AAC GGA

GALNT10 NM_017540 For: 5�-AGA GCC ACG AAT CTG CCT TTG AGA
Rev: 5�-TTC CTC GCC AGC TAC ACA TTC AGT

IL8 NM_000584 For: 5�-AGA AAC CAC CGG AAG GAA CCA TCT
Rev: 5�-CAC CTT CAC ACA GAG CTG CAG AAA

SLC10A3 NM_019848 For: 5�-TTC TGC ATC AAG GTC TCA CCT GCT
Rev: 5�-TCC ACT TTG CAC CCA AAC GAA CAC

HAS1 NM_001523 For: 5�-TTG AGG CCT GGT ACA ACC AGA AGT
Rev: 5�-ACC TGG AGG TGT ACT TGG TAG CAT

SERPINE1 NM_000602 For: 5�-AAT GTG TCA TTT CCG GCT GCT GTG
Rev: 5�-ACA TCC ATC TTT GTG CCC TAC CCT

CXCL3 NM_002090 For: 5�-ACC GAA GTC ATA GCC ACA CTC AAG
Rev: 5�-ACT TCT CTC CTG TCA GTT GGT GCT

CXCL6 NM_002993 For: 5�-AGA GCT GCG TTG CAC TTG TTT ACG
Rev: 5�-AAC TTG CTT CCC GTT CTT CAG GGA

CCL2 NM_002982 For: 5�-TCG CTC AGC CAG ATG CAA TCA ATG
Rev: 5�-TGG AAT CCT GAA CCC ACT TCT GCT

CCL20 NM_004591 For: 5�-AGT TTG CTC CTG GCT GCT TTG ATG
Rev: 5�-CTG CCG TGT GAA GCC CAC AAT AAA

PTGS1 NM_080591 For: 5�-GCA CCA ACC TCA TGT TTG CCT TCT
Rev: 5�-TGT CTC CAT AAA TGT GGC CGA GGT

IL6 NM_000600 For: 5�-AAA TTC GGT ACA TCC TCG ACG GCA
Rev: 5�-AGT GCC TCT TTG CTG CTT TCA CAC

�-Actin NM_001101.3 For: 5�-CCT CGC CTT TGC CGA TCC G
Rev: 5�-GCC GGA GCC GTT GTC GAC G

* GenBank, National Center for Biotechnology Information, Bethesda, MD; http:// www.ncbi.nlm.nih.
gov/Genbank.
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ing solution (Stop; Cell Signaling, Danvers, MA) was added to each
well, and absorbance was measured with a spectrophotometric
plate reader at dual wavelengths of 450 to 540 nm.

Protein Extraction and Immunoblot

Cells were washed twice in cold PBS. Total protein was extracted
with RIPA buffer (150 mM NaCl, 10 mM Tris [pH 7.2], 0.1% SDS,
1.0% Triton X-100, 5 mM EDTA [pH 8.0]) containing 1� protease
inhibitor cocktail (Roche, Inc., Indianapolis, IN). Protein concen-
tration was determined with a protein assay (Micro BCA Protein
Assay Kit; Pierce, Rockford, IL). Total protein extracts (40 �g) were
separated by 8% SDS-PAGE and transferred to PVDF membrane
(Bio-Rad). The membranes were blocked with 5% nonfat dry milk
and incubated overnight with the primary antibodies anti-IRAK1
(Cell Signaling, Inc.) or anti-PAI-1/serpine-1 (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA). Then they were incubated with a secondary
antibody conjugated to HRP for 1 hour at RT. Immunoreactive
proteins were visualized by chemiluminescence (ECL Plus; GE
Healthcare, Pittsburgh, PA). For detection of endogenous control,
the membrane was stripped with stripping buffer (25 mM glycine
([pH 3.0] plus 1% sodium dodecyl sulfate [SDS]) and then incubated
with anti-�-tubulin (SC-9935; Santa Cruz Biotechnology).

Quantification of IL6 and IL8

HTM cells were transfected with miR-146aM or ConM. Three days after
transfection, cell culture supernatant was collected, and 25 �L culture
medium was used to quantify protein levels of IL6 and IL8 (Human
TH1/Th2 plex FlowCytomix kit; Render MedSystems, Inc., Burlingame,
CA) according to the manufacturer’s instructions. Briefly, 25 �L of
samples or standards were mixed with 25 �L of bead mixture and 50
�L of biotin-conjugate mixture. After 2 hours’ incubation at RT, the
tubes were centrifuged at 200g for 5 minutes. The pellet was washed
twice with assay buffer and then 50 �L of streptavidin-PE was loaded
to each tube. After a 1-hour incubation, the pellet was spun down and
washed twice with assay buffer. The samples were then analyzed on a
flow cytometer in the FL3 channel.

Statistical Analysis

The data are presented as the mean � SD. Statistical significance
between groups was assessed by the Mann–Whitney U Test. P � 0.05
was considered statistically significant.

RESULTS

Changes in miRNAs in Replicative Senescent
HTM cells

Primary cultures of two HTM (636-07-22 and 1073-07-26) cell
lines were split from one to two cell culture plates when the
cells reached 95% confluence. Both cell lines showed a signif-
icant increase in expression of cellular senescence mark-
ers34–36 at p15 (Fig. 1). miRNA expression was then analyzed
by real-time q-PCR (TaqMan; ABI) at p15 versus the same HTM
cell line at p4. Eighteen miRNAs (has-miR-17–5p, -18a, -20a,
-20b, -92, -106a, -155, -146a, -182, -183, -192, -204, -329, -369–
5p, -409–5p, -432, -493, and -495) showed significant up- or
downregulation in both senescent HTM cell lines. MiR-146a
showed particularly high levels of upregulation (111-fold) in
the HTM1073 cell line and lower levels (6.8-fold) in the
HTM636 cell line (Fig. 2).

Effects of miR-146a on Gene Expression in
HTM Cells

The effects of miR-146a in HTM cells were evaluated by gene
array (Affymetrix) in one HTM cell line 3 days after miR-146a
transfection. As shown in Table 2, 30 genes were significantly
downregulated (by more than twofold), whereas only one

gene (MAN1C1) showed significant upregulation (higher than
twofold). Among the 30 downregulated genes, 11 (IRAK1,
GALNT10, SLC10A3, HAS1, PHKB, SLC1A1, TIMM17B, HAS2,
SLC2A3, SRPRB, and CARD10) showed potential targets of
miR-146a in at least one of the three miRNA databases (Micro-
cosm, TargetScan, or PicTar-Vert). Fourteen downregulated
genes were further validated by real-time q-PCR in three addi-

FIGURE 2. Changes in miRNA expression in replicative senescent
HTM cells. Small RNAs (20 ng) isolated from p4 and p15 of HTM
(636-07-22 and 1073-07-26, respectively) cell lines were reverse tran-
scribed and amplified with miRNA-specific primers and probes. Rela-
tive expression was calculated by the comparative Ct method, and
miRNA abundance was normalized relative to human RNU6B miRNA.
Results from p15 are expressed as the change of miRNA levels relative
to p4 cultures. Data represent the mean changes � SD, n � 3. P �
0.05, compared with p4 cultures; by Mann–Whitney U test. *No sig-
nificant change in one cell line.

IOVS, June 2010, Vol. 51, No. 6 Role of miR-146a in Senescent Trabecular Meshwork Cells 2979



tional HTM cell lines. All these genes showed significant down-
regulation by q-PCR and the levels of downregulation were
higher than twofold, with the exception of CCL2, CXCL3,
PTGS1, and HAS1, which showed significant levels of down-
regulation between 1.4- and 2-fold (Fig. 3). IRAK1, SERPINE1/
PAI-1 (plasminogen activator inhibitor type 1), IL6 and IL8
protein levels were also significantly downregulated by miR-
146a in all three individual HTM cell lines (Fig. 4). The path-
ways identified by pathway analysis (Metacore; GeneGo) as
more likely to be involved with the changes induced by miR-
146a were associated with immune response and cytokine
production (Fig. 5A). The transcription regulation subnetwork
with the highest score was that of NF-kB (Fig. 5B). Analysis of
the pathway maps generated by the software also provided a
direct relationship between the known target of miR-146a,
IRAK1 and NF-kB through TRAF6-dependent phosphorylation
of IKK-B and I-KB.37

Components of the SASP in HTM Cells Regulated
by miR-146a

To study whether the 14 genes significantly downregulated by
miR-146a potentially involved in the SASP were also differen-
tially expressed in replicative senescent HTM cells, realtime
q-PCR was conducted in two HTM cell lines (HTM1073-07-26
and HTM636-07-22; p15 versus 4). As shown in Figure 6A,
seven genes (IL8, PAI-1, CXCL6, CCL20, IL6, CXCL3, and
CCL2) were significantly upregulated and two genes (HAS1
and PPP2R1B) were significantly downregulated in both se-
nescent HTM cell lines. Consistently, PAI-1 protein production
was also clearly increased in both senescent HTM cell lines.
However, production of IRAK1 decreased in the protein level,
but not in the message level (Fig. 6B).

Effects of miR-146a on the Expression of Cellular
Senescence Markers in HTM Cells

To investigate whether miR-146a can also affect cellular senes-
cence markers in HTM cells, two HTM cell lines (HTM1073-
07-26 and HTM636-07-22) in p11 were transfected with 146M
or ConM. Since senescent cultures at p15 proved to be tech-
nically difficult to transfect at high efficiency, the experiments
were conducted in presenescent cells at p11 that were already
showing a significant increase in expression of senescent mark-
ers. As shown in Figure 7, production of SA-�-gal and iROS was
significantly decreased, and BrdU incorporation was signifi-
cantly increased by miR-146a in both HTM cell lines. However,
miR-146a did not alter the production of either lipofuscin
accumulation or mitochondria membrane potential.

Role of PAI-1 and IRAK1 in the Effects of miR-
146a on the Expression of Cellular Senescence
Markers in HTM Cells

Given the central role played by IRAK1 on the effects mediated
by miR-146a30 and the reported role of PAI-1 in cellular senes-
cence as an important component of the SASP,38,39 we inves-
tigated whether the observed effects of miR-146a on SA-�-gal
activity, iROS, and cell proliferation in senescent HTM cells
were mediated by the downregulation of either the direct
target IRAK1 or the secondary target PAI-1. The overexpres-
sion of IRAK1 or PAI-1 did not result in significant changes in
SA-�-gal (data not shown). Although overexpression of PAI-1
led to an increase of approximately twofold in the production
of iROS compared with cells transfected with a control vector,
miR-146a still generated a significant decrease in iROS in cells
overexpressing PAI-1. Overexpression of IRAK1 lacking the 3�

TABLE 2. Gene Microarray Showing the Effects of miR-146a on Gene Expressions in HTM Cells

Gene Symbol
Change (x-fold)

([146a] vs. [ConM]) Unigene* P Microcosm PicTar-Vert Targetscan

IRAK1 �4.28 Hs.522819 0.0011 T T T
IL11 �4.14 Hs.467304 0.035
PPP2R1B �3.8 Hs.584790 0.012
GALNT10 �3.49 Hs.651323 0.0033 T
IL8 �3.32 Hs.551925 6.89E-04
SLC10A3 �3.031 Hs.522826 0.0038 T T T
HAS1 �2.74 Hs.57697 0.049 T T
SERPINE1/PAI-1 �2.74 Hs.414795 0.0022
MANIC1 �2.54 Hs.197043 0.026
PHKB �2.54 Hs.78060 0.0038 T T
SLCIA1 �2.52 Hs.444915 0.0023 T T
CXCL3 �2.47 Hs.89690 9.42E-04
CXCL6 �2.39 Hs.164021 0.0048
HYOU1 �2.33 Hs.277704 0.0062
CCL2 �2.31 Hs.303649 0.014
TIMMI7B �2.3 Hs.30570 8.57E-04 T
HAS2 �2.21 Hs.159226 T T
ADAM19 �2.16 Hs.483944 0.011
WSB2 �2.12 Hs.506985 0.006
SLC2A3 �2.11 Hs.419240 0.022 T
RCAN1 �2.10 Hs.282326 0.0024
SRPRB �2.10 Hs.584950 0.0038 T T
CCL20 �2.09 Hs.75498 0.027
PTGS1 �2.09 Hs.201978 0.0049
CARD10 �2.06 Hs.57973 0.041 T T
NR4A2 �2.06 Hs.563344
LIF �2.06 Hs.2250 0.044
IL6 �2.05 Hs.654458
XYLT1 �2.03 Hs.22907 0.011
PTHLH �2.02 Hs.591159
RY1 �2.00 Hs.54649 0.0018

* UniGene, National Center for Biotechnology Information, Bethesda, MD; http://www.ncbi.nlm.nih.gov/UniGene.
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UTR that contains the target site for miR-146a completely
prevented the effects of miR-146a on iROS production (Fig.
8A). Overexpression of both PAI-1 and IRAK1, lacking the
miR-146a target site, inhibited the effects of miR-146a on cell
proliferation (Fig. 8B).

DISCUSSION

We observed significant changes in miRNA expression in rep-
licative scenescent HTM cells. There were several differences
between the two cell lines analyzed, suggesting some level of
variability in the alterations of miRNA expression induced by
RS. However, 18 microRNAs of the 30 analyzed were consis-
tently up- or downregulated in both cell lines.

Similar to what was previously observed in SIPS, RS of TM
cells was associated with the downregulation of several mem-
bers of the miR-106b family (miR-17–5p, -18a, -20a, -20b, -106a,
and -106b) that are located in the oncogenic miRNA polycis-
tronic clusters 17–5p-92a1, 106b-25, and 106a-363. These clus-
ters are frequently upregulated in cancer, and their oncogenic

effects are mediated at least in part by members of the miR-
106b family that are known to promote cell cycle progres-
sion.40–42 The consistent downregulation of these miRNAs
observed in both stress-induced and RS appears to be a com-
mon feature of senescent cells that could contribute to their
permanent growth arrest.

A downregulation of members of the miR-15 family, similar
to that previously observed in SIPS, was found in one of the cell
lines (HTM1073-07-26), whereas only miR-15a was significantly
downregulated in HTM636-07-22. Given the proapoptotic role
of miR-15a, the downregulation of this miRNA in senescent
cells could contribute to the increased resistance to the apo-
ptosis characteristic of senescent cells.

RS was also associated with changes in miRNAs that have
not been observed in SIPS. These changes included a particu-
larly notable upregulation of several miRNAs: miR-146a, -329,
-369, -409–5p, -432, -493, and -495.

One of the miRNAs more clearly upregulated in senescent
HTM cells, miR-146a, has also been found to be upregulated in
senescent human fibroblasts and is believed to be implicated in
modulating the inflammatory response29 and in particular the
senescence-associated inflammatory mediators IL6 and IL8.43

miR-146a is known to target IRAK1, a key activator of the
innate immune system signaling cascade that leads to the
induction of inflammatory target gene expression.43 Upregula-
tion of miR-146a/b in senescent fibroblasts has been hypothe-
size to serve as a mechanism aimed at preventing excessive
production of inflammatory mediators by senescent cells, thus
limiting the impact of the SASP on adjacent cells.31

Although in senescent fibroblasts it has been reported that
both miR-146a and -146b were upregulated during RS,31 HTM
cells showed a notable upregulation only of miR-146a, whereas
they showed a relatively low upregulation of miR-146b (3.4-
fold in HTM1073 cells and 1.67-fold in HTM636 cells). These
results suggest cell-type–specific differences in the changes in
expression of these miRNAs during RS.

Analysis of the changes in gene expression induced by
miR-146a in HTM cells was consistent with the anti-inflamma-
tory role proposed for this miRNA. In addition to downregula-
tion of the well-characterized target IRAK1 and the concomi-
tant downregulation of IL6 and IL8 observed in senescent
fibroblasts, miR-146a also decreased the expression of multiple
genes involved in the inflammatory response including: IL11,
IL8, CXCL3 (GRO3), CXCL6 (GCP2), CCL2, CCL20, PTGS1,
and IL6. None of these genes contains any predicted target
sequences or miR-146a and should be considered secondary
targets of this miRNA.

Pathway analysis indicated that several these changes in
gene expression could result from direct targeting of IRAK1 by
miR-146a through activation of NF-êB.44

Several of the genes downregulated by miR-146a were
found to be significantly upregulated in senescent TM cells
compared with their expression in the low-passage control
cells. This upregulation could contribute to the SASP and the
activation of an inflammatory response in senescent HTM cells.
These genes included IL6, IL8, PAI-1, CXCL3, CXCL6, and
CCL2, which have been reported to be part of the SASP in
other cell types,18,45 as well as the additional member of the
chemokine signaling pathway CCL20.

Of interest, the overall levels of upregulation of these genes
in senescent cells were lower in HTM1073 cells, where miR-
146a was upregulated 111-fold, compared with expression in
HTM636 cells, in which this miRNA was upregulated seven-
fold. This observation is consistent with the concept that the
increase in expression of miR-146a observed in senescent cells
antagonizes with the increased expression of inflammatory
mediators associated with the senescence response.

FIGURE 3. Genes downregulated by miR-146a in three independent
HTM cell lines. Three additional individual HTM cell lines (714-09-42,
113-09-49, and 682-09-47) were transfected with 146aM and ConM.
Three days later, total RNAs were isolated, and q-PCR was performed
with SYBR green master mix with specific primers (Table 1). The
results were normalized with �-actin, and the gene expressions in
146aM-transfected cells were expressed as the change in levels of
specific genes relative to that in ConM-transfected cells. Data represent
the mean change � SD, n � 3. P � 0.05, compared with ConM
transfected cells; Mann–Whitney U test.
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The observed increased expression of PAI-1 could contrib-
ute to the pathogenesis of primary open-angle glaucoma. PAI-1
is the principal inhibitor of tissue plasminogen activator (tPA)
and urokinase (uPA), the activators of plasminogen. Therefore,
an increase in PAI-1 may lead to decreased fibrinolysis and
extracellular proteolysis in aqueous humor and the trabecular
meshwork, which could result in a decrease in aqueous humor

outflow facility by increasing protein deposition and obstruc-
tion.46,47 In addition, increased expression of TGF-B2, which
leads to increased outflow resistance and elevated intraocular
pressure, has been reported to result in increased PAI-1 pro-
duction in cell culture and organ culture models.48,49 Similarly,
corticosteroid treatment, which also results in increased out-
flow resistance, has been shown to induce a decrease in activ-

FIGURE 4. Effects of miR-146a on
production of IL6, IL8, IRAK1, and
PAI-1 in HTM cells. Three individual
HTM cell lines were transfected with
146aM or ConM. Three days later,
cell culture supernatant and total
proteins were collected. IL6 and IL8
levels in cultured supernatant were
measured by flow cytometry. Pro-
duction of IRAK1 and PAI-1 from to-
tal protein were determined by West-
ern blot and normalized by �-tubulin
(A, B, n � 3). The percentage
changes in IL6 and IL8 in 146aM
transfected cells compared with
their individual ConM-transfected
cells. Data are expressed as the mean
percentage of change � SD, n � 3.
(C) *#P � 0.05 compared with ConM
transfected cells; Mann–Whitney U
test.

FIGURE 5. Pathway analysis of the
genes showing changes in expres-
sion higher than twofold with P �
0.05 in the gene microarrays. (A) The
pathways identified as the more sig-
nificantly affected by miR-146a at a
threshold of 0.001 and P � 0.05. (B)
The NF-kB transcription regulation
subnetwork. NF-kB was identified as
the transcription factor with the
highest ranking in terms of P-value
and gene ontology interpretation
with 12 nodes, 11 root nodes;
P-value of 7.10e-36, z-score of
129.23, and g-score of 129.23. Red
dots: downregulation in the gene ar-
ray analysis; green symbols: induc-
tion; red symbols: inhibition; gray
arrows: unspecified interaction.
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ity of tissue plasminogen activator.50 Therefore, the inhibitory
effect of miR-146a on the upregulation of PAI-1 observed in
senescent cells could contribute to preventing a decrease in
the activity of the plasminogen system and a concomitant
increase in outflow resistance.

Some of the components of the SASP, such as PAI-1, are
believed to contribute to the reinforcement of the senescence
phenotype by autocrine and paracrine mechanisms.38,39 Our
results showed that transfection of presenescent cells with

miR-146a mimic had significant inhibitory effects on SA-�-gal
activity, production of ROS, and cell proliferation. The effects
of miR-146a on ROS generation and cell proliferation were
prevented by overexpression of IRAK1, suggesting that the
changes in expression of multiple genes involved in the SASP
induced by the inhibition of IRAK1 contribute to increased
ROS production and growth arrest in senescent cells. Since
overexpression of PAI-1 was enough to prevent the effects of
miR-146a on cell proliferation, our results also point to PAI-1 as

FIGURE 6. Identification of compo-
nents of the SASP in HTM cells regu-
lated by miR-146a. Total RNAs (500
ng) isolated from p4 and p15 of HTM
cell lines (636-07-22 and 1073-07-26)
were reverse transcribed and ampli-
fied with specific primers (Table 1)
and SYBR green master mix. Relative
expression was calculated by the
comparative cycle threshold method
and normalized relative to human
�-actin. Results from p15 are ex-
pressed as the change in RNA levels
relative to p4 cultures. Data repre-
sent the mean changes � SD, n � 3.
P � 0.05 compared with p4 cultures;
Mann–Whitney U test. (A) **No sig-
nificant change in one cell line; *no
significant changes in any of the cell
lines. Total proteins were isolated
from p4 and p15 of HTM cells lines
(B) 636-07-22 and (C) 1073-07-26), n
� 3. Western blot analysis was con-
ducted with 8% SDS PAGE, and the
membrane was stained with IRAK1-
and PAI-1-specific antibodies. The
same membrane was stripped and
restained with �-tubulin (B, C).

FIGURE 7. Effects of miR-146a on
the expression of cellular senescence
markers in HTM cells. Two HTM
(636-07-22 and 1073-07-26) cell lines
p11 transfected with 146aM or
ConM. Induction of SA-�-gal (A),
autofluorescence (B), iROS (C), ��m

(D) in 146aM-transfected cells
(146aM) versus ConM-transfected
cells (ConM) were quantified by flow
cytometry. The proliferation rate (E)
was quantified by BrdU incorpora-
tion. Data show the percentage of
increase or decrease compared with
their individual ConM-transfected
cells and represent the mean per-
centage change � SD, n � 3. *P �
0.05, compared with ConM-trans-
fected cells; Mann–Whitney U test.
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an important component of the SASP of HTM cells that is
negatively modulated by miR-146a.

In conclusion, RS in HTM cells was associated with signifi-
cant changes in miRNA expression that may contribute to the
modulation of the senescent response. Specifically, the upregu-
lation of miR-146a antagonized the induction of inflammatory
mediators: the increased production of ROS and the decrease
in proliferative capacity characteristic of the SASP. The ob-
served inhibition of PAI-1 by miR-146a may limit the alterations
in the extracellular proteolytic activity of the TM during aging
and minimize the autocrine and paracrine effects of PAI-1,
including increased generation of iROS and decreased cell
proliferation. These results are consistent with the concept
that upregulation of miR-146a in senescent HTM cells may
serve to prevent an excessive increase in the production of
inflammatory mediators and limit some of the potentially del-
eterious effects of the SASP on the physiology of the TM.
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