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Abstract

MicroRNAs (miRNAs) are epigenetic regulators of eukaryotic gene expression and play key roles

in many cellular processes. However, the role of miRNAs for replicative senescence of normal

human keratinocytes (NHKs) remains unknown. Thus, we examined the expression profiles of

847 miRNAs in exponentially replicating and senescent NHKs and identified 126 senescence-

associated miRNAs (SA-miRs). Among SA-miRs, 117 miRNAs (93%) were upregulated and 9

miRNAs (7%) were downregulated in senescent NHKs compared to those of exponentially

replicating cells. Among the above miRNAs, we selected two miRNAs, miR-137 and miR-668,

for further investigation because they were consistently upregulated with replicative senescence of

three independent NHK cultures. Ectopic overexpression of miR-137 or miR-668 induced

senescence in rapidly proliferating NHKs; a notable increase in senescence-associated β-

galactosidase activity, p16INK4A and p53 was observed, indicating that they are novel senescence-

inducing miRNAs. In addition, these senescence-inducing miRNAs were gradually increased

during organismal aging of normal human oral epithelia. We also detected downregulation of

miR-137 and miR-668 in many tested human head and neck squamous cell carcinoma cell lines.

Since senescence would be viewed as a potent tumor suppressive pathway, the newly identified

senescence-inducing miRNAs deserve to be further investigated for their therapeutic application in

cancer treatment.
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Introduction

MicroRNAs (miRNAs) have recently come into focus as a novel class of epigenetic

regulators of eukaryotic gene expression (1). They are short 18–24nt RNA molecules that
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post-transcriptionally regulate protein expression through direct binding to specific mRNA

molecules. The specific binding of miRNAs to the cognate mRNA can either promote

mRNA degradation or prevent translation of the mRNA. miRNA regulation of gene

expression plays a role in a variety of cellular processes, and dysregulation of miRNAs have

been reported to be involved in the pathogenesis of age-related human diseases, such as

cancer, heart disease and Alzheimer’s disease (2).

Replicative senescence entails an irreversible arrest of cell division; mitogenic stimulation of

senescent cells does not evoke entry into the S phase (3). Senescent cells exhibit senescence-

associated β-galactosidase (SA β-gal) activity (4). Previously, we characterized the

phenotypic alterations that occur in normal human keratinocytes (NHK) during in vitro

replication (5). Primary NHK underwent 22±3 population doublings (PDs) when serially

subcultured. At the end of their replicative life span, these cells spontaneously ceased

replicating and exhibited morphological and cytochemical features of replicative

senescence. We also reported that the onset of senescence in NHK is associated with altered

expression of the senescence-associated genes, including cell cycle regulators, G protein-

coupled receptors, apolipoproteins, matrix metalloproteinases, and mitochondrial proteins

(6). Although our previous studies provide evidence of the complex changes in gene

expression profiles during senescence of NHK, the role of miRNAs in senescence of NHK

has not been investigated.

Recently, several lines of evidence have supported the role of miRNAs in senescence. First,

overexpression of miR-20a induced senescence in mouse embryonic fibroblasts (7). Second,

miRNA profiling assay identified specific subsets of miRNAs as significantly altered during

senescence of mesenchymal stem cells (8), diploid fibroblasts (9), trabecular meshwork cells

(9), and endothelial cells (10). Third, overexpression of miR-34a and miR-449a induced

senescence-like phenotypes in human cancer cells (11,12). Although recent studies

suggested potential roles of miRNAs in senescence, the role of miRNA in senescence of

normal human keratinocytes has been poorly documented (13).

Here, we report the identification of novel senescence-inducing miRNAs in NHK. miR-137

and miR-668 were upregulated during both replicative and organismal aging of NHK.

Overexpression of miR-137 and miR-668 markedly increased SA β-gal activity and

senescence markers, p16INK4A and p53 in exponentially replicating NHK. Moreover, both

senescence-inducing miRNAs were frequently downregulated in human head and neck

squamous cell carcinoma (HNSCC) cells compared to NHK. Since senescence is considered

as a tumor suppressor mechanism (14), the newly identified senescence-inducing miRNAs

need to be tested for novel senescence markers and therapeutic application for cancer.

Materials and methods

Cell culture

Primary NHK were prepared from separated epithelial tissue and serially subcultured in

Keratinocyte Growth Medium (Loza) as described previously (5). Six HNSCC cell lines

(SCC-4, SCC-9, SCC-15, 1483, Tu-139 and Tu-177) were used in this study. Detailed

culture condition for the cell lines can be found in our previous publication (15).
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miRNA expression profiling

miRNA expression profiling of 847 human miRNAs was performed in NHK at the

exponential replicating (PDs 9; young) and senescent (PDs 20; old) phases using the

Genome-wide qPCR microRNA Array Panels by a service provider (System Biosciences).

Quantitative real-time RT-PCR analysis of miRNA

Total RNA was extracted from cells using Tri zol Reagent (Invitrogen). A cDNA pool of

miRNAs was synthesized by QuantiMir cDNA Kit (System Biosciences) according to the

manufacturer’s protocol. Human miRNAs were amplified as described in the SYBR Green I

Master PCR Mix (Roche) with the LightCycler 480 II real-time PCR system (Roche). For

miRNA amplification, one primer is miRNA specific and the other is a universal primer. U6

small nuclear RNA (snRNA) level was used as internal control for the starting amount of

cDNA. Primer sequences are available upon request.

Overexpression of miRNA

Lentiviral vectors expressing miR-137 or miR-668 were obtained from SBI’s microRNA

Precursor Construct Collection (System Biosciences). Detailed methods of lentivirus

production can be found in our previous publications (16). Exponentially replicating NHK

were transduced with the lentiviruses that express miR-137 (LV-miR137), miR-668 (LV-

miR668) or green fluorescent protein alone (LV-GFP) as a control in the presence of

polybrene (6 μg/ml) for 3 h. Efficient transduction and overexpression of the miRNAs were

determined by GFP epifluorescence and quantitative real-time RT-PCR, respectively.

SA β-gal activity

Cells were fixed in 2% formaldehyde/0.2% glutaraldehyde for 3–5 min at room temperature.

The cells were then stained for SA β-gal activity in freshly prepared staining solution. The

presence of SA β-gal activity was evidenced by a dark-green color in the perinuclear

cytoplasmic region. SA β-gal positive cells were scored by counting at least 1,000 cells from

random microscope fields to allow for statistical validation. The detailed experimental

procedure has been previously described (5).

Cell proliferation

To investigate the effect of miRNA on the kinetics of replication, the growth rates of NHK

transduced with LV-GFP or LV-miR were compared. Two days post-transduction, cells

were plated at 2×104 cells per plate into 60-mm Petri dishes and incubated at 37°C. The

number of cells was counted at 2 and 4 days post-subculture.

Western blotting

Whole-cell extracts were isolated, separated by SDS-PAGE and transferred to Immobilon

protein membranes (Millipore). Antibodies for p16INK4A (C-20), p53 (DO-1), CDK5

(DC-17), CDK6 (C-21), hTERT (H-231), p21 (C-19), TGF-β (V), actin (I-19) were

purchased from Santa Cruz Biotechnology. The detailed procedures have been previously

described (16).
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Laser-capture microdissection of normal human oral epithelium

Normal human oral epithelia were microdissected using a Pixcell II Laser Capture

Microscope (Arcturus Engineering) in the UCLA Human Tissue Research Center Core

Facility. From multiple sections of each case, ~4,000–5,000 cells were microdissected from

the 5-μm-thick histologic sections and subjected to RNA isolation with High Pure RNA

Isolation Kit (Roche).

Results

Identification of senescence-associated miRNAs (SA-miRs) in NHK

In order to understand the miRNA signature that is specific for the senescence of NHK, we

compared the expression profiling of human miRNAs in NHK at the exponentially

replicating (young; 9 PDs) and senescent (old; 20 PDs) phases using the Genome-wide

qPCR microRNA Array Panels (System Biosciences). The assay revealed global up-

regulation of miRNA expression during senescence in NHK. We identified 126 SA-miRs

altered >2-fold with senescence. Among them, 117 SA-miRs (93%) were up-regulated and 9

SA-miRs (7%) were downregulated in senescent NHK compared to exponentially

replicating NHK (Fig. 1A).

Of these 117 up-regulated SA-miRs, we found that to date 53 (45.3%) were previously

reported and 64 (54.7%) were not reported. Cellular senescence is viewed as a potent tumor

suppressor mechanism (14). Thus, we further classified the reported 54 SA-miRs into three

different groups: i) miRNAs reported to induce senescence phenotype in human cells; ii)

miRNAs with tumor suppressive activity against human cancer; and iii) miRNAs reported to

be up-regulated in human cancer. Fig. 1A summarizes the result and reveals that miR-34a,

miR-137, miR-181a, and miR-449a belong to at least 2 different groups.

Confirmation of expression profiles of SA-miRs

In order to confirm the up-regulation of miR-34a, miR-137, miR-181a, and miR-449a found

in the microRNA array experiment and rule out the donor-to-donor variation, three

independent cultures of NHK derived from different donors were obtained and serially

propagated. Three sets of exponentially replicating and senescent NHK cultures were used

to determine the levels of miR-34a, miR-137, miR-181a, and miR-449a using quantitative

real-time RT-PCR. We also included miR-668 which is most upregulated miRNA among

the not-reported miRNAs. The expression of all tested miRNAs was consistently enhanced

in three different senescent NHK cultures compared to their corresponding actively

replicating NHK cultures, consistent with the profiling results (Fig. 1B). These data

indicated that the SA-miR expression indeed increases during replicative senescence of

NHK and is independent of the donor variation.

To further understand the expressional status of the SA-miRs in stress-induced premature

senescence, we irradiated actively replicating NHK with 5 Gy and determined the levels of

the five SA-miRs. Our unpublished data showed that 5 Gy of ionizing radiation (IR) induced

premature senescence in NHK (unpublished data). Among the 5 SA-miRs, miR-137 and

miR-668 were significantly up-regulated by IR (Fig. 1C). However, the magnitudes of
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induction were much less than those observed in replicative senescence. Our results indicate

that up-regulation of miR-137 and miR-668 are common regulatory event shared between

replicative senescence and IR-induced premature senescence.

Overexpression of miR-137 or miR-668 induces senescence in NHK

To investigate the role of miR-137 and miR-668 on senescence of NHK, we constructed

lentiviral vectors capable of expressing miR-137 (LV-miR137) or miR-668 (LV-miR668)

using the pMIRNA1 plasmid (System Biosciences), which also contains GFP expression

cassette under a heterologous promoter. Actively replicating NHK (7 PDs) were transduced

with LV-miR137, LV-miR668, or control LV-GFP, expressing GFP alone. At 3 days post-

transduction, >95% of the cultures demonstrated green fluorescence (Fig. 2A), indicating

efficient transduction of NHK. Also, the expression levels of mature miR-137 and miR-668

were increased by 14- and 8-fold, respectively, in NHK transduced with LV-miRs compared

to the LV-GFP-transduced cells (Fig. 2B).

To evaluate the effect of miR-137 and miR-668 on senescence in NHK, SA β-gal activity, a

marker for senescence, was determined at 3 days post-transduction. Overexpression of

miR-137 or miR-668 increased the percentage of SA β-gal positive cells by 8- to 11-fold

over control and markedly inhibited cell proliferation in actively replicating NHK (Fig. 2C–

E). We also tested whether key senescence markers, p16INK4A and p53, are induced during

the senescence mediated by miR-137 and miR-668. We found that miR-137 increased both

p16INK4A and p53, and that miR-668 induced p53 in NHK (Fig. 3). Similar observations

were obtained using an independent NHK culture from a separate donor (data not shown).

We also investigated the effect of miR-137 and miR-668 on other senescence-associated

proteins, such as CDK5, CDK6, hTERT, p21, and TGF-β (Fig. 3). None of the tested

proteins was significantly altered by either miRNA. Our findings indicated that miR-137 and

miR-668 induced premature senescence in NHK, suggesting that they are novel senescence-

inducing miRNAs.

Levels of miR-137 and miR-668 expression in organismal aging and human HNSCC

To further investigate whether the up-regulation of miR-137 and miR-668 also occurs in

organismal aging, we measured the levels of the miRNAs in normal human oral epithelia

obtained from individuals of various ages. Although the sample size was rather small in the

study, our data indicate that an increase in the level of miR-137 is associated with an

increase in age [correlation coefficients (R2) = 0.7014; Fig. 4A]. This indicates that the up-

regulation of miR-137 is a common event during replicative senescence and organismal

aging of human oral epithelial cells. However, such association was not observed in the

levels of miR-668 in the tissues (R2 = 0.1245; Fig. 4B).

The ability of miR-137 and miR-668 to induce premature senescence and growth inhibition

in NHK indicates possible tumor suppressive effects, as many of known tumor suppressor

genes, e.g., p53, pRb, and p16INK4A, are also involved in senescence pathway (14).

Therefore, to examine whether miR-137 and miR-668 are implicated in human HNSCC, we

measured the levels of the miRNAs in six HNSCC cell lines (1483, SCC-4, SCC-9, SCC-15,

Tu-139, and Tu-177) and compared them to that in NHK (Fig. 4C and D). To rule out donor
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variation in the levels of miRNAs, two independent NHK cultures (NHK-1 and -2) derived

from different donors were used for this experiment. Our results showed that miR-137 and

miR-668 were significantly downregulated in the majority of the tested cancer cell lines

compared with the two NHK cultures (Fig. 4C and D). This suggests that downregulation of

miR-137 and miR-668 could be involved in head and neck carcinogenesis.

Discussion

The major findings of the present study are: i) global up-regulation of miRNA expression

during senescence of NHK; ii) identification of senescence-associated miRNAs in NHK; iii)

up-regulation of miR-137 and miR-668 during replicative and organismal aging; iv) their

ability to induce senescence in young NHK with a concomitant induction of senescence

markers, p53 and p16INK4A; and v) frequent downregulation of miR-137 and miR-668 in

HNSCC.

In this study, we identified senescence-associated miRNAs, using the well-characterized

senescence model of NHK (5). In our model, we defined in vitro replication of NHK into

three distinct phases: exponential, senescing, and senescent phases (5). Unlike most human

somatic cells, NHK demonstrated telomerase activity and replicated in vitro with delayed or

undetectable level of telomere shortening (17). Thus, the senescence mechanism in NHK

appears to be specific and different from that of telomerase-negative primary human cells,

e.g., human diploid fibroblasts (17). Initial miRNA profiling assay revealed that a subset of

miRNA contributes to senescence of NHK. Approximately 90% of the tested miRNAs were

upregulated in senescent NHK, indicating global up-regulation of miRNA during replicative

senescence of NHK. This finding also suggests that miRNAs may be regulated by epigenetic

mechanism, i.e., DNA methylation. Indeed, many studies have reported that global DNA

demethylation during cellular and organismal senescence (18–20) and miRNA regulation by

DNA methylation (21,22).

Antiproliferative effects of senescence pathways have been viewed as a potent tumor

suppressor mechanism (14). Cellular senescence can be mediated by the two main tumor

suppressor pathways of the cell, the ARF/p53 and the p16INK4A/RB pathways. Loss of these

tumor suppressor genes is critical for the establishment of in vitro human cell cultures, and

is frequently observed in human cancer cells, underlining the linkage between senescence

and tumor suppressor pathways. Recent studies suggest that miRNAs contribute to the

development of human cancers by functioning as tumor suppressors or oncogenes (23). In

this regard, tumor suppressive miRNAs are often downregulated in tumors, and the

reduction in the expression may cause increased expression of the oncogenic target gene(s)

(24,25). Since senescence is mediated by the major tumor suppressive pathways,

senescence-inducing miRNAs may have tumor suppressive effects. However, the presence

of senescence-inducing miRNAs and the functional linkage between the miRNAs and tumor

suppressor pathways have yet to be established.

The ability of miR-137 and miR-668 to induce premature senescence and growth inhibition

in NHKs suggests possible tumor suppressive effects, as many of the known tumor

suppressor genes, such as p53, pRb, and p16, are also involved in the senescence pathway
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(14). In agreement with a previous report by Kozaki et al, our study also revealed frequent

reduction of miR-137 in human head and neck cancer cell lines. miR-137 is known as a

tumor suppressive miRNA and frequently downregulated in various human cancer,

including oral cancers (22). Furthermore, the overexpression of miR-137 inhibited cancer

cell growth in vitro (22). The possible role of miR-137 in the inhibition of cancer cell

growth is also supported by its ability to induce cell cycle G1 arrest (22,26). The cell cycle

ability of miR-137 was explained by identification of its targets, CDK6 and Cdc42 (22,26).

However, we failed to observe the same effect of miR-137 on CDK6 in NHK, indicating the

cell type specific effect of miRNAs. Indeed, we observed that miR-137 downregulated

CDK6 expression in the SCC-4 cell line (data not shown).

miR-668 is located in chromosomal region 14q32.31 and significantly up-regulated in the

two senescence states, suggesting that the up-regulation of miR-668 may progressively lead

NHK to the senescent state. This supports the notion that the transient expression of

miR-668 induces growth arrest and premature senescence in NHK. In order to understand a

possible role of miR-668 in senescence, we performed database search of the term miR-668,

using pubmed and google scholar (as of June 22, 2010). The literature search revealed 2

studies with plausible evidence for regulation of senescence by miR-668. miR-668 was

upregulated by benzene, known oxidative DNA damaging agent and carcinogen (27). Since

DNA damage is an important senescence-inducing endogenous stimulus, increased miR-668

expression during senescence is possibly through the generation of oxidative DNA damage

during replicative senescence (28,29). Although there is no experimental evidence,

integrating of miRNA cluster information with protein-protein interaction network data

speculated that circadian rhythm is modulated by miR-668 (30). Aging is associated with a

variety of alterations of circadian rhythms (31). Therefore, aberrant miR-668 expression

could impair circadian rhythmicity and lead to cellular senescence (32).

In conclusion, our study demonstrated that miRNAs are critical modulators of cellular

senescence in normal human epithelial cells. We further identified miR-137 and miR-668 as

novel senescence-inducing miRNAs. Our study also suggests the possible use of miR-137

and miR-668 as novel biomarkers of cellular aging and therapeutic application for HNSCC.
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Figure 1.
Identification of senescence-associated miRNAs (SA-miRs) in NHK. (A) Schematic strategy for the identification of SA-miRs

in NHK. (B) Confirmation of the up-regulation of five SA-miRs (miR-34a, 137, 181a, 449a, and 668) during senescence of

NHK. Three independent cultures of NHK derived from different donors were serially propagated and used in this assay. The

levels of mature SA-miR expression were measured by quantitative real-time RT-PCR. For each sample, the expression of

miRNA was normalized to U6 snRNA. The value for miRNA from exponential replicating NHK was set at 1, and the relative

amounts of miRNA from senescent NHK were plotted as fold induction. The graph shows the mean of three experiments. Error

bar represents the standard deviation. (C) Regulation of SA-miRs in IR-induced premature senescence. Exponential replicating

NHK were exposed to 0 or 5 Gy and harvested for determining the levels of the SA-miRs. The value for miRNA from control

NHK (0 Gy) was set at 1, and the relative amounts of miRNA from NHK exposed IR were calculated. *Significantly different

(p<0.0, Student’s t-test) from the control expression.
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Figure 2.
Overexpression of miR-137 or miR-668 causes senescence in NHK. (A) Rapidly replicating NHK were transduced by

lentiviruses that express miR-137 (LV-miR137), miR-668 (LV-miR668), or GFP alone (LV-GFP) for 3 h. Three days post-

transduction, phase contrast photographs and GFP epifluorescence images were obtained. GFP fluorescence revealed those cells

that were transduced by the lentiviruses. Original magnification x100. (B) Three days post-transduction of NHK, the levels of

miR-137 and miR-668 expression were measured by quantitative real-time RT-PCR. The value for miRNA from NHK

transduced with LV-GFP was set at 1, and the relative amounts of miRNA from NHK transduced with LV-miR137 or LV-

miR668 were plotted as fold induction. (C) SA β-gal staining of each culture was obtained 3 days post-transduction. Original

magnification x100. (D) SA β-gal positive cells were scored by counting 1,000 cells with normal light microscopy. (E)

Proliferation kinetics of NHK transduced with LV-GFP, LV-miR137, or LV-miR668 was determined. One day post-

transduction, 2×104 cells were plated, and the number of cells was counted after 2 and 4 days of incubation. Results were

expressed as the average number of triplicate cultures.
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Figure 3.
Effect of miR-137 and miR-668 on the expression of senescence-associated proteins. (A) The expression levels were determined

by Western blotting at 3 days post-transduction. (B) The band intensities (shown in A) were quantitated and plotted by Scion

Image software against those of actin.
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Figure 4.
Status of miR-137 and miR-668 in organismal aging and HNSCC cell lines. (A and B) Age-dependent expression of miR-137

and miR-668 in vivo. Normal epithelial cells were microdissected from normal human oral epithelium. The levels of mature

miR-137 (A) and miR-668 (B) expression were measured by quantitative real-time RT-PCR. R2, coefficient of determination. y,

the equation of a line. (C and D) Downregulation of miR-137 and miR-668 expression in HNSCC. The levels of miR-137 (C)

and miR-668 (D) were measured by quantitative real-time RT-PCR in normal and cancer cell lines. Two independent cultures of

NHK (NHK-1 and -2) and six HNSCC cell lines (1483, SCC-4, SCC-9, SCC-15, Tu-139, and Tu-177) were used.
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