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PURPOSE. The purpose of this study was to investigate the mechanisms by which miR-183 may
contribute to the phenotypic alterations associated with stress-induced senescence of human
trabecular meshwork (HTM) cells.

METHODS. Changes in gene expression induced by miR-183 in HTM cells were evaluated by gene
array analysis, confirmed by quantitative-PCR (Q-PCR), and analyzed by MetaCore pathway
analysis. Effects of miR-183 on cell proliferation were assessed by incorporation of
bromodeoxyuridine incorporation, and DNA damage by CometAssay after ultraviolet (UV)
irradiation in primary HTM cells, and confirmed in human diploid fibroblasts (HDF) and HeLa
cells. A plasmid expressing KIAA0101 without its 30-untranslated region (30-UTR) was
cotransfected with miR-183 to evaluate the role of KIAA0101 on the effects induced by miR-183.

RESULTS. miR-183 affected the expression of multiple genes involved in cell cycle regulation and
DNA damage response in HTM cells. Forced expression of miR-183 in HTM and HDF resulted in a
significant decrease in proliferation in primary HTM and HDF cells but not in HeLa cells. In all
cell types tested, overexpression of miR-183 resulted in increased DNA damage under UV
irradiation. Expression of KIAA0101 lacking the 30-UTR region partially prevented the effects of
miR-183 on cell proliferation and completely reversed the effects on UV-induced DNA damage.

CONCLUSIONS. Our results suggest that the observed up-regulation of miR-183 after stress-
induced senescence in HTM cells may contribute to reinforce cellular senescence by
inhibiting cell cycle progression through multiple gene targets and limiting the DNA repair
mechanisms through inhibition of KIAA0101.

Keywords: cell proliferation, cellular senescence, DNA damage repair, miR-183, trabecular
meshwork

Senescent cells display phenotypic alterations that could
contribute to disruption of tissue homeostasis in aging.1,2

Increased accumulation of senescent cells in the human
trabecular meshwork (HTM) as a result of aging, and chronic
oxidative damage has been hypothesized to contribute to the
abnormal increase in resistance to aqueous humor outflow
associated with primary open-angle glaucoma.3–8 In the past,
we have reported the up-regulation of miR-183 after induction
of cellular senescence by exposure to H2O2 in both HTM and
human diploid fibroblasts (HDF),9 suggesting that miR-183
could also contribute to the phenotypic changes associated
with stress-induced senescence.10 miR-183 (HGNC:MIR183;
HUGO Gene Nomenclature Committee [www.genenames.org])
is a multifunctional microRNA (miRNA) that contributes to the
regulation of a variety of biological processes including
development, physiology, and pathology of the inner ear11–15

and retina.16–19 miR-183 is also believed to regulate cancer
progression and metastasis.20,21 However, the role of this
miRNA in the regulation of the cell cycle and its potential
contribution to reinforce the senescent phenotype is contro-
versial because it has been reported to exert both pro- and
antiproliferative effects. Although miR-183 has been reported to
promote cell and tumor growth,22–24 there is also evidence for
a role of miR-183 as an inhibitor of cell proliferation and cancer

growth.25–33 Effects of miR-183 on apoptosis and cell survival
are similarly conflicting. Although down-regulation of miR-183
inhibits apoptosis and enhances cell survival of endometrial
stromal cells in endometriosis,34 up-regulation of miR-183 has
been reported to inhibit TGF-beta 1–induced apoptosis by
down-regulation of PDCD4 expression in human hepatocellular
carcinoma cells.35

In order to gain a better understanding of the biological
roles of miR-183 and its contribution to the senescent
phenotype of HTM cells, we analyzed by gene array the effects
of miR-183 over-expression on the gene expression profile of
HTM cells, validated experimentally four novel targets and
conducted functional analysis of the effects on cell proliferation
and ultra violet (UV) induced DNA damage repair mediated by
targeting of the recently identified target KIAA010132 by miR-
183 in HTMs. The functional effects of miR-183 were further
confirmed in primary HDFs and HeLa cells.

MATERIALS AND METHODS

Cell Culture and Transfection

Human tissue for generation of trabecular meshwork cell
cultures was obtained from the Eye Bank for Sight Restoration,
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Inc. (New York, NY, USA) according to the tenets of the
Declaration of Helsinki. The study was approved by the Duke
University Health System Institutional Review Board. HTM,
HDF, and HeLa cells were cultured and maintained following
methods previously described.9 Transfections of miRNAs (183
mimic [183M] and negative miRNA control mimic [ConM]) or
plasmids (KIAA0101 vector [pKIAA0101] or pcDNA3.1 vector
[pCon]; Invitrogen, Carlsbad, CA, USA) to HTM or HDF cells
were performed using the Nucleofector system (Amaxa, Inc.,
Gaithersburg, MD, USA) as previously described.9,10 HeLa cells
were transfected using Effectene transfection reagent (Qiagen,
Valencia, CA, USA) following the manufacturer instruction.

RNA Isolation

Total RNA was isolated using an RNeasy kit (Qiagen) following
the manufacturer’s protocol. RNA yields were measured using
RiboGreen fluorescent dye (Molecular Probes, Eugene, OR,
USA). Briefly, HTM cells were transfected with miR-183 mimic
(183M) or scramble control mimic (ConM), using the
Nucleofector system (Amaxa, Inc.). Three days after transfec-
tion, HTM cells were harvested by adding lysis buffer from the
kit and homogenization using a QIAshredder spin column
(Qiagen). DNA was removed using DNase I (Qiagen). RNA was
selectively isolated from the column flow through use of an
RNeasy mini-spin column (Qiagen). Twenty microliters of
RNase-free water was added to the spin column to recover
RNA for each sample. The RNA quantity was analyzed using the
RNA Nanodrop with the Bioanalyzer 2100 system (Agilent,
Santa Clara, CA, USA).

Affymetrix GeneChip Microarray and Data
Analysis

High-quality RNA, 200 ng, was used to generate the probe for
hybridization with the Ambion message amplification kit
(Thermo Fisher Scientific, Grand Island, NY, USA). Fragmented
cRNA, 10 lg, was hybridized to the Affymetrix Human
Genome U133 2.0 Array at Duke University Microarray facility
(Durham, NC, USA). This array covers the Human Genome
U133 Set plus 6500 additional genes for analysis of more than
47,000 transcripts. Raw data were log2 transformed and
normalized using the default Robust Mult-chip Average method
in GeneSpring 10 software (Silicon Genetics, Wilmington, DE,
USA). Genes were filtered to their intensities in the control
channel. A paired Student’s t-test was performed (P values
�0.05 were considered significant), and changes less than 2-
fold were excluded. The list of genes that were significantly
down-regulated was compared to those in three databases that
predict targets for miRNAs: Microcosm (http://www.ebi.ac.uk/
enright-srv/microcosm/htdocs/targets/v5/), TargetScan (http://
www.targetscan.org), and PicTar-Vert (http://pictar.mdc-berlin.
de/). To analyze the biological significance and regulatory
pathways involved in the changes observed in the arrays, we
performed GeneGo pathway map analysis of genes more than
2-fold differentially expressed (P value �0.05, Metacore
pathway analysis [GeneGo, St. Joseph, MI, USA]).

Quantitative Polymerase Chain Reaction

After total RNA isolation, first-strand cDNA was synthesized
from total RNA (1 lg) by reverse transcription by using
oligo(dT) and Superscript II reverse transcriptase (Invitrogen).
Quantitative polymerase chain reaction (Q-PCR) analyses were
performed in a 20-lL mixture that contained 1 lL of the cDNA
preparation and 13 iQ SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA), using the following PCR parameters:
958C for 3 minutes followed by 40 cycles of 958C for 10

seconds, 608C for 30 seconds, plus melting curve 658C to 958C
increment 0.58C for 5 seconds. The fluorescence threshold
value (Ct) was calculated using the iCycle system software (Bio-
Rad). The absence of nonspecific products was confirmed by
both the analysis of the melt curves and by electrophoresis in
3% Super AcrylAgarose gels. b-actin was used as an internal
standard of RNA expression to normalize gene expressions.
The specific primer pairs used were listed in Table 1.

Protein Extraction and Western Blotting

Cultured cells were washed twice in cold phosphate-buffered
saline (PBS). Total protein was extracted using radioimmuno-
precipitation assay 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 a
13 protease inhibitor cocktail (Roche, Basel, Switzerland).
Protein concentration was determined by using Micro BCA
protein assay kit (Pierce, Rockford, IL, USA). Total protein
extracts were separated by 12% SDS-PAGE gels and transferred
to polyvinylidene fluoride membrane (Bio-Rad). Membranes
were blocked with 5% nonfat dry milk and incubated overnight
with an anti-KIAA0101 primary antibody (Abcam, Cambridge,
MA, USA) and then with a secondary antibody conjugated to
horseradish peroxidase. Immunoreactive proteins were visual-
ized using enhanced chemiluminescence substrate (ECL Plus;
GE Healthcare, Pittsburgh, PA, USA). For detection of
endogenous control, the membrane was stripped with
stripping buffer (25 mM glycine, pH 3.0, plus 1% SDS) and
then incubated with anti-b-tubulin (product SC-9935; Santa
Cruz Biotechnology, Dallas, TX, USA).

Generation of a KIAA0101 Expression Plasmid

The expression vector of pKIAA0101 lacking the 30-UTR was
generated using forward primer (50-GCA GTCGAC GAAC ATG
GTG CGG ACT AAA GCA GAC AGT G) containing SalI
restriction site and reverse primer (50-TAT GCGGCCGC ACC
AGG GTA AAC AAG GAG ACG TT) containing NotI restriction
site. The fragment amplified by this primer pair was cloned
into pCR2.1 vector for sequence confirmation. A clone with
correct sequence was then cut with SalI and BamH1 to release
the fragment containing the complete KIAA0101 open reading
frame. The fragment was then ligated to pcDNA3.1(þ) vector
(Invitrogen) as a pKIAA0101 expression vector (pKIAA0101).
An empty pcDNA3.1(þ) was used as a control vector (pCon).
To confirm the ability of this vector to overexpress KIAA0101
even in the presence of miR-183, HeLa cells were cotransfected
with ConM or 183M (60 pmol) and pCon or pKIAA0101 (0.1
lg), and the expression of KIAA0101 was analyzed by Western
blotting 24 hours after transfection.

Cell Proliferation Assay

Cell growth was quantified using a bromodeoxyuridine (BrdU)
cell proliferation assay kit (Calbiochem, San Diego, CA, USA)
according to the manufacturer’s instructions. Briefly, 100 lL of
183M- or conM-transfected cells at 8 3 104 cells/mL were
seeded into a 96-well culture dish and incubated for 48 hours
(for HTM and HDF cells). HeLa cells at 1 3 104 cells/well were
plated the day before 183M or ConM transfection and
incubated for 24 hours. Culture medium was then replaced
with 100 lL fresh DMEM containing 10% FBS and BrdU,
1:10,000 dilution. After overnight (HTM and HDF cells) or 2
hours (HeLa cells) incubation, the cells were fixed and BrdU
incorporation was measured using anti-BrdU antibody and
reconstituted Peroxidase 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
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TABLE 1. Primer Pairs Used To Quantify Gene Expressions in HDF Cells

Gene Name GenBank Accession Number Primer Pairs

KIAA0101 NM_014736.4 For: 50-TTCGGGTCCTTGTCCAGTGAAACA
Rev: 50-TAAGTGCCTGGAACACTGTCTGCT

QKI NM_006775 For: 50-TGCAGCTGATGAACGACAAGAAGC
Rev: 50-CACAGCATCAGGCAATTCTGCACT

GNG5 NM_005274 For: 50-GTCGCCGCTATGAAGAAAGTGGTT
Rev: 50-CAGCAGAGGGTCATGTTGAGCATT

LOX NM_002317 For: 50-ATGATCACAGGGTGCTGCTCAGAT
Rev: 50-TTCCCAGGAATATCTTGGTCGGCT

SHCBP1 NM_024745 For: 50-AGGCTTGCTGAACCATACCTCTGT
Rev: 50-CATGCTCAATTGCAAGGGCTGTCT

PBK NM_018492 For: 50-GCCATGGAAACCCAAAGAAGCTGT
Rev: 50-CCCACAAAGTAAGGCCAAAGGCAA

CEP55 NM_018131 For: 50-TGCTGTGCATTTCTCTTGGCAGTG
Rev: 50-TAGACGCTGCTCACCACATTCTGT

DEPDC1 NM_017779 For: 50-GCCACCAAGCTGTGGAATGAAGTT
Rev: 50-ATCCACTGCTTCTCCTGCTGTGAA

RRM2 NM_001034 For: 50-TGAACGTGTTGTAGCCTTTGCTGC
Rev: 50-TCCGATGGTTTGTGTACCAGGTGT

NEK2 NM_002497 For: 50-TTAGCCAGAAAGAACTCGCTGGGA
Rev: 50-TTGCTCGTCTGCAACCAAATCTGC

CDC20 NM_001255 For: 50-ACAGTGTGTACCTGTGGAGTGCAA
Rev: 50-ATTTCGAAGCCGTTTCTGCTGCTG

BUB1B NM_001211 For: 50-TGGGATGGGTCCTTCTGGAAACTT
Rev: 50-CACTGTGGCCTCATCATTGGCATT

CDC2 NM_001786 For: 50-TTGAAACTGCTCGCACTTGGCTTC
Rev: 50-AATGGGTATGGTAGATCCCGGCTT

BUB1 NM_004336.3 For: 50-AGGAAGTGCCTCATGCTGAAGAGT
Rev: 50-TGACTCCACTGGAAGCTTGTGGAA

CCNB1 NM_031966 For: 50-TGTGGATGCAGAAGATGGAGCTGA
Rev: 50-TTGGTCTGACTGCTTGCTCTTCCT

CCNB2 NM_004701 For: 50-TGCTTCCTGCTTGTCTCAGAAGGT
Rev: 50-CATTCTTGGCCATGTGCTGCATGA

CDC6 NM_001254 For: 50-CAAGCAAAGCTGGTCCTGAACACA
Rev: 50-AGGAGCACCAGAAAGGTAAAGGCT

MAD2L1 NM_002358 For: 50-AGCTACGGTGACATTTCTGCCACT
Rev: 50-AACGAAGGCGGACTTCCTCAGAAT

PLK1 NM_005030 For: 50-GCTGAGCAAGAAAGGGCACAGTTT
Rev: 50-AAGGTGGTTTGCCCACTAACAAGG

CDCA3 NM_031299 For: 50-TTGCACGGACACCTATGAAGACCA
Rev: 50-ACCCAGAGGCAAGTCCAATTCAGA

SPC25 NM_020675 For: 50-TGGTAGAGGACGAACTGGCACTTT
Rev: 50-TCTGACAGGAGGTGTCCGTACTTT

PSEN2 NM_000447 For: 50-CGTGATCATGCTGTTTGTGCCTGT
Rev: 50-ATGGCGTGTAGATGAGCTGTCCAT

PDZRN4 NM_013377 For: 50-ATATGCAAACATCCCAGCACACGC
Rev: 50-ACCTTCCATTCCATCTTGGGCTCT

SPP1 NM_000582 For: 50-AGTTTCGCAGACCTGACATCCAGT
Rev: 50-TTCATAACTGTCCTTCCCACGGCT

CDH18 NM_004934 For: 50-ACAGCCTTGAGGAATCCTTCTGCT
Rev: 50-TGCTTTCCAGGGTGGATGATGTCT

HTR2B NM_000867 For: 50-ACTCACGGGCTACAGCATTCATCA
Rev: 50-GAGCCAAAGAGCATGAAATCGCCA

SYNGR3 NM_004209 For: 50-TGGTTCCCTTTACCTTGGCTTCCT
Rev: 50-GGCAACCACGTTTGGTGTTGACTT

CHI3L1 NM_001276 For: 50-ATACGACGACCAGGAAAGCGTCAA
Rev: 50-GTGCATCCTTGATGGCATTGGTGA

KIF1B NM_183416 For: 50-ACTGGTGCCAAAGGGACTCGATTA
Rev: 50-CCAAGGCTGAAATGACTTTGCCCA

COL21A1 NM_030820 For: 50-TATCAGGGAATTGCAGGGACACCA
Rev: 50-CCTTTGGCACCCATTTCACCCTTT

FILIP1L NM_182909 For: 50-GTTGCAAACTCTCGGTGGCTTTCA
Rev: 50-TCCAACAGTGGAATCCAGGACCAA
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temperature, Stop Solution was added to each well, and
absorbance was measured using a spectrophotometric plate
reader at dual wavelengths of 450 to 540 nm.

CometAssay

DNA damage following UV irradiation was detected using
CometAssay kit for single cell gel electrophoresis assay
(Trevigen, Inc., Gaithersburg, MD, USA) following the
manufacture’s instruction. Briefly, HTM, HDF and HeLa cells
were co-transfected with ConM and pCon, 183M and pCon,
or 183M and pKIAA0101. Forty eight hours (HTM and HDF
cells) or 24 hours (HeLa cells) after transfection, cells were
irradiated with UV-C (10 J/m2) at 50% to 70% confluency in
the presence of 5 mL medium/100 mm petri dish without the
lid. Two hours after UV irradiation, cells were collected and
resuspended at 1 3 105 cells/mL in cold PBS. The cells were
then loaded to molten LMAgarose (at 378C) at a ratio of 1:10
(v/v), and 50 lL of the mixture was pipette into CometSlide.
Slides were incubated at 48C in the dark for 10 minutes and
then immersed in pre-chilled Lysis Solution for 30 minutes at
48C, Alkaline Solution for 20 minutes at RT in the dark. The
slides were then subjected to TBE electrophoresis for 10
minutes. After drying, the samples were stained with SYBR
Green I. The image was visualized and captured using
fluorescence microscopy.

Statistical Analysis

Data are mean 6 SD. Statistical significance between groups
was assessed by the Mann-Whitney U test. A P value <0.05 was
considered statistically significant.

RESULTS

Effects of miR-183 on Gene Expression in HTM
Cells

HTM1073-07-26 cells at passage 6 were transfected with miR-
183 mimic (183M) or control mimic (ConM). Three days after
transfection, RNAs were extracted, and Affymetrix gene array
was conducted. Results were analyzed using GeneSpring
version 10 software (Agilent), which indicated that 121 genes
were significantly 2-fold up- or down-regulated more than by
miR-183 (Supplementary Table S1). Pathway analysis indicat-
ed strong involvement of miR-183 in the regulation of cell
cycle progression and DNA damage response (Fig. 1). To
validate the gene array results, we conducted the experiments
in three additional individual primary HTM cell lines
(HTM616-09-61, HTM681-09-27, and HTM330-08-50) by Q-
PCR of 32 genes. As shown in Table 2, 25 of these genes
showed consistent and significant up- or down-regulation in
all 3 HTM cell lines. The inhibitory effects of miR-183 on
expression of the KIAA0101 protein, the most highly down-
regulated gene and recently validated target,32 was confirmed
by Western blot analysis in HTM, HDF, and HeLa cells
transfected with 183M (Fig. 2).

Targeting of KIAA0101 Contributes to Inhibition of
Cell Proliferation Induced by miR-183

To evaluate the role of KIAA0101 on the effects mediated by miR-
183, we generated a plasmid expressing KIAA0101 without its 30-
UTR (Fig. 3). Forced expression of miR-183 resulted in significant
inhibition of cell proliferation in both primary HTM cells and

TABLE 1. Continued

Gene Name GenBank Accession Number Primer Pairs

FMO3 NM_006894 For: 50-TGCTCGTCACTCGATTTGGAACCT
Rev: 50-ACGGACACAATGCCACACAGAATG

b-actin NM_001101.3 For: 50-CCT CGC CTT TGC CGA TCC G
Rev: 50-GCC GGA GCC GTT GTC GAC G

FIGURE 1. MetaCore pathway analysis of the Affymetrix gene array. GeneGo pathways were identified by MetaCore analysis as the most significantly
affected by miR-183. Cell cycle and its regulation were the highest ranking in terms of P value and Gene Ontology interpretation.
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HDFs but had no effect on the proliferation of HeLa cells (Fig. 4).
Since KIAA0101 is known to regulate cell proliferation19,25 we
investigated whether these effects were mediated by targeting
KIAA0101. For this purpose we generated an expression plasmid
(pKIAA0101), containing the entire coding region of KIAA0101
and lacking the 30-UTR. Expression of KIAA0101 lacking its 30-
UTR was capable of reverting completely the inhibitory effects of
miR-183 on cell growth in HTM cells and significantly decreased
the effects of miR-183 in HDFs.

Targeting of KIAA0101 by miR-183 Leads To

Increased Susceptibility to UV-Induced DNA

Damage

Because of the documented role of KIAA0101 in DNA damage
repair,36,37 we first investigated whether miR-183 had effects on
the levels of DNA damage induced by UV radiation. As shown in
Figure 5, forced expression of miR-183 resulted in a significant
increase in UV-induced DNA damage in HTM, HDF, and HeLa
cells. Expression of KIAA0101 lacking its 30-UTR was enough to
restore levels of DNA damage to control levels with and without
over-expression of miR-183 in all three cell types (Fig. 5).

DISCUSSION

Our results demonstrated extensive changes in gene expres-
sion induced by miR-183 in HTM cells including down-

regulation of multiple genes involved in the regulation of cell
cycle and DNA damage responses, such as the recently
identified target KIAA0101,32 as well as PLK, CCNB1, PSEN2,
and SPC25, which were confirmed direct targets of miR-183.

KIAA0101 was the gene most notably down-regulated by
miR-183 in HTM cells, and its down-regulation in HTM, HDF,
and HeLa cells was confirmed by Q-PCR and Western blot
analysis. These results suggested that targeting of KIAA0101
could potentially play an important role on the biological
effects mediated by miR-183. KIAA0101 is a proliferating cell
nuclear antigen (PCNA)-associated factor that binds with PCNA
and regulates cell proliferation.36,38 Over-expression of
KIAA0101 has been demonstrated to promote cell growth,
whereas attenuation of expression by small interfering RNA
(siRNA) leads to decreased cell proliferation.38 Expression of
KIAA0101 is regulated at the transcriptional level by the Rb/
E2F complex, and loss of Rb/E2F-mediated repression during
the G1/S transition phase leads to the up-regulation of
KIAA0101, which facilitates DNA synthesis and S phase
progression.38 Consistent with its growth-promoting role,
KIAA0101 is over-expressed in multiple types of human
cancer.36,38 Its over-expression is associated with poor patient
outcome39 and has been recognized as an independent risk
factor associated with high-grade tumors.36

Our results showed that miR-183 significantly inhibited
proliferation in HTM cells and that expression of KIAA0101
lacking its 30-UTR was able to recover proliferation to control
levels, suggesting that targeting of KIAA0101 may be a primary

TABLE 2. Q-PCR Results in Three HTM Cell Lines Transfected With miR-183 and Normalized by b-Actin

Gene Name

Mean 6 SD Fold Change in

HTM616�09�61 Cells

Mean 6 SD Fold Change in

HTM681�09�27 Cells

Mean 6 SD Fold Change in

HTM330�08�50 Cells

KIAA0101 �9.87 6 0.45 �3.45 6 0.31 �9.96 6 0.24

QKI �1.87 6 0.11 �1.19 6 0.37* �1.06 6 0.11*

GNG5 �4.83 6 0.24 �4.44 6 0.39 �3.88 6 0.07

LOX �2.69 6 0.13 �2.04 6 0.27 �1.79 6 0.04

SHCBP1 �5.95 6 0.17 �2.27 6 0.05 �3.19 6 0.2

PBK �5.51 6 0.13 �2.85 6 0.24 �3.26 6 0.2

CEP55 �5.68 6 0.25 �1.58 6 0.09* �2.66 6 0.19

DEPDC1 �7.62 6 0.76 �1.73 6 0.37 �5.25 6 0.2

RRM2 �7.92 6 0.54 �2.61 6 0.25 �3.8 6 0.2

NEK2 �5.90 6 0.47 �2.10 6 0.16 �3.48 6 0.2

CDC20 �6.98 6 0.41 �2.77 6 0.07 �2.28 6 0.14

BUB1B �5.41 6 0.33 �1.85 6 0.19 �3.22 6 0.21

CDC2 �4.96 6 0.26 �1.45 6 0.13 �3.51 6 0.18

BUB1 �4.02 6 0.34 �1.22 6 0.18* �2.27 6 0.18

CCNB1 �2.45 6 0.17 1.03 6 0.11* �1.46 6 0.15

CCNB2 �3.46 6 0.26 �1.13 6 0.24* �2.34 6 0.23

CDC6 �2.44 6 0.12 �1.92 6 0.15 �1.39 6 0.18*

MAD2L1 �2.29 6 0.16 �1.34 6 0.26 �1.24 6 0.25*

PLK1 �8.53 6 0.31 �2.44 6 0.06 �4.41 6 0.27

CDCA3 �3.05 6 0.19 �1.46 6 0.1 �2.03 6 0.14

SPC25 �6.05 6 0.34 �1.89 6 0.1 �4.91 6 0.31

PSEN2 �2.37 6 0.43 �1.22 6 0.02 �2.15 6 0.04

PDZRN4 3.88 6 2.1 4.90 6 0.6 4.12 6 1.4

SPP1 7.13 6 1.78 7.17 6 1.69 3.09 6 0.3

CDH18 6.54 6 2.79 4.50 6 0.29 6.46 6 1.16

HTR2B 4.34 6 0.33 3.54 6 0.52 3.83 6 0.41

SYNGR3 4.47 6 0.14 3.90 6 0.31 3.57 6 0.74

CHI3L1 3.86 6 0.73 4.92 6 0.31 2.27 6 0.12

KIF1B 1.51 6 0.16 1.97 6 0.4 1.90 6 0.25

COL21A1 1.43 6 0.29 3.16 6 0.08 6.97 6 0.19

FILIP1L 0.91 6 0.32* 1.83 6 0.89* 3.42 6 1.73

FMO3 2.04 6 0.13 9.44 6 0.8 1.62 6 0.23

* Changes in the gene by miR-183 did not reach statistically significant differences.
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mechanism of miR-183 for inhibition of cell growth in HTM
cells. Although miR-183 also inhibited cell proliferation in
HDFs at levels similar to those in HTM cells, the rescue of this
effect by KIAA0101 was only partial, suggesting that other
targets are likely to contribute to the inhibition of cell growth
in these cells. In contrast to the study by Roche et al.,32 miR-
183 failed to exert any significant effect on proliferation of
HeLa cells in our experiments. However, we evaluated cell
proliferation by BrdU incorporation only 24 hours after
transfection with miR-183, whereas Roche et al.32 evaluated
the effects of miR-183 on cell proliferation by daily counting of
viable GFP expressing cells and were evident only 2 days after
transfection. Therefore, differences in methodology may
account for this discrepancy. In any case, our results indicate
that inhibitory effects of miR-183 on proliferation may be cell
type dependent, and are only partially dependent on the
targeting of KIAA0101.

In addition to its role in cell cycle regulation, KIAA0101 was
reported to control DNA repair. KIAA0101 has been shown to

be up-regulated after UV irradiation.36,37 KIAA0101 localizes in
the same multiprotein complex as the tumor suppressor
p33ING1B, and the associations of KIAA0101 and p33ING1b with
PCNA are enhanced after UV irradiation.36 Furthermore,
KIAA0101 is a direct transcriptional target of ATF3, and
expression of ATF3 and KIAA0101 are sufficient to trigger
the DNA repair machinery against UV damage. Consistently,
inhibition of KIAA0101 expression leads to modifications in

FIGURE 2. Inhibition of KIAA0101 protein expression by miR-183. HDF, HTM, and HeLa cells were transfected with either 183M or conM, and the
production of KIAA0101 protein was evaluated 3 days (HTM and HDF cells) or 1 day (HeLa cells) post transfection by Western blot analysis. A total
of 60 lg of proteins was loaded to be able to detect KIAA0101 production in HTM and HDF cells, and 40 lg in HeLa cells. (A) HTM cells; (B) HDF
cells; and (C) HeLa cells; (D) Densitometry of Figure 3A, 3B, and 3C.

FIGURE 3. Confirmation of KIAA0101 expression by the pKIAA0101
plasmid. To demonstrate overexpression of KIAA0101 driven by the
pKIAA0101 plasmid even in the presence of miR-183, HeLa cells were
cotransfected with ConM plus 183M (60 pmol) and pCon plus
pKIAA0101 (0.1 lg). Expression of KIAA0101 was evaluated 24 hours
after transfection by Western blot analysis.

FIGURE 4. KIAA0101 partially mediated the effects on cell prolifera-
tion induced by miR-183. To evaluate the effects of miR-183 on cell
proliferation and determine whether these effects were dependent on
KIAA0101 inhibition, HTM, HDF, and HeLa cells were co-transfected
with either ConM plus pCon, 183M plus pCon, ConM plus pKIAA0101,
or 183M plus pKIAA0101. At 48 hours (HTM, HDF) or 24 hours (HeLa)
after transfection, BrdU was loaded into the cells and cultures were
incubated overnight (HTM, HDF) or for 2 hours (HeLa cells). Cells were
then fixed, and proliferation was determined by using BrdU cell
proliferation assay kit. Data are percentages of BrdU incorporation
compared to that in control (ConM þ pCon). n ¼ 4 to 6; *P < 0.05,
Mann-Whitney U test.
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the DNA repair process, rendering cells more sensitive to UV-
induced cell death.37

Our results demonstrated that expression of miR-183 leads
to increased susceptibility to UV-induced DNA damage and that
this effect could be completely abolished by restoring
expression of KIAA0101. These results were similar in primary
HTM cells, HDFs, and HeLa cells in contrast to the effects in
cell proliferation, suggesting that targeting of KIAA0101 by
miR-183 and the associated increase in susceptibility to DNA
damage may be a common feature in multiple cell types.

It is important to acknowledge that, in addition to
KIAA0101, our results also showed that miR-183 had the
ability to target the 30-UTRs and inhibit transcript expression of
PLK1, CCNB1, SPC25, and PSEN2 (Supplementary Table S2,
Supplementary Fig. S1). These genes can also potentially
contribute to functional effects of miR-183 on cell cycle and
DNA repair. PLK1 has multiple important roles in cell cycle
progression and in cellular response to DNA damage40–43; it
strongly promotes progression of the cell cycle and is
responsible for aggressive proliferation of tumor cells44; and
its over-expression enables cells to override checkpoints,
leading to genomic instability and promoting cell transforma-
tion.45 Similarly, CCNB1 is one of the principal mitotic cyclins
in animals.46 Although knockdown of CCNB1 by siRNA only
delays temporarily chromatin condensation, nuclear CCNB1
cooperates with cyclin A2 to the early mitotic events and
appears to be particularly critical for the maintenance of the
mitotic state.47 CCNB1 expression is frequently elevated in
human cancers and is associated with tumor aggressiveness
and poor clinical outcome.48 SPC25 is a component of the
NDC80 kinetochore complex required, along with SPC24, to
establish and maintain kinetochore-microtubule attach-
ment.49,50 Finally, PSEN2 is one of the enzymatic components

of the c-secretase complex that cleaves amyloid precursor
protein, as well as other proteins.51 Inhibition of PSEN2
appears to have different effects on cancer cells. While siRNA-
mediated inhibition of presenilin 2 inhibits glioma cell growth
and invasion,52 similar inhibition by siRNA has been demon-
strated to increased lung cancer cell growth.53 Therefore, the
inhibition of PSEN2 by miR-183 could also contribute to the
differences in the effects of this microRNA on the growth of
different types of cancer cells.

A limitation of this study is that we only focused on the role
of miR-183 on HTM cell proliferation and DNA damage by
targeting KIAA0101. However, the role this miRNA in the
regulation of cell cycle and its potential contribution to
reinforce the senescent phenotype may be cell type specific
and also the consequence of the combined effects of multiple
target genes. As discussed above, PLK1, CCNB1, SPC25, and
PSEN2, as well as additional as yet unidentified targets of miR-
183 are likely to play important roles in DNA repair and cell
cycle regulation. Further studies aimed at a more complete
identification and functional analysis of miR-183 targets will be
necessary to better understand the physiologic role of miR-183.

In summary, miR-183 affects the expression of multiple
genes associated with cell cycle and DNA repair in HTM cells.
Inhibition of cell proliferation by miR-183 appears to be only
partially mediated by targeting of KIAA0101. Our results also
showed that miR-183 exerts significant inhibitory effects on
UV-induced DNA damage repair mechanisms and these effects
are mediated primarily by targeting of KIAA0101. Overall,
these results are consistent with a role for miR-183 in
reinforcing cellular senescence by inhibiting cell cycle
progression, and at the same time limiting the DNA repair
mechanisms, which could lead to increase rate of mutations.

FIGURE 5. Overexpression of miR-183 led to increased UV-induced DNA damage through inhibition of KIAA0101. To evaluate the effects of miR-183
on UV-induced DNA damage and to determine whether these effects were dependent on KIAA0101 inhibition, HTM (A), HDF (B), and HeLa cells
(C) were co-transfected with either ConM plus pCon, 183M plus pCon, ConM plus pKIAA0101, or 183M plus pKIAA0101. At 48 hours (HTM, HDF)
or 24 hours (HeLa) after transfection, cells were exposed to low dose of UV irradiation. Two hours after UV irradiation, cells were collected, and
DNA damage was determined using CometAssay kit for single-cell gel electrophoresis assay. Quantitative data were generated by image analysis of
the length of the comet tail from 75 to 115 random individual cells for each group. Data are percentages of DNA damage compared to those in the
control (mean 6 SD ConM plus pCon). *P < 0.001, Mann-Whitney U test).
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