










Figure 6. Microarray hybridization analysis of miRNAs normally expressed in ARPE-19 cells. The data shown is representative of
hybridization analyses performed using two RNA samples isolated from untreated ARPE-19 cells. The microarrays contained duplicate spots
for each miRNA probe. The average fluorescence intensities are shown; the view is filtered by name, which has multiple members selected.
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Figure 7. Real-time RT–PCR validation of selected miRNAs. Amplification plot (left panel) and dissociation plot (right panel) for the indicated
miRNA are shown.
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We analyzed the response of selected miRNAs in
ARPE-19 cells to 4HPR treatment using real-time RT–PCR
analysis (Figure 9). Most of the miRNAs tested were selected
from microarray results shown in Figure 6 to represent both
the most abundant as well as the less abundant miRNAs. The
miR-98, miR-223, miR-15b, and miR-128a were included to
represent the ones not detected by microarray analysis. We
also tested miR-204 and miR-224 because they are reported
to be expressed in mouse RPE [29,30]. Although all the tested
miRNAs, including miR-204 and miR-224, were found to be
expressed in ARPE-19 cells, the majority did not respond to
4HPR treatment. Increases in the expression of miR-16,
miR-26b, miR-23a, and miR-15b were observed following
4HPR treatment; however, these increases were modest when
compared to the approximately twofold increase observed for
miR-9. The 5′-flanking regions (~1 kb) of genes generating
miR-16, miR-26b, miR-23a, miR-15b, miR-223, and let-7a
were analyzed for the presence of consensus binding sites for
CEBP-α and CEBP-β. The genes for miR-16, miR-15b, and
miR-223 as well as one of the three genes encoding let-7a were
found to contain potential binding sites for these transcription
factors (data not shown).

DISCUSSION
Although microRNA expression and function in the
mammalian eye has been investigated [29,31-37], information
about miRNA expression and function in the RPE is limited.
An exception is the reported detection of miR-204 and
miR-224 in mouse RPE using in situ hybridization [29,30].
Here we demonstrate that miR-9 is expressed in ARPE-19
cells, and that its expression is increased when these cells are
exposed to 4HPR. The increase in miR-9 expression by 4HPR
was associated with apoptosis, as indicated by mono- and
oligonucleosomes formation, and with large increases in
HMOX1 and GADD153 expression. The 4HPR-induced
apoptosis and increases in GADD153 and HMOX1 expression
in ARPE-19 cells are preceded by an increase in reactive
oxygen species generation in ARPE-19 cells [26]. Taken
together, these facts are consistent with a model of miR-9
activation due to reactive oxygen species generated from
4HPR treatment. Indeed, increase of miR-9 expression
following oxidative stress induced by metal sulfates has been
reported [18]. However, our results eliminate oxidative stress
as a direct regulator of the miR-9 expression in ARPE-19 cells.
Menadione and arsenite, agents well known to cause oxidative
stress, failed to increase the miR-9 expression in these cells.
In contrast, the expression of HMOX1, a marker for oxidative
stress, was highly increased in cells treated with these agents,
as expected. 4HPR is a derivative of all-trans-retinoic acid,
which has been shown to be a regulator of miR-9 expression
[17]. All-trans-retinoic acid is also known to regulate gene
expression through its effects upon the expression of CEBP
transcription factors [38,39]. Our sequence analysis indicated
that putative CEBP binding sites are present on potential

promoter regions of all three genes encoding miR-9
precursors (MIR9–1, MIR9–2, and MIR9–3). Our observation
that the expression of genes encoding CEBP-α and CEBP-β
increased in ARPE-19 cells in response to 4HPR treatment
suggests that these transcription factors could be involved in
the regulation of miR-9 expression. The 4HPR treatment also
significantly increased the expression of miR-15b, miR-16,
miR-23a, and miR-26b. However, putative binding sites for
CEBP-α and CEBP-β were absent in the promoter regions of
the genes encoding miR-23a and miR-26b. Thus, factors other
than CEBP-α and CEBP-β are indicated in the regulation of
expression of these miRNAs by 4HPR.

Expression of miR-9 is also known to be regulated by
hypermethylation of the promoter regions of genes encoding
this microRNA. This epigenetic repression of miR-9
expression has been reported to be a contributing factor to
breast and colorectal cancer development [10-12]. Our results
show that the miR-9 expression in ARPE-19 cells is regulated
by this mechanism. Treatment of the ARPE-19 cells with 5-
aza-2’-deoxycytidine to block DNA methylation resulted in
increased expression of both miR-9 and TGM2, a gene known
to be regulated by hypermethylation [28]. The potential role
of epigenetic regulation of miR-9 or other microRNAs in RPE
pathophysiology is not yet known, although it has been
implicated in cancer and aging [40,41].

The ability of miR-9 to target many genes for
translational repression makes it a potentially effective
regulator of cell growth, differentiation, neurogenesis,
immunity and cancer. There appears to be a large number of

Figure 8. The miRNAs expressed in ARPE-19 cells are compared to
those found in mouse retina, as reported in two separate studies. Blue
circle: ARPE-19 cells. Yellow circle: mouse retina, Xu et al. [37].
Green circle: mouse retina (regulated by ischemia), Shen et al. [55].
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potential targets for this microRNA; 936 conserved targets of
miR-9 are reported in TargetScan release 5.2. However, only
a few of them have been verified experimentally. MiR-9 is
reported to control the secretory response of insulin-
producing cells by diminishing the expression of the
ONECUT2 transcription factor, a regulator of Granuphilin
expression [3]. The transcription factor REST, a silencer of
neuronal gene expression, is also a target of miR-9 whose
expression is downregulated in Huntington’s disease [4].
MiR-9 is reported to accelerate neural stem cell differentiation
by suppressing the expression of the nuclear receptor TLX
[5]. Another target for miR-9 is BACE1/beta-secretase, whose
activity is elevated in brains affected by Alzheimer disease
[14]. The transcription factor NF-KappaB1 is reported to be
targeted by this microRNA during growth of ovarian cancer
cells and in monocytes and neutrophils exposed to pro-
inflammatory agents [6,7]. Several components of the Fgf
signaling pathway are targeted by miR-9 during late
embryonic development in zebrafish [8]. Translational
repression by miR-9 is also reported for E-cadherin in the SK-
Hep-1 hepatoma cell line [42], Foxg1 in developing mouse
brains [43] and the BK channel splice variant in rat striatal
neurons during alcohol adaptation [19]. ONECUT2 appears
to be an interesting target since it has been reported that this
transcription factor regulates the expression of MITF, a gene
important for RPE physiology [44]. NF-KappaB1 could also

be an important target during the response of RPE to pro-
inflammatory agents or oxidative stress.

We demonstrated using microarray analysis that a large
number of miRNAs are normally expressed in the RPE cell
line, ARPE-19. RT–PCR analysis was employed to verify the
expression of several miRNAs. The most abundant miRNAs
that were detected in ARPE-19 cells were let-7b, let-7a,
miR-125b, miR-24, miR-320, miR-23b, let-7e, and let-7d.
The let-7 family of microRNAs are important regulators of
differentiation and development, and their deregulation is
often associated with cancer [45,46]. MiR-125b is a novel
regulator of the tumor suppressor p53 [47] as well as many
genes involved in neuronal differentiation [48]. MiR-24 has
been shown to regulate several cell cycle genes, the activin
type 1 receptor ALK4 and dihydrofolate reductase [49-51].
MiR-320 regulates cardiac ischemia/reperfusion injury and
cell proliferation by targeting heat-shock protein 20 and
transferrin receptor 1, respectively [52,53]. MiR-23b is
reported to regulate cell differentiation by targeting Smad
proteins [54]. The potential role of these microRNAs in
regulating RPE function remains to be elucidated. It should
be noted that microarray analysis did not detect miR-9
expression in ARPE-19 cells. The sensitivity of microarray
analysis is highly limited when compared to real-time RT–
PCR, the method we first employed to detect it.

Figure 9. Effect of 4HPR on miRNA
expression in ARPE-19 cells. The cells
were treated with 10 μM 4HPR for 24 h,
and the expression of miRNAs was
analyzed using real-time RT–PCR. The
relative expression levels for each
miRNA in control and treated samples
were estimated and used to calculate the
fold change. *p<0.05 compared to
control, n=4.
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Since ARPE-19 cells are a widely employed and useful
experimental model, it is sensible to determine how well the
population of miRNAs corresponds to what is observed in
retinal tissue. Two groups of investigators have studied
miRNA expression in mouse retinas, using both array
hybridization techniques. Among the 69 miRNAs identified
in this study, the 77 reported by Xu et al. [37] and 75 reported
by Shen et al. [55], 30 are common to all three sets. The two
studies based upon extraction of miRNA from retinal tissue
have a total of 40 miRNAs in common. Interestingly, the
ARPE-19 cells have a similar degree of commonality with the
2 data sets from retinas, having 43 in common with each.

The hybridization studies above have been
complemented by an informatics approach. Working from a
collection of retinal genes, Arora et al. [33] produced a list of
miRNAs predicted to target the 3′-untranslated regions of
their mRNA sequences. The authors then demonstrated the
expression of a selection of the miRNAs using PCR. Several
of the verified miRNAs are present in all three hybridization
data sets (miR-29, miR-107, let-7d, miR-23a, and miR-143);
three others (miR-124, miR-106, and miR-143) are present in
at least one of the hybridization data sets. MiR-135 and
miR-200, although validated, were not found in any of the
hybridization data sets. However, this validation was
performed using PCR, and like miR-9 in the present study, the
expression of miR-135 and miR-200 may be undetectable by
hybridization. Only 10 of the miRNAs found collectively in
the three hybridization studies were not among those
predicted. Interestingly, 5 of these (miR-184, miR-210,
miR-31, miR-335, and miR-92) were deemed to be “retina
specific” in expression, according to the tissue survey
conducted by Xu et al. [37]. Thus, it appears that the predictive
value of the informatics approach is fruitful.

In summary, we have shown that miR-9 is expressed in
the RPE cell line known as ARPE-19 and that its expression
increases during 4HPR-induced apoptosis. The 4HPR-
induced miR-9 expression was associated with parallel
increases in the expression of CEBPA and CEBPB
transcription factor genes. Potential binding sites for these
transcription factors were present in the putative promoter
regions of all three genes encoding miR-9. The miR-9
expression in ARPE-9 cells was also increased in response to
treatment with 5-aza-2’-deoxycytidine, a methyl transferase
inhibitor, thus indicating that the gene(s) encoding this
microRNA could be epigenetically regulated via
hypermethylation of their promoter regions. Microarray
analysis showed that a large number of miRNAs are normally
expressed in ARPE-19 cells, the most abundant ones being
let-7b, let-7a, miR-125b, miR-24, miR-23b, let-7e, and let-7d.
The miR-9 and other microRNAs could play an important role
in maintaining RPE cell function.
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