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Abstract

Phagocytic clearance of the spent photoreceptor outer segments (OS) by RPE cells is regulated by 

circadian rhythm cycle and is essential for photoreceptor integrity and function. Mertk regulates 

RPE phagocytosis and a deficiency in Mertk causes photoreceptor degeneration and visual loss. 

This study aimed to investigate Mertk regulation of the microRNAs (miRNA), potentially 

regulating expression of their target genes, which affect phagocytosis. The differentially expressed 

miRNAs were identified using miRCURY™ microRNA Arrays from total RNA isolated at 

0900hr and 1900hr from the mechanically dissociated RPE sheets of the WT and Mertk−/− mice, 

which were housed in a 12-hour light-dark cycle with the lighting onset at 0700hr (7:00am). 

Validation of the differentially expressed miRNAs and assessment of the putative miRNA target 

gene expression were performed by real-time PCR. Among the differentially expressed miRNAs 

in the Mertk−/− RPE, seven miRNAs were up-regulated and thirteen were down-regulated in the 

morning groups. Similarly, twenty four miRNAs were found to be up-regulated and thirteen were 

down-regulated in the evening groups. To search for those that may participate in regulating 

expression of cytoskeletal proteins, we examined the predicted target genes that might participate 

in phagocytosis were examined by real-time PCR. Of nine potential altered targets, four 

deregulated genes were myosin subunits. Notably, multiple members of the 21 up-regulated 

miRNAs can theoretically recognize these down-regulated mRNAs, particularly MyH14 and 

Myl3. This study shows that loss of Mertk alters miRNA expression, which in turn affects 

expression of the downstream target genes, potentially affecting phagocytosis.
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Introduction

The retinal pigment epithelium (RPE) cells are highly polarized and tightly associated with 

retinal photoreceptor cells. Once the retina becomes functional, the RPE is essential for 

phagocytic clearance of the spent photoreceptor outer segment (OS) tips [1–3]. Defects in 

phagocytic clearance of the OS by RPE lead to photoreceptor death and retinitis pigmentosa 

(RP) disease. The RPE functions in the rod OS turnover have been extensively studied in the 

Royal College of Surgeons (RCS) rat. [4, 5]. The RPE cells in these rats carry an inherited 

defect in rod OS phagocytosis and the mutant gene is the Mertk receptor [6, 7]. Mertk null 

mutation in causing photoreceptor degeneration has also been found in Mertk knockout mice 

[8, 9] and human RP patients [10–13]. Mertk mutation causes photoreceptor death due to an 

impaired phagocytosis of the shedding OS by the RPE, which normally expresses the Mertk 

receptor.

Many functions and molecular events of RPE cells display a unique circadian pattern. 

Phagocytic uptake of OS exhibits a robust light-driven and circadian burst of activity within 

the first few hours after exposure to light [14, 15]. Some molecules, especially those 

participating in the RPE phagocytosis, display diurnal regulation of their expression [16–

19].

Gene expression is regulated at multiple stages, including mRNA stability and translation 

processes. MicroRNA plays several important roles in regulation of the gene expression by 

binding to complementary sequences within the 3’ untranslated region (3’UTR) of target 

mRNAs and causing subsequent translational repression or degradation of these mRNAs 

[20, 21]. There is evidence that shows miRNAs function in a variety of biological processes, 

including embryonic patterning and developments, cell lineage determination, and 

tumorigenesis. miRNA expression is tissue-specific and has been detected at high levels in 

the mouse eye, including the lens, cornea, and retina [22, 23]. Circadian regulation of the 

eye-specific miRNAs and of the relevant target genes has been shown to play important 

roles in regulation of circadian rhythm [24–26]. The expression profiles and functional roles 

of the miRNAs have been studied in retinitis pigmentosa [27].

Despite efforts to elucidate the expression profile of miRNAs in the mammalian eye, little is 

known about the specific functions of miRNAs in the mouse RPE cells. To identify the 

miRNAs that are regulated by Mertk and in turn regulate the expression of the target genes 

which potentially affect RPE phagocytosis, we performed a comprehensive analysis of the 

miRNA expression profiles. In this analysis, we compared the differential expressed species 

in the Mertk−/− RPE with the WT controls, using miRCURY LNA microRNA arrays. Since 

RPE phagocytosis is governed by circadian-regulation, we also examined expression 

profiles, especially those that were altered during the diurnal lighting cycle. Differentially 

expressed miRNAs identified by microarray was further confirmed by real-time qPCR. This 

study showed that several miRNAs were altered in the Mertk−/− RPE relative to the control, 

and some of them exhibited a diurnal expression pattern under circadian regulation.
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Methods

Animal

All animals were housed in a pathogen-free facility and handled according to the regulations 

of the Institutional Animal Care and Use Committee (IACUC #10131) of University of 

Louisville and all procedures adhered to the ARVO Statement for the Use of Animals in 

Ophthalmic and Vision Research.

RPE cell preparation

Mice were housed in 12-h light/12-h dark cycles with the light onset at 0700 hr and the 

offset at 1900 hr. For total RNA isolation, the RPE cells were quickly prepared at 0900 hr (2 

hr after the onset of light) and 1900 hr (12 hr after lighting) from the wild type and Mertk−/− 

mice at age of 4 weeks. After the eyes were enucleated and rinsed with 1xPBS, the eyecups 

were prepared by removing the anterior eye tissues (cornea, iris epithelium, lens) and the 

neural retina. The RPE cells were isolated by mechanically scraping out of the RPE sheet 

from the eyecups.

Total RNA isolation

Each sample of the total RNA was isolated and pooled from 10 eyes using TRIzol® reagent 

(Invitrogen) according to the manufacturer’s instructions. The purity and concentration of 

total RNA were measured on a spectrophotometer (NanoDrop ND-1000) by the absorbance 

(260/280 nm). The RNA integrity was confirmed by electrophoresis on a 1.5% agarose gel.

LNA-based miRNA microarray analysis

The miRNA profiling was performed in duplicates on two independent preparations of RPE 

RNAs using LNA mercury™ microarray (Exiqon, Denmark). 1 μg total RNA from each 

group of the Mertk−/− or WT RPE cells were labeled with Hy3™ and Hy5™ fluorescent 

label, respectively, using the miRCURY™ LNA Array Labeling kit (Exiqon, Denmark). 

Equal amount of fluorescence-labeled sample and control was mixed and hybridized to the 

miRCURY™ LNA Array version 11.0 (Exiqon), which contains 1769 capture probes, 

complementary to all human, mouse, rat, and their related viral sequences from the v11.0 

release of miRBase (http://microrna.sanger.ac.uk/sequences/). The hybridization was 

performed according to the miRCURY™ LNA Array manual and the array images were 

obtained by an Axon GenePix 4000B microarray scanner and normalized by GenePix pro 

V6.0 (Axon Instruments).

Quantitative real-time PCR

The real-time qPCR validation of miRNA expression was performed using Mir-X miRNA 

first-strand synthesis and quantification kit (Clontech), according to the manufacturer's 

instructions. The real-time qPCR quantification of specific miRNA sequences was 

performed on a 60-fold dilution of the cDNA samples using the SYBR Advantage qPCR 

premix and mRQ 3’ Primer (Clontech). The PCR reaction was carried out on a Stratagene 

Mx3005P instrument using the conditions of 1-cycle denaturation at 95°C, 10 sec; 40-cycle 

amplification at 95°C, 5 sec and 60°C, 20 sec; and dissociation at 95°C, 60 sec; 55°C, 30 

Tang et al. Page 3

Metab Brain Dis. Author manuscript; available in PMC 2016 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://microrna.sanger.ac.uk/sequences/


sec; 95°C, 30 sec. All reactions were performed in triplicate and included with no template 

control for each gene. U6 snRNA was included in each sample as an endogenous control to 

determine the Ct for determination of the relative level using delta-delta Ct (ddCt) 

calculation method [23], ΔCt=Ct miRNA−Ct U6; ΔΔCt=Ct test group−ΔCtcontrol group; relative 

miRNA expression=2−ΔΔCT.

The level of putative target mRNA was quantified by real-time RT-PCR as described 

previously [28]. Expression levels of the genes were normalized to 18S rRNA. Each sample 

was compared in 3 independent RT-PCR amplifications.

Statistical analysis

For calculation of differentially expressed species, the statistical significance of 

differentially expressed miRNA was analyzed by student’s t-test after normalization. For 

each probe, an arithmetic mean of four replicates from two independent hybridizations was 

calculated. The probes with the mean values <50 were filtered as undetectable.

Results

Mertk mutation causes aberrant expression of microRNAs

To search for the microRNAs that were altered in the Mertk−/− RPE during diurnal cycle 

and might participate in regulation of RPE phagocytosis, we performed a comprehensive 

analysis of the microRNA expression profile in the WT and Mertk−/− RPE cells. To 

compare the changes in miRNA expression at the phagocytic peak and off-peak, we 

collected samples at 2 and 12 hours after the onset of lighting. Cluster analysis was 

performed on the miRNA expression profiles between the morning and evening groups of 

WT or Mertk−/− cells, independently. The Scatter Plot revealed a greater variation between 

morning and evening in the Mertk−/− groups compared to a milder regulation in the WT 

cells (Fig. 1B vs 1A). A similar large alteration was also observed on the Scatter Plots of the 

comparison between the Mertk−/− and WT groups in either the morning or the evening 

experimental sets (Fig. 1C, 1D). Those comparisons indicate that Mertk mutation causes a 

greater alteration in miRNA expression.

Diurnal regulation of miRNA in the WT and Mertk−/− RPE cells

The phagocytic uptake of OS debris in mice exhibits a robust, light-driven diurnal peak 2 

hours after light exposure and diminishes gradually thereafter [14, 29]. To detect miRNAs 

regulated by the circadian cycle, we compared the expression profiles in the morning versus 

the evening groups. The expression levels of 6 in WT and 32 in Mertk−/− RPE cells 

significantly differed between the cells from morning and evening time points. Four 

miRNAs in WT morning group showed a decrease of more than 1.8-fold when compared 

with the evening group; and 2 were upregulated by factors of 1.5 to 2.0 (Fig. 2A, 2B). 

Differential expression between two Mertk−/− groups was more noteworthy. There were 23 

down- and 8 up-regulated genes with changes equal or more then 1.8-fold in the morning 

Mertk−/− RPE compared with the evening mutant cells (Fig. 2A, B). These data suggests 

that Mertk deficiency causes more significantly altered miRNA expression during the 

diurnal lighting cycle.
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Mertk deficiency alters miRNA expression profiles in the RPE cell

To identify microRNAs that are aberrantly expressed in the Mertk−/− RPE cells, and may in 

turn regulate expression of their target genes potentially participating in phagocytosis, we 

compared miRNA expression levels in the mutant cells with controls using student’s t-test 

(p-value ≤0.05). We identified 7 up- and 13 down-significantly regulated miRNAs in the 

Mertk−/− RPE compared with the WT cells, in the morning groups (Fig. 2C). When similar 

comparison was done on the evening groups, we found that 16 miRNAs were significantly 

up-regulated and 13 were down-regulated (Fig. 2D). Of the 13 down-regulated miRNAs in 

the Mertk−/− morning group, five also showed a ≥2-fold decrease and one revealed an 1.5-

fold decrease in the Mertk−/− evening group, while six showed no change or changes with 

≤1.5 fold (Table 1). In addition, 8 miRNA down-regulated by ≥2-fold were found only in 

the Mertk−/− evening group but not in the morning group (Table 1). On the other hand, of 7 

up-regulated miRNAs in the Mertk−/− morning group, 3 were also increased by ≥2-fold and 

4 exhibited either no change or changes by ≤2-fold in the evening group (Table 1); in 

addition, 14 miRNAs were up-regulated by ≥2-fold only found in the evening group (Table 

1). Notably, the miR467f and miR483* exhibited a diverse regulation pattern with down-

regulation in the morning and up-regulation in the evening (Table 1).

Real time qPCR confirmation of microRNA changes in the Mertk−/− RPE cells

Of these total 58 miRNAs differentially expressed according to the microarray data through 

comparison between the Mertk−/− and WT cells or between the morning and evening groups 

of the Mertk−/− cells (shown in figure 2), 13 were selected for validation of the changes by 

real time quantitative PCR, based on their potential targets that may involve in phagocytosis. 

Eight of the 13 selected miRNAs showed concordance between microarray and real-time 

PCR results (Fig. 3). Five of those (miR-485, miR-290-3p, miR-466d-3p, miR-467b, and 

miR-669h-3p) showed discordance between microarray and real-time PCR results. All five 

of those were increased in the Mertk−/− RPE according to microarray, but showed either no 

significant change (miR-485) or a decrease by real-time PCR. The discordance of these data 

may be explained by different sensitivity of the methods used or by the low abundance of 

miRNA expression in the cells.

Real time qPCR examination of the selected target genes

Different algorithms have been developed to identify putative target genes. To identify the 

potential microRNA targets that are involved in the phagocytic process, we first searched 

internet-based miRNA target prediction databases including the MicroCosm, miRBase, 

TargetScan; we then selected those that may participate in cytoskeletal regulation or 

function. Of the 16 genes studied, nine showed changes of ≥1.5-fold by real time qPCR (Fig. 

4A, 4C) with 4 down- and 5 up-regulated. The change tendency of some target mRNAs was 

inversely correlated with the change trend of the miRNAs as detected by both microarray 

and real-time PCR (Fig. 4B). Remarkably, all four of the down-regulated target genes are 

different non-conventional myosin subunits. Among the 21 upregulated miRNAs as shown 

in figure 2 and table 1, several members, identified through search of the EMBL-EBI 

MicroCosm database (http://www.ebi.ac.uk/), might collectively contribute to the 

downregulation of their common putative target genes, especially for the Myh14 and Myl3 
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(Fig. 4D). Interestingly, consistent with the decreased Myo7a expression pattern we 

observed from several experiments, real-time PCR quantification of the Myo7a mRNA in 

the Mertk−/− RPE cells also showed a 1.5-fold decrease. The Myo7a mutation has been 

shown to cause the Usher syndrome in humans [30], a disease with congenital hearing loss 

accompanied with a typical presentation of retinitis pigmentosa.

Discussion

Although miRNAs are known to play important roles in a variety of biological processes, 

little is known about their expression levels or functions in RPE cells. In this study, we 

uncovered a significant difference in the miRNA expression in both Mertk−/− and WT RPE 

cells. Mertk regulates RPE phagocytic function, which is essential for timely removal of the 

shedding photoreceptor OS [31]. Both RPE phagocytic activity and photoreceptor OS 

shedding are tightly regulated within a diurnal lighting cycle. The phagocytic uptake of OS 

in mice exhibits as a robust, light-driven event with peak at 2 hr after lighting [14, 15]. The 

circadian expression of the genes that are important for RPE phagocytosis might be 

modulated by the daily oscillation of the miRNA system. The Mertk mediated phagocytosis 

reaches to a peak in the early morning and gradually diminishes in the afternoon, and such 

inhibition activity might be guided at least in part through a mechanism of gene regulation 

by miRNAs. When comparing the morning and evening groups, we found that 6 miRNAs 

were differentially expressed in the WT cells, while more than 32 were altered in the 

Mertk−/− RPE cells, implying that Mertk mutation caused more dramatic change in miRNA 

expression. We therefore focused on the miRNAs that were differentially expressed in the 

Mertk−/− RPE by performing further validation of the 13 miRNAs with real-time qPCR. 

Eight of the 13 showed correlated changes by both microarray and qPCR.

In searching for the putative miRNA target gene, the upregulated miR617 was putative to 

bind myosin-VIIa (Myo7a) mRNA. The decreased Myo7a mRNA detected by qPCR is 

inversely correlated with the increased miR617 expression founded in the Mertk mutant 

cells. Myosin VIIa is required for melanosome and lysosome movement in RPE cells, its 

mutation in human causes Usher syndrome type 1B [30], and the patients with this disease 

develop retinal degeneration and hearing loss as teenagers [32]. Studies on shaker-1 mice 

deficient in myosin-VIIa suggested that the transport of the ingested OS out of the apical 

region of the RPE cell was inhibited [33]. In addition, three other non-conventional myosin 

components, e.g., myosin-Va (Myo5a), myosin heavy chains 14 (MyH14) and myosin 

regulatory light chain 3 (Myl3), were also detected at lower levels; nevertheless, the myosin-

IXa (Myo9a) was found to be increased, a phenomenon that might or might not be regulated 

by those miRNAs or might be compensatively up-regulated due to the loss of other myosin 

chains. Interestingly, a few of the upregulated mRNAs identified in this study can act as 

putative binding partners for those down-regulated subunits. Consistent with upregulation of 

the candidate miRNAs (including miR667 and miR130b in the Mertk−/− RPE cells), their 

common putative targets, MyH14 and Myl3, were down-regulated.

Most of genes, including MyH14 and Myl3, are potentially regulated by a group of 

miRNAs. Remarkably, among the 21 up-regulated miRNAs shown in table 1, many are 

theoretically able to bind and regulate one or both of the MyH14 and Myl3 genes. The 
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importance of non-conventional myosins in the RPE phagocytosis has been recently 

demonstrated by selective inhibition of the myosin-II heavy chains with specific inhibitor or 

siRNA [34]. Myosin II consists of three isoforms of the non-muscle myosin heavy chains 

(NMHC), II-A, II-B and II-C, which are the products of three different genes, namely 

MyH9, MyH10 and MyH14 in human, respectively [35]. NMHC-IIA and –IIB isoforms 

were shown to participate in the Mertk-mediated RPE phagocytosis [34]. Upon binding of 

the photoreceptor OS to the RPE cells, both NMHC-IIA and –IIB redistribute to the 

phagosome formation site in the RPE cells. Furthermore, the Mertk is a prerequisite for such 

movement [34]. This study has identified a simultaneous down-regulation of multiple 

myosin subunits through up-regulation of their theoretical miRNA regulators in the 

Mertk−/− RPE cells, which might contribute to impaired phagocytosis by the mutant RPE 

cells. However, whether or not that those candidate genes are bona fide targets for the 

differentially regulated miRNA candidates which are potentially regulated in circadian 

pattern by Mertk and in turn affect RPE cell phagocytosis, are needed to be further 

validated. In the near future, we can continue identifying the authentic target genes for these 

differentially expressed miRNAs using commercial available miRNA 3’-UTR target clone 

libraries; and further verify their phagocytic regulatory functions by inhibition of candidate 

miRNA using specific inhibitors or by overexpression of these candidate miRNAs in the 

phagocytosing RPE cells.
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Figure 1. MiRNA expression profiling in the Mertk mutant and wild-type control RPE cells 
during diurnal lighting cycle
Scatter plots show a comparison of the miRNA expression profiles between the morning and 

evening groups in the WT (A) and Mertk−/− (B) RPE cells. The miRNA expression profiles 

were also compared between the Mertk−/− and WT RPE cells isolated in the morning (C) 

and evening (D).
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Figure 2. MiRNAs regulation during the diurnal lighting cycle. (A and B)
Comparison of miRNA expression between the morning and evening groups. MiRNAs 

expression levels are normalized to U6 internal control and plotted as fold changes in the 

miRNA level expressed in the morning as compared to the level in the evening. More 

miRNAs in the Mertk−/− RPE was differentially expressed between the morning and 

evening groups (A, B, right). Data are expressed as the average of two independent 

experiments. Only changes ≥ ±1.8-fold are shown. (C and D) Comparison of miRNA 

expression between the Mertk−/− and WT groups. Expressions of miRNAs are normalized 
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to U6 internal controls and plotted as fold-changes for Mertk−/− over the WT controls. The 

comparison was performed between the morning (C) and the evening (D) groups. Data are 

expressed as the average of two independent experiments. Fold changes with ≥ ±2.0-fold are 

shown.
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Figure 3. Comparison of miRNA expression profile in Mertk−/− RPE cells by microarray (open 
bars) and real-time PCR (solid bars) methods
Hybridization signal and qPCR level was normalized to small non-coding RNA U6b and 

expressed as fold changes of miRNA level in the Mertk−/− RPE compared with controls. 

Mean of triplicate experiments ±SD is shown. The qPCR data represent one of three 

independent experiments.
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Figure 4. Changes of the putative target genes are correlative with the regulation of miRNAs
(A) The expression level of selected putative target genes was measured by real-time PCR 

and normalized to S18 RNA internal control and plotted as fold changes in the Mertk−/− vs. 

WT RPE cells prepared at 2 hr after the onset of light. Data are expressed as mean of 

triplicate samples ±SD. Only changes ≥ ±1.5-fold are shown. (B) Shows correlative changes 

of putative target mRNA with the regulatory miRNAs, § represents data obtained from the 

morning group. (C) Shows the amplification plot of Myl3 qPCR amplification. Based on the 

microarray data as shown in Table 1 or Figures 3 and 4 (D) lists all the up-regulated 

miRNAs (or their precursors) that are predicted to bind to either Mhyl3 or Myh14, along 

with the calculated target hit score and binding energy. [*] represent fold changes by <± 1.5.
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