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Abstract: It is well established that miR-9 contributes to retinal neurogenesis. However, little is
known about its presence and effects in the postnatal period. To expand our knowledge, miRNA-
small RNA sequencing and in situ hybridization supported by RT-qPCR measurement were carried
out. Mir-9 expression showed two peaks in the first three postnatal weeks in Wistar rats. The first
peak was detected at postnatal Day 3 (P3) and the second at P10, then the expression gradually
decreased until P21. Furthermore, we performed in silico prediction and established that miR-9
targets OneCut2 or synaptotagmin-17. Another two microRNAs (mir-135, mir-218) were found from
databases which also target these proteins. They showed a similar tendency to mir-9; their lowest
expression was at P7 and afterwards, they showed increase. We revealed that miR-9 is localized
mainly in the inner retina. Labeling was observed in ganglion and amacrine cells. Additionally,
horizontal cells were also marked. By dual miRNA-in situ hybridization/immunocytochemistry and
qPCR, we revealed alterations in their temporal and spatial expression. Our results shed light on the
significance of mir-9 regulation during the first three postnatal weeks in rat retina and suggest that
miRNA could act on their targets in a stage-specific manner.

Keywords: mir-9; retina; postnatal development; in situ hybridization; qPCR; next-generation
sequencing; synaptotagmin-17; OneCut2

1. Introduction

MiRNAs are members of small endogenous noncoding RNA molecules with a promi-
nent regulatory function on gene expression and show tissue-specific action in verte-
brates [1]. Many studies in the last decade have been devoted to revealing the presence
and regulatory role of microRNAs in many diversified processes of nervous system de-
velopment. It is well established that they can contribute to differentiation, proliferation
and apoptosis, and their importance in various physiological and pathological conditions
is also being scrutinized [2–7]. Emerging data suggest that parallel to the chronological
order of retinal cell types differentiation, miRNAs are also expressed differentially during
development and have a prominent negative regulatory function via mRNA degradation
or repression of transcription [2,6–14].

In the development process of the central nervous system (CNS), sequential actions
contribute to the differentiation of neuron and glial cells [15–17]. The mammalian retina
is a characteristic multi-layered tissue and, as part of the CNS, has a fundamental role
in transferring the visual signals to the brain. Its well-organized structure consists of
three neural and two synaptic layers that are formed during retinal neurogenesis. This
developmental process is extremely sophisticated and precisely scheduled. Sequential
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actions instruct multipotent retinal progenitor cells (RPC) to generate the seven principal
cell types via numerous regulatory factors, then these differentiate into subtypes and
connect to each other [8,18–22]. The retinal cells can be divided into two groups: early-born
cells (amacrine cells, retinal ganglion cells, cones, horizontal cells), which mostly appear
during embryonic development, and late-born cells (bipolar cells, rods, photoreceptor
cells, Müller cells), mostly generated postnatally [19,20,23,24]. In recent years, considerable
attention has been paid to the highly conserved mir-9, which was expressed specifically
in the neurogenic regions of the brain, besides being present in the peripheral nervous
system [4,13,25–28]. Loscher and his colleagues made an analysis where they compared
the miRNA expression patterns of the brain and the retina. They found that 47 miRNAs
were twofold more enriched in the retina than in the brain, and one of them was mir-9 [3].
Another microarray analysis has shown that from 78 miRNAs found in adult rat retinas,
21 were retina-specific. Of these 21 miRNAs, 17 had a peak at postnatal Day 10 (P10),
and mir-9 was found among them [29]. The contribution of mir-9 in neurogenesis and in
angiogenesis has been described in the developing brain. The inhibition of mir-9 has been
found to result in increased expression levels of TLX and ONECUT transcriptional factors,
changes in which lead to VEGF-A overexpression. Novel mir-9 expression in Müller cells
of the retinal neuronal stem cells has also been described [28].

Several transcription factors such as members of the T-box transcription factor (Tbx),
the Iroquois homeobox (Irx) and the OneCut family were suggested and confirmed to be
involved in this process [13]. Mir-9 contributes to many developmental processes such as
neurogenesis, neuronal cell proliferation, migration and RPC differentiation [25,26]. Its role
in retinal progenitor cell differentiation and proliferation has also been described. Pre-mir-
9-treated RPCs showed increased mir-9 expression levels and TLX expression decreased;
on the other hand, anti-mir-9 treatment caused increased levels of TLX in RPCs. The down-
regulation of TLX levels and the overexpression of mir-9 cause enhanced differentiation
and decreased RPC proliferation [30]. Other in vitro RPC investigations demonstrated
that mir-9 targeted the upstream components of the Janus kinases- signal transducer and
activator of transcription protein signaling (Jak–Stat) pathway, namely the transcription
factor PTBP1, thus attaining the inhibition of Stat phosphorylation and suppression of
astrogliogenesis [31,32]. La Torre et al., described that mir-9 is a key regulator factor which
takes part in the competence change of retinal progenitors during development, and shows
increasing expression levels between the embryonic and postnatal periods. They found that
the expression of three microRNAs (mir-125, let-7, mir-9) increased in progenitors during
development, while through overexpression in normal retinas, these microRNAs cause ac-
celeration in development. They have also been described in Dicer knockout (KO) animals,
where the overexpression of these miRNAs allows their progression to late progenitors
and show higher OneCut2 gene expression. The knockdown of these abovementioned
microRNAs results in the same phenotype as Dicer KO animals [13]. MicroRNA array
results from ciliary epithelial stem cells in developing and adult retinas have shown that
mir-9 is highly expressed in P4 retinas [9]. By molecular analysis, mir-9 was identified as a
Müller glia-specific miRNA in the postnatal retina and detected in the middle part of the
inner nuclear layer (INL), with an increasing level from P11 to adulthood [33,34]. On the
other hand, mir-9 overexpression inhibits glial differentiation at P14 in mice retinas [35].
According to the miRTarBase platform, mir-9 could also target a member of the widely
studied synaptotagmin family, namely synaptotagmin-17 (also known as brain/kidney
(B/K) protein). The presence of synaptotagmin-17 in the central nervous system, especially
in the brain, has been widely confirmed [36–41]. These previous investigations have re-
vealed that it is an unusual isoform because of the lack of transmembrane domains, so
it is not involved in exocytosis, but instead has a crucial role in intracellular membrane
trafficking [37,41,42]. However, little research has been conducted to reveal the develop-
mental distribution and expression alterations of synaptotagmin-17 in the rat retina [43,44].
Although prior studies have thoroughly investigated the role of mir-9 in embryonic retinal
neurogenesis, little research has been conducted to reveal its quantity and distribution
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during postnatal development. The present study was designed to gain deeper insight into
molecular regulation networks during postnatal retinal development by characterizing mir-
9′s spatial and temporal expression with its potential two targets. We used the user-friendly
and widely annotated miRNA-target interaction platforms miRTarBase and TargetScan
to reveal the experimentally validated targets of mir-9. For further analysis, OneCut2,
a transcriptional factor and synaptotagmin-17, known as a synaptic physiology-related
regulator, was selected. For better understanding the expression of these target proteins,
we also searched for miRNAs (mir-135, mir-218) which had an effect on their expression in
databases and from the literature. Spatiotemporal localization of miRNAs is essential for
identification of their targets and helps to explain how these molecules modulate retina
function and development. Although the role of mir-9 in cell differentiation has already
been described in the retina, the exact change in the quantity and distribution of expression
is still unknown during postnatal development.

2. Results

We performed a miRNA-Seq study to get deeper insight into the gene expression regu-
lation at the miRNA level of retinal late-born cell development (GSE159168). From this study,
we took postnatal expression results for mir-9 and two other OneCut2- and synaptotagmin-
17-related miRNAs (mir-135-synaptotagmin-17, mir-218-OneCut2) (Figure 1).

Figure 1. The sequencing results of mir-9 (black line), mir-218 (dashed line) and mir-135 (gray
line). Fold changes are represented as log2 fold change compared with P21. OC2, OneCut2; Syt-17,
synaptotagmin-17.

Their expressions had almost the same tendency: the lowest values occurred at P7 and
the peak at P10. Mir-9 and mir-218 had a smaller peak at P3; on the other hand, mir-135
had only one peak at P10, where mir-9 also showed the highest expression level. qPCR
measurements mostly supported the sequencing data concerning mir-9 (Figure 2; Table S1).

We observed that mir-9 peaked two times in the first three postnatal weeks: a more
than twofold expression was measured at P3 and at P10 (p < 0.0001; p = 0.0087). The
patterns of mir-9 and its targets predicted by their quantitative expression changes were
also revealed by qRT-PCR (Figures 2 and 3; Table S1).
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Figure 2. The altered expression of miR-9 revealed by RNA-sequencing (black) and RT-qPCR (striped).
The change in miR-9 expression was calculated with U6snRNA as a reference gene for normalization.
Fold changes are represented as log2 fold change compared with P21 (* p < 0.05, *** p < 0.001; Table S1).

Figure 3. Relative expression levels of miR-9 target genes: OneCut2 (gray), synaptotagmin-17 (spot-
ted) and mir-9 (black line) determined by RT-qPCR. Target genes expression levels were normalized
against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control gene. The
change in mir-9 expression was calculated with U6snRNA as a reference gene for normalization.
Expression was compared with P21.

miRTarBase target detection software indicated that mir-9 targets OneCut2 based
on a reporter assay study [45]. At the same time, targeting of synaptotagmin-17 was
supported by qPCR examination [46]. To reveal the expression patterns of these potential
targets of mir-9, RT-qPCR was performed. The mRNA expression of OneCut2 showed a
gradually decreasing tendency during the examined period (Figure 3, gray); in the first
period (P1–P7), this trend was more intensive (p < 0.01) than after P10.

Additionally, the mRNA level of synaptotagmin-17 was lower, and its changes were
less dramatical than those of OneCut2 (Figure 3, spotted). Synaptotagmin-17 had a de-
clining trend from P1 to P7, then rose at P10 and P15; finally, it showed a sharp reduction
(Tables S2 and S3). In order to reveal mir-9′s appearance in postnatal Wistar rat retina,
a time-course study was carried out in the first 3 weeks after birth, applying in situ hy-
bridization (Figure 4).
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Figure 4. The cellular localization of miR-9 in the Wistar rat retina in the first 3 postnatal weeks by in situ hybridization ((d)
P1; (e) P3; (f) P5; (g) P7; (h) P10; (i) P15; (j) P21). The retina has been counterstained with 4′,6-diamidino-2-phenylindole
(DAPI) (a) and different controls (b) without anti-mir-9, or (c) without anti-digoxigenin (DIG)-horseradish peroxidase are
presented. Insert images demonstrate the overlap of mir-9 in situ hybridization (ISH) with DAPI. Arrows indicate horizontal
cells at P7 and P10. The scale bar represents 50 µm. GCL, ganglion cell layer; IPL, inner plexiform layer; NBL, neuroblast
layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.

The retinal tissue was counterstained with 4′,6-diamidino-2-phenylindole (DAPI)
(Figure 4a) and to different controls (Figure 4b, without anti-mir-9; Figure 4c, without
anti- digoxigenin (DIG) horseradish peroxidase). The presence of mir-9 was already
strong at P1, mainly in the inner part of the retina. The ganglion and amacrine cells were
already arranged in layers and showed remarkable hybridization-related tyramide signal
amplification (TSA) fluorescence, while faintly stained cells were detected in the inner part
of the neuroblast layer (NBL) (Figure 4d). At P3, the TSA signals of supposed ganglion cells
and amacrine cells showed slightly increased intensity. Compared with P1 the inner part
of the NBL showed lighter labeling with diverse and moderately labeled cells (Figure 4e).
By P5, a decline in the staining intensity was detected compared with the earlier stages
(Figure 4f). This decreased hybridization signal was also observed at P7 but, at this stage,
presumed horizontal cells showed a more pronounced appearance. The signal in the
entire area of INL also intensified (Figure 4g). A similar pattern was seen at P10 and P15
(Figure 4h,i) with strong cellular labeling, especially at P10. Finally, there was a sharp
decline at P21, where only faintly labeled cells were detectable (Figure 4j). To confirm that
mir-9 signals belong to specific cell types, co-detection of mir-9 and neuron-specific marker
proteins was applied: calbindin for horizontal cells; calretinin for amacrine and ganglion
cells (Figure 5).

Horizontal cells were detected at all ages (see representative images for P1 (Figure 5a),
P7 (Figure 5b) and P15 (Figure 5c)), and labeling of some amacrine cells was also observed,
especially at P3 (Figure 5d) and P7 (Figure 5b,e).

From the literature, it is known that mir-9 is a Müller cell-specific microRNA [34].
Based on that, we also performed an immunofluorescence staining with the Müller-cell-
specific marker glutamine synthetase (GS) in P3 (Figure 6a), P7 (Figure 6b), P10 (Figure 6c)
and P15 (Figure 6d) retinas to follow up its expression. GS staining was most intensive in
P10 retinas but co-localization with mir-9 could not be confirmed unequivocally.
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Figure 5. Representative images of miR-9 (red: tyramide signal amplification (TSA) Cy 3) co-detection with neuron-specific
marker protein (calbindin D28k or calretinin; green: Alexa Fluor-488) at the indicated postnatal days (mir-9 with calbindin:
(a) P1; (b) P7; (c) P15; mir-9 with calretinin: (d) P3; (e) P7). Insert images demonstrate the overlap or nonoverlap of ISH–dual
IHC. Co-localizations are shown by arrows, while non-co-localized cells are demonstrated by arrowheads. The scale bar
represents 50 µm. GCL, ganglion cell layer; IPL, inner plexiform layer; NBL, neuroblast layer; INL, inner nuclear layer; OPL,
outer plexiform layer; ONL, outer nuclear layer.

Figure 6. Representative images of miR-9 (red: TSA Cy 3) co-detection with Müller glia-specific
marker protein (glutamine synthetase (GS); green: Alexa Fluor-488) at the indicated postnatal days
((a) P3, (b) P7, (c) P10, (d) P15). Non-co-localized cells are demonstrated by arrowheads. The scale
bar represents 50 µm. GCL, ganglion cell layer; IPL, inner plexiform layer; NBL, neuroblast layer;
INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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According to miRTarBase [47] mir-9, among others, potentially targets the tran-
scription factor (OneCut2) [45] and an integral membrane protein of synaptic vesicles
(synaptotagmin-17, also known as brain/kidney (B/K) protein) [46]. These abovemen-
tioned proteins were documented by immunocytochemistry combined with mir-9 in situ
hybridization.

Immunofluorescence staining indicated that OneCut2 had vigorous expression pat-
terns during the entire retinal development, especially in the ganglion cell layer (GCL)
(Figure 7).

Figure 7. Cont.



Int. J. Mol. Sci. 2021, 22, 2577 8 of 17

Figure 7. Characterization of miR-9-expressing (red: TSA Cy3) cells (in situ hybridization) and
OneCut2 (green: Alexa Fluor-488) by immunolabeling in postnatal developing retina sections at
the indicated ages ((a1–a4) P1; (b1–b4) P3; (c1–c4) P5; (d1–d4 P7; (e1–e4) P10; (f1–f4) P15; (g1–g4)
P21). The first column demonstrates the DAPI staining, the second column shows mir-9 and the
third column represents OneCut2 staining. The fourth column demonstrates the merged images of
ISH–IHC staining. Arrows indicate ganglion cells, and horizontal cells are demonstrated by double
arrowheads. Scale bar, 50 µm in Panel a2. NBL, neuroblast layer; GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.

Intensive labeling was also observed in the neuroblast layer (NBL) at P1 and P5
(Figure 7(a1–a4), Figure 7(c1–c4)) but not at P3 (Figure 7(b1–b4)). Additionally, at P3, some
amacrine cells were double-labeled, while at P5, horizontal cells were detected with both
markers. At P5, OneCut2 had already been detected in the GCL (Figure 7(c3)) and after
that, at P7 (Figure 7(d1–d4)) and P10 (Figure 7(e1–e4)), gradually increased in all retinal
layers. While still high at P15, the expression of OneCut2 decreased mainly in the nuclear
layers (outer nuclear layer (ONL) and INL). By co-staining of mir-9 and OneCut2, overlaps
were revealed essentially in the GCL during the entire retinal development.

Contrary to OneCut2, synaptotagmin-17 showed only moderate labeling (Figure 8).

Figure 8. Cont.
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Figure 8. Characterization of miR-9-expressing (red: TSA Cy3) cells (in situ hybridization) and
synaptotagmin-17 (green: Alexa Fluor-488) by immunolabeling in postnatal developing retina
sections at the indicated ages ((a1–a4) P1; (b1–b4) P3; (c1–c4) P5; (d1–d4) P7; (e1–e4) P10; (f1–f4) P15;
(g1–g4) P21). The first column demonstrates the DAPI staining, the second column shows mir-9 and
the third column represents synaptotagmin-17 staining. The fourth column demonstrates the merged
images of ISH–IHC staining. Arrows indicate ganglion cells and horizontal cells are demonstrated
by double arrowheads. The scale bar seen in Panel a2 represents 50 µm. NBL, neuroblast layer; GCL,
ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer;
ONL, outer nuclear layer.

At P1 (Figure 8(a1–a4)) and P3 (Figure 8(b1–b4)), synaptotagmin-17 immunoreactivity
was characteristic in the inner part of the retina (GCL and the inner part of the INL). At
P3, some ganglion cells were double-labeled, while in P5 (Figure 8(c1–c4)) and P7 retinas
(Figure 8(d1–d4)), we also detected some horizontal cells with both markers. After P10
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(Figure 8(e1–e4)), synaptotagmin-17 intensity gradually decreased in all retinal layers in
P15 (Figure 8(f1–f4)) and P21 (Figure 8(g1–g4)) retinas.

3. Discussion

It has been previously demonstrated that the retina undergoes several miRNA-
dependent changes during development [6,8,10,12–14,29]. A large number of existing
studies in the broader literature have emphasized that mir-9 is involved and has a crucial
role in the control of development, not only in the nervous system [4,25–28] but also in
the retina [9,29,31,48,49]. Xu et al. reported that the expression of mir-9 increased 10-fold
from the embryonic state (E10) to adulthood in the mouse retina according to a time-course
microarray study. The authors concluded that, among others, mir-9 has a responsibility in
the timing of late retinal progenitor cell differentiation into mature retinal neurons and/or
Müller glia [29]. During retinal development, overexpression of mir-9 promoted neuron
differentiation from RPCs and suppressed glial cell differentiation [35]. In the complex
process of retina development, the first two postnatal weeks are critical. The neuronal
differentiation begins before birth but the termination of neurogenesis around P5 and the
period of synaptogenesis (between P14 and P21) are milestone events [50].

The role of mir-9 in the retinal neurogenesis has been intensively studied in the
literature, although little is known about its postnatal distribution and quantity. In our
previous in situ methodical study, we saw altered mir-9 expression in the postnatal rat
retina [51]. On the basis of these results, in the present work, we try to explain how mir-9
may contribute to postnatal retinal development by applying more methodical approaches
and adding more age groups.

Besides mir-9, we chose two other miRNAs (mir-135 for synaptotagmin-17, mir-
218 for OneCut2) from our sequencing results, which have also proven to contribute
to the regulation of the expression of mir-9′s targets. Contrary to previous studies that
demonstrated the gradually increasing expression of mir-9 in the first postnatal week, our
qRT–PCR and miRNA-sequencing-based gene expression analyses in the retina showed
that this miRNA is upregulated first at P3, but there is a declining tendency to reach a
low point at P7; then, at P10, there appears a second peak [29,52]. The other two miRNAs
which target the same mRNAs showed a similar tendency to mir-9 expression: their lowest
point was at P7; afterwards, they showed an increase. The mir-135 had a peak at P10, while
mir-218 had its higher point at P15 and P10.

The web-based platforms miRTarBase and TargetScan contain broadly annotated, vali-
dated miRNA–target interaction datasets. From these we obtained evidence that OneCut2
is a target of mir-9 and mir-218. Mir-218 was also described in the nervous system [53]
and shown to regulate the expression of OneCut2 [54]. Several studies have supported the
essential role of the members of the OneCut transcription regulator family in development
in various parts of the body such as the liver [55,56], the central nervous system [57–59]
and also in the retina [36,52,60,61]. It has also been revealed that OneCut1 and OneCut2
have similar temporal and spatial expression levels at all stages of retinal development [36].
Although OneCut1 has a higher expression level than OneCut2, both could contribute
synergistically to the transition from early to late competence in a dose-dependent man-
ner via regulation of the Lhx1 transcription factor [60]. It is also important to note that
earlier investigations tended to assign a role for OneCut 1 and 2 in retinal development
but this has not been studied in a comprehensive time-scale resolution postnatally, but
only in embryonic phases, emphasizing the effect of OneCut family members on early cell
fate regulation [52]. We attempted to explore OneCut2′s appearance by dual qPCR and
miRNA-ISH/IHC. Our sequencing results show that mir-9 and mir-218 expression levels
had their lowest point at P7; afterwards, they both increased. The OneCut2 expression
levels studied by qPCR also decreased until P21. Mir-9 qPCR results also showed higher
expression at P3 than in P10, where both the mir-9 and mir-218 sequencing results and
the mir-9 qPCR results show peak expression. Our results are in good agreement with
earlier examinations showing that OneCut2 is expressed mainly in the GCL. Additionally,
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horizontal cells in the INL are also able to express this transcription factor postnatally to
maintain horizontal cell specification and differentiation [36].

We observed, by in situ hybridization, that mir-9 is highly expressed in the retina, espe-
cially in the proximal part. Proposed ganglion and amacrine cells have shown remarkable
labeling during the postnatal development during the first 3 weeks; in addition, horizontal
cells were also detected. Considering the localization results from in situ hybridization, it
seems reasonable to assume that the mir-9 expression detected by qRT–PCR and miRNA
sequencing reflects its expression in the RGCs and the cells of the INL of the rat retina.

As has been previously reported in the literature, a single miRNA can regulate an
entire set of target genes [2,7]. According to the miRTarBase platform, mir-9 and mir-
135 could also target a member of the widely studied synaptotagmin family, namely
synaptotagmin-17. Mir-135 expression was also described in the developing and the adult
nervous system [53,62–64]. Its role in the nervous system was identified as stimulator
factor for axon growth and neuron migration. Furthermore, it has a developmentally
dependent expression pattern during postnatal development in the mouse brain [62,63].
Both mir-135 and mir-9 showed higher expression levels in Müller cells than in neurons in
a microRNA profile study where mir-135 showed increased expression in Müller cells in
individuals older than those in the P11 group [34]. In our study, we could not confirm this
previous finding, although both mir-9 and mir-135 had a peak at this age. The presence
of synaptotagmin-17 in the central nervous system, especially in the brain, has also been
widely confirmed [37–41]. These previous investigations revealed that it is an unusual
isoform, because of the lack of transmembrane domains, so it is not involved in exocytosis
but instead have a crucial role in intracellular membrane trafficking [37,41,42]. However,
little research has been conducted to reveal the developmental distribution and expression
alterations of synaptotagmin-17 in the rat retina [43,44]. It was observed in the ganglion
cells, in a few amacrine cells and in the radial fibers of Müller cells [43]. Although its
function is not clear in the retina, it could contribute to B/K protein regulation by the
protein kinase A (PKA) intracellular signaling pathway [43,65,66]. Both mir-9 and mir-
135 have their lowest point at P7, then increased, where they had the highest expression
point at P10. The mir-9 and synaptotagmin-17 qPCR results also showed a decreasing
tendency until P7 and, afterwards, they both increased. By combined miRNA-ISH/IHC,
we have shown that synaptotagmin-17 is co-expressed with mir-9 postnatally, mostly in
ganglion cells and less intensively in amacrine and horizontal cells, and showed the highest
expression levels at P3 and P10, while P21 was the lowest point.

Generally, in order to exert its effect, an miRNA must be expressed in the same cells as
its mRNA targets [2,7]. The analysis of the cellular co-localization of mir-9 with OneCut2
and synaptotagmin-17 suggests that they are also strongly co-expressed, mainly in ganglion
cells and less intensively in amacrine and horizontal cells. Furthermore, our results show
that mir-9, mir-218 and mir-135 could act on these targets in a stage-dependent manner.
This effect seems to be particularly important on ganglion cells at all stages, on amacrine
cells at P3 and P5, and finally on horizontal cells at P5 and P7. Bearing in mind that one
mRNA can be targeted by many miRNAs, the translation of a mRNA always depends on
the dynamic interaction as well as on the abundance of its miRNAs. It is also well-known
that miRNAs can act not only by translational repression but can also have silencing effects
or even inducing effects on transcription [67]. According to these facts, our results suggest
that mir-9 could induce the transcription of OneCut2 and synaptotagmin-17. However,
miRNA–mRNA interaction is only one crucial actor in these molecular processes that affect
the expression of these targets. At the same time, they also have a not inconsiderable role
in the maintenance and regulation of feedback and feedforward cellular fate, determining
molecular networks [67,68].

In conclusion, our results shed some light on the possible stage-dependent tran-
scriptional regulatory role of mir-9 via OneCut2 and synaptotagmin-17 in the postnatal
development of the rat retina. However, in order to get deeper insight into the miRNA reg-
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ulatory process during the postnatal development, additional investigations are necessary
(e.g., mir-9 knockout or luciferase assays).

4. Materials and Methods
4.1. Animal Procedures

Research was conducted in compliance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Wistar rats aged between postnatal Day 1
(P1) to 21 (P21) were used. Animals were housed under light/dark cycles of 12:12 h with
food and water supplied ad libitum. Wistar rats were anesthetized by inhalation using
Forane prior to sacrifice. Harvesting processes were executed at the same hour of the day
to avoid circadian variations in miRNA expression. Eyes were dissected, and eyecups were
prepared and fixed in 4% paraformaldehyde (PFA) for 20 min, cryoprotected, embedded in
Shandon Cryomatrix, cut at 12 µm in a cryostat, mounted onto Super Frost Ultra Plus slides
and stored at −80 ◦C until use. In other cases, eyes were removed and then retinas were
fixed after dissection in ice-cold RNase-free phosphate-buffered saline (PBS) and stored at
−80 ◦C until use.

4.2. RNA Isolation

Small and large RNAs were extracted using a spin column-based method, namely the
NucleoSpin miRNA kit (Macherey–Nagel, Düren, Germany) following the manufacturer’s
instructions with slight modifications. RNAs were eluted in 50 µL of nuclease-free water
pre-heated to 90 ◦C. An Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA,
USA) was applied to measure the quality and quantity of the RNA: the Agilent Small RNA
Kit for microRNAs and the Agilent RNA 6000 Nano Kit for total RNA. The miRNA content
was also measured by the Qubit microRNA Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA).

4.3. Small RNA Sequencing and Computational Analyses

Three RNA samples (RNA integrity number (RIN) > 7) from retinas of each age group
were pooled and used for sequencing twice according to the manufacturer’s protocols.
In brief, pooled RNAs were enriched for small RNAs and then ligated with sequencing
adapters. The ligated RNA sample was reverse transcribed, then purified and size-selected
with a magnetic bead-based Cleanup Module. Finally, barcodes (Ion Xpress RNA-Seq
Barcode 01–16 Kit, Thermo Fisher Scientific, Waltham, MA, USA) were added with the Total
RNA-Seq Kit v2 (Thermo Fisher Scientific, Waltham, MA, USA). The quality and quantity
of the library were detected via the High Sensitivity Chip of Agilent Bioanalyzer 2100
(Agilent Technologies, Santa Clara, CA, USA). For template preparation, diluted libraries
were clonally amplified by emulsion PCR in the Ion OneTouch 2 system (Thermo Fisher
Scientific, Waltham, MA, USA) using the Ion PGM Template OT2 200 kit. Templated ISPs
were loaded onto an IonTorrent 316 Chip and run on the Ion Personal Genomics Machine
(PGM) (Thermo Fisher Scientific, Waltham, MA, USA). Raw files generated by the Ion PGM
system (Thermo Fisher Scientific, Waltham, MA, USA) were trimmed, then mapped to the
noncoding RNAs from ENSEMBL using the automated pipeline of the Ion Torrent Suite
Software. Aligned BAM files were uploaded into a Galaxy web-based platform [69] and
the relative abundance of the transcripts was estimated by applying Cufflinks, then several
Cufflinks were merged via Cuffmerge. Finally, to detect significant changes in transcript
expression, the Cuffdiff application was used [70]. The data have been deposited in the
NCBI’s Gene Expression Omnibus [71] and are accessible through GEO Series accession
number GSE159168 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159168,
accessed on 1 December 2021). Further analysis and visualization of the datasets were
carried out in an R Studio Software environment [72]. The potential target genes of mir-9
were predicted by the miRTarBase online platform (http://mirtarbase.cuhk.edu.cn/php/
index.php, accessed on 24 January 2019) [47].

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159168
http://mirtarbase.cuhk.edu.cn/php/index.php
http://mirtarbase.cuhk.edu.cn/php/index.php
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4.4. Reverse Transcription and Real-Time PCR Quantitation

For miRNA detection, two-step qPCR was carried out. Briefly, cDNA synthesis from
10 ng RNA using the TaqMan MicroRNA Assay Kit (Thermo Fisher Scientific, Waltham,
MA, USA) and qPCR using the StepOne Plus qPCR System (Thermo Fisher Scientific,
Waltham, MA, USA) was performed according to the manufacturer’s instructions. The
miRNA-specific TaqMan MicroRNA Assay was applied (mir-9: Assay ID 000583) and U6
(Assay ID 001973) was used as an endogenous control. The relative expression levels of
each miRNA were determined by using the 2−∆∆Ct method [73] and log2-transformed
mir-9/U6 expression ratios were used for further analysis.

For mRNA analysis, 1 µg of total RNA was used with the RevertAid Reverse Tran-
scriptase (Thermo Fisher Scientific, Waltham, MA, USA) and random hexamer primers
to generate cDNA according to the manufacturer’s instructions. The predicted targets
of mir-9 were amplified using gene-specific TaqMan assays (OneCut2: Rn01265320_m1;
synaptotagmin-17: Rn01507712_m1). The thermal profile was as follows: 95 ◦C for 10 min
of initial denaturation followed by 40 cycles of 95 ◦C for 15 s to denature and 60 ◦C for
60 s to anneal and extend the product. Relative product quantities were determined using
Step One software and the 2−∆∆Ct analysis method [70] using glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; Rn01749022_g1) as an endogenous control; RQ values are pre-
sented ± SEM (one-way ANOVA following Tukey’s post hoc analysis; * p < 0.05, ** p < 0.01,
*** p < 0.001).

4.5. Combined MicroRNA In Situ Hybridization and Immunocytochemistry

Slides stored for localization investigation were used to detect mir-9 (Exiqon, Cat#:
88078-01, sequence: TCATACAGCTAGATAACCAAAGA) expression patterns by imple-
menting our previously described in situ hybridization (ISH) method in retinal tissue
sections [50]. Briefly, the sections were post-fixed in 4% paraformaldehyde (PFA) for
10 min, treated with 5 mg/mL proteinase K (Sigma-Aldrich, Budapest, Hungary), acety-
lated in acetic anhydride/triethanolamine and pre-hybridized in a hybridization solution
for 4 h (50% formamide, 0.3 M sodium-chloride (pH 7.0), 20 mM Tris-HCl; 5 mM EDTA,
1× Denhardt’s solution, 0.5 mg/mL yeast tRNA, 1× Denhardt’s solution). The tissues
were then hybridized with 5′ DIG-labeled LNA detection probe in a hybridization solution
at 30 ◦C below RNA probe Tm overnight. As negative controls, slides incubated without a
microRNA probe or without anti-DIG horseradish peroxidase were used. Following hy-
bridization, sections were washed with saline-sodium citrate (SSC) at 65 ◦C and incubated
at room temperature with a blocking solution (30 min, Roche, Welwyn Garden City, UK),
followed by a second block in a TNB (Tris–NaCl blocking) buffer (0.1 M Tris-HCl (pH 7.5),
0.15 M NaCl, 0.5% Blocking Reagent (Roche, Budapest, Hungary)).

Sections were incubated with a mouse anti-DIG horseradish peroxidase antibody
(1:500, Perkin Elmer, Per-Form Hungary Kft., Budapest, Hungary) and with rabbit anti-
calbindin-D28K (1:1000, Swant, Marly, Switzerland; CB38) and rabbit anti-calretinin (1:1000,
Swant, Marly, Switzerland; CR7697) or with glutamine synthetase (1:1000, Invitrogen,
Thermo Fisher Scientific, Waltham, MA, USA; PA5-28940). For the target immunostain-
ing, we used anti-OneCut2 (1:100, Cambridge, UK; ab28466) or Synaptotagmin-17 (1:100,
Abcam, Cambridge, UK; ab220261) and we incubated sections in a humidified cham-
ber overnight.

Following TNT (Tris–NaCl–Tween) buffer washes, the primary antibodies were re-
vealed using Alexa Fluor 488 (1:1000, Thermo Fisher Scientific, Waltham, MA, USA A11034).
Slides were then thoroughly washed in the TNT buffer (3 × 5 min). The in situ hybridiza-
tion signals were detected using the tyramide signal amplification system (TSA) according
to the manufacturer’s instructions (1:50, Perkin Elmer, Per-Form Hungary Kft., Budapest,
Hungary). Slides were washed (TNT, 3 × 5 min) and mounted in Prolong Gold antifade
reagent with DAPI before being analyzed in a confocal microscope (Olympus IX 81 inverse
platform—Olympus Fluoview FV-1000 Laser Confocal Scanning Microscope; Olympus,
Tokyo, Japan).
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CNS central nervous system
RPC retinal progenitor cells
Tbx T-box transcription factor
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ONL outer nuclear layer
NBL neuroblast layer
RT-qPCR quantitative reverse transcription PCR
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DAPI 4′,6-diamidino-2-phenylindole
PGM Ion Personal Genomics Machine

References
1. Lagos-Quintana, M.; Rauhut, R.; Yalcin, A.; Meyer, J.; Lendeckel, W.; Tuschl, T. Identification of tissue-specific microRNAs from

mouse. Curr. Biol. 2002, 12, 735–739. [CrossRef]
2. Bartel, D.P. MicroRNAs: Genomics, biogenesis, mechanism, and function. Cell 2004, 116, 281–297. [CrossRef]
3. Loscher, C.J.; Hokamp, K.; Kenna, P.F.; Ivens, A.C.; Humphries, P.; Palfi, A.; Farrar, G.J. Altered retinal microRNA expression

profile in a mouse model of retinitis pigmentosa. Genome Biol. 2007, 8, R248. [CrossRef] [PubMed]

https://www.mdpi.com/1422-0067/22/5/2577/s1
https://www.mdpi.com/1422-0067/22/5/2577/s1
http://doi.org/10.1016/S0960-9822(02)00809-6
http://doi.org/10.1016/S0092-8674(04)00045-5
http://doi.org/10.1186/gb-2007-8-11-r248
http://www.ncbi.nlm.nih.gov/pubmed/18034880


Int. J. Mol. Sci. 2021, 22, 2577 15 of 17

4. Kapsimali, M.; Kloosterman, W.P.; de Bruijn, E.; Rosa, F.; Plasterk, R.H.; Wilson, S.W. MicroRNAs show a wide diversity of
expression profiles in the developing and mature central nervous system. Genome Biol. 2007, 8, R173. [CrossRef] [PubMed]

5. Bak, M.; Silahtaroglu, A.; Moller, M.; Christensen, M.; Rath, M.F.; Skryabin, B.; Tommerup, N.; Kauppinen, S. MicroRNA
expression in the adult mouse central nervous system. RNA 2008, 14, 432–444. [CrossRef] [PubMed]

6. Maiorano, N.A.; Hindges, R. Non-coding RNAs in retinal development. Int. J. Mol. Sci. 2012, 13, 558–578. [CrossRef]
7. Mohr, A.M.; Mott, J.L. Overview of microRNA biology. Semin. Liver Dis. 2015, 35, 3–11. [CrossRef] [PubMed]
8. Xiang, M. Intrinsic control of mammalian retinogenesis. Cell. Mol. Life Sci. 2013, 70, 2519–2532. [CrossRef]
9. Arora, A.; Guduric-Fuchs, J.; Harwood, L.; Dellett, M.; Cogliati, T.; Simpson, D.A. Prediction of microRNAs affecting mRNA

expression during retinal development. BMC Dev. Biol. 2010, 10, 1. [CrossRef]
10. Georgi, S.A.; Reh, T.A. Dicer is required for the transition from early to late progenitor state in the developing mouse retina. J.

Neurosci. 2010, 30, 4048–4061. [CrossRef]
11. Hackler, L., Jr.; Wan, J.; Swaroop, A.; Qian, J.; Zack, D.J. MicroRNA profile of the developing mouse retina. Investig. Ophthalmol.

Vis. Sci. 2010, 51, 1823–1831. [CrossRef]
12. Sundermeier, T.R.; Palczewski, K. The physiological impact of microRNA gene regulation in the retina. Cell. Mol. Life Sci. 2012,

69, 2739–2750. [CrossRef] [PubMed]
13. La Torre, A.; Georgi, S.; Reh, T.A. Conserved microRNA pathway regulates developmental timing of retinal neurogenesis. Proc.

Natl. Acad. Sci. USA 2013, 110, E2362–E2370. [CrossRef] [PubMed]
14. Andreeva, K.; Cooper, N.G. MicroRNAs in the Neural Retina. Int. J. Genom. 2014, 2014, 165897. [CrossRef] [PubMed]
15. Miller, F.D.; Gauthier, A.S. Timing is everything: Making neurons versus glia in the developing cortex. Neuron 2007, 54, 357–369.

[CrossRef] [PubMed]
16. Bayer, S.A.; Altman, J. Neocortical Development; Raven Press: New York, NY, USA, 1991; pp. 11–222.
17. Sidman, R.L. Histogenesis of Mouse Retina Studied with Thymidine-H3. In The Structure of the Eye; Smelser, G.K., Ed.; Academic

Press: New York, NY, USA, 1961; pp. 487–506.
18. Cepko, C.L.; Austin, C.P.; Yang, X.; Alexiades, M.; Ezzeddine, D. Cell fate determination in the vertebrate retina. Proc. Natl. Acad.

Sci. USA 1996, 93, 589–595. [CrossRef]
19. Rapaport, D.H.; Wong, L.L.; Wood, E.D.; Yasumura, D.; LaVail, M.M. Timing and topography of cell genesis in the rat retina. J.

Comp. Neurol. 2004, 474, 304–324. [CrossRef] [PubMed]
20. Bassett, E.A.; Wallace, V.A. Cell fate determination in the vertebrate retina. Trends Neurosci. 2012, 35, 565–573. [CrossRef]
21. Hoon, M.; Okawa, H.; Della Santina, L.; Wong, R.O. Functional architecture of the retina: Development and disease. Prog. Retin.

Eye Res. 2014, 42, 44–84. [CrossRef]
22. Reese, B.E. Development of the retina and optic pathway. Vision Res. 2011, 51, 613–632. [CrossRef]
23. Livesey, F.J.; Cepko, C.L. Vertebrate neural cell-fate determination: Lessons from the retina. Nat. Rev. Neurosci. 2001, 2, 109–118.

[CrossRef] [PubMed]
24. Agathocleous, M.; Harris, W.A. From progenitors to differentiated cells in the vertebrate retina. Annu. Rev. Cell Dev. Biol. 2009, 25,

45–69. [CrossRef]
25. Leucht, C.; Stigloher, C.; Wizenmann, A.; Klafke, R.; Folchert, A.; Bally-Cuif, L. MicroRNA-9 directs late organizer activity of the

midbrain-hindbrain boundary. Nat. Neurosci. 2008, 11, 641–648. [CrossRef] [PubMed]
26. Gao, F.B. Context-dependent functions of specific microRNAs in neuronal development. Neural Dev. 2010, 5, 25. [CrossRef]

[PubMed]
27. Coolen, M.; Katz, S.; Bally-Cuif, L. miR-9: A versatile regulator of neurogenesis. Front. Cell. Neurosci. 2013, 7, 220. [CrossRef]
28. Madelaine, R.; Sloan, S.A.; Huber, N.; Notwell, J.H.; Leung, L.C.; Skariah, G.; Halluin, C.; Pasca, S.P.; Bejerano, G.; Krasnow, M.A.;

et al. MicroRNA-9 Couples Brain Neurogenesis and Angiogenesis. Cell Rep. 2017, 20, 1533–1542. [CrossRef]
29. Xu, S.; Witmer, P.D.; Lumayag, S.; Kovacs, B.; Valle, D. MicroRNA (miRNA) transcriptome of mouse retina and identification of a

sensory organ-specific miRNA cluster. J. Biol. Chem. 2007, 282, 25053–25066. [CrossRef]
30. Hu, Y.; Luo, M.; Ni, N.; Den, Y.; Xia, J.; Chen, J.; Ji, J.; Zhou, X.; Fan, X.; Gu, P. Reciprocal actions of microRNA-9 and TLX in the

proliferation and differentiation of retinal progenitor cells. Stem Cells Dev. 2014, 23, 2771–2781. [CrossRef]
31. Qi, X. The role of miR-9 during neuron differentiation of mouse retinal stem cells. Artif. Cells Nanomed. Biotechnol. 2016, 44,

1883–1890. [CrossRef] [PubMed]
32. Zhao, C.; Sun, G.; Li, S.; Shi, Y. A feedback regulatory loop involving microRNA-9 and nuclear receptor TLX in neural stem cell

fate determination. Nat. Struct. Mol. Biol. 2009, 16, 365–371. [CrossRef]
33. Karali, M.; Peluso, I.; Marigo, V.; Banfi, S. Identification and characterization of microRNAs expressed in the mouse eye. Investig.

Ophthalmol. Vis. Sci. 2007, 48, 509–515. [CrossRef] [PubMed]
34. Wohl, S.G.; Reh, T.A. The microRNA expression profile of mouse Muller glia in vivo and in vitro. Sci. Rep. 2016, 6, 35423.

[CrossRef]
35. Suzuki, F.; Okuno, M.; Tanaka, T.; Sanuki, R. Overexpression of neural miRNAs miR-9/9* and miR-124 suppresses differentiation

to Muller glia and promotes differentiation to neurons in mouse retina in vivo. Genes Cells 2020, 25, 741–752. [CrossRef] [PubMed]
36. Wu, F.; Sapkota, D.; Li, R.; Mu, X. OneCut 1 and OneCut 2 are potential regulators of mouse retinal development. J. Comp. Neurol.

2012, 520, 952–969. [CrossRef]

http://doi.org/10.1186/gb-2007-8-8-r173
http://www.ncbi.nlm.nih.gov/pubmed/17711588
http://doi.org/10.1261/rna.783108
http://www.ncbi.nlm.nih.gov/pubmed/18230762
http://doi.org/10.3390/ijms13010558
http://doi.org/10.1055/s-0034-1397344
http://www.ncbi.nlm.nih.gov/pubmed/25632930
http://doi.org/10.1007/s00018-012-1183-2
http://doi.org/10.1186/1471-213X-10-1
http://doi.org/10.1523/JNEUROSCI.4982-09.2010
http://doi.org/10.1167/iovs.09-4657
http://doi.org/10.1007/s00018-012-0976-7
http://www.ncbi.nlm.nih.gov/pubmed/22460583
http://doi.org/10.1073/pnas.1301837110
http://www.ncbi.nlm.nih.gov/pubmed/23754433
http://doi.org/10.1155/2014/165897
http://www.ncbi.nlm.nih.gov/pubmed/24745005
http://doi.org/10.1016/j.neuron.2007.04.019
http://www.ncbi.nlm.nih.gov/pubmed/17481390
http://doi.org/10.1073/pnas.93.2.589
http://doi.org/10.1002/cne.20134
http://www.ncbi.nlm.nih.gov/pubmed/15164429
http://doi.org/10.1016/j.tins.2012.05.004
http://doi.org/10.1016/j.preteyeres.2014.06.003
http://doi.org/10.1016/j.visres.2010.07.010
http://doi.org/10.1038/35053522
http://www.ncbi.nlm.nih.gov/pubmed/11252990
http://doi.org/10.1146/annurev.cellbio.042308.113259
http://doi.org/10.1038/nn.2115
http://www.ncbi.nlm.nih.gov/pubmed/18454145
http://doi.org/10.1186/1749-8104-5-25
http://www.ncbi.nlm.nih.gov/pubmed/20920300
http://doi.org/10.3389/fncel.2013.00220
http://doi.org/10.1016/j.celrep.2017.07.051
http://doi.org/10.1074/jbc.M700501200
http://doi.org/10.1089/scd.2014.0021
http://doi.org/10.3109/21691401.2015.1111231
http://www.ncbi.nlm.nih.gov/pubmed/26701739
http://doi.org/10.1038/nsmb.1576
http://doi.org/10.1167/iovs.06-0866
http://www.ncbi.nlm.nih.gov/pubmed/17251443
http://doi.org/10.1038/srep35423
http://doi.org/10.1111/gtc.12809
http://www.ncbi.nlm.nih.gov/pubmed/32979863
http://doi.org/10.1002/cne.22741


Int. J. Mol. Sci. 2021, 22, 2577 16 of 17

37. Lee, M.Y.; Choi, S.H.; Shin, S.L.; Chin, H.; Kwon, O.J. Distribution of B/K protein in rat brain. Cell Tissue Res. 2001, 303, 47–56.
[CrossRef] [PubMed]

38. Bernard, R.; Kerman, I.A.; Meng, F.; Evans, S.J.; Amrein, I.; Jones, E.G.; Bunney, W.E.; Akil, H.; Watson, S.J.; Thompson, R.C.
Gene expression profiling of neurochemically defined regions of the human brain by in situ hybridization-guided laser capture
microdissection. J. Neurosci. Methods 2009, 178, 46–54. [CrossRef]

39. Dean, C.; Dunning, F.M.; Liu, H.; Bomba-Warczak, E.; Martens, H.; Bharat, V.; Ahmed, S.; Chapman, E.R. Axonal and dendritic
synaptotagmin isoforms revealed by a pHluorin-syt functional screen. Mol. Biol. Cell 2012, 23, 1715–1727. [CrossRef] [PubMed]

40. Wu, M.V.; Sahay, A.; Duman, R.S.; Hen, R. Functional differentiation of adult-born neurons along the septotemporal axis of the
dentate gyrus. Cold Spring Harb. Perspect. Biol. 2015, 7, a018978. [CrossRef] [PubMed]

41. Ruhl, D.A.; Bomba-Warczak, E.; Watson, E.T.; Bradberry, M.M.; Peterson, T.A.; Basu, T.; Frelka, A.; Evans, C.S.; Briguglio, J.S.;
Basta, T.; et al. Synaptotagmin 17 controls neurite outgrowth and synaptic physiology via distinct cellular pathways. Nat.
Commun. 2019, 10, 3532. [CrossRef] [PubMed]

42. Craxton, M. A manual collection of Syt, Esyt, Rph3a, Rph3al, Doc2, and Dblc2 genes from 46 metazoan genomes–an open access
resource for neuroscience and evolutionary biology. BMC Genom. 2010, 11, 37. [CrossRef]

43. Kwon, O.J.; Ju, W.K.; Choi, S.H.; Lee, M.Y.; Oh, S.J.; Chun, M.H. The expression and cellular localization of brain/kidney protein
in the rat retina. Brain Res. 2000, 860, 178–180. [CrossRef]

44. Ju, W.K.; Choi, S.H.; Kwon, J.S.; Kwon, O.J.; Lee, M.Y.; Oh, S.J.; Moon, J.L.; Chun, M.H. Expression of brain/kidney protein in
Muller cells of rat retina following transient ischemia. Neurosci. Lett. 2000, 293, 53–56. [CrossRef]

45. Plaisance, V.; Abderrahmani, A.; Perret-Menoud, V.; Jacquemin, P.; Lemaigre, F.; Regazzi, R. MicroRNA-9 controls the expression
of Granuphilin/Slp4 and the secretory response of insulin-producing cells. J. Biol. Chem. 2006, 281, 26932–26942. [CrossRef]
[PubMed]

46. Pietrzykowski, A.Z.; Friesen, R.M.; Martin, G.E.; Puig, S.I.; Nowak, C.L.; Wynne, P.M.; Siegelmann, H.T.; Treistman, S.N.
Posttranscriptional regulation of BK channel splice variant stability by miR-9 underlies neuroadaptation to alcohol. Neuron 2008,
59, 274–287. [CrossRef]

47. Chou, C.H.; Shrestha, S.; Yang, C.D.; Chang, N.W.; Lin, Y.L.; Liao, K.W.; Huang, W.C.; Sun, T.H.; Tu, S.J.; Lee, W.H.; et al.
miRTarBase update 2018: A resource for experimentally validated microRNA-target interactions. Nucleic Acids Res. 2018, 46,
D296–D302. [CrossRef]

48. Arora, A.; McKay, G.J.; Simpson, D.A. Prediction and verification of miRNA expression in human and rat retinas. Investig.
Ophthalmol. Vis. Sci. 2007, 48, 3962–3967. [CrossRef] [PubMed]

49. Kutty, R.K.; Samuel, W.; Jaworski, C.; Duncan, T.; Nagineni, C.N.; Raghavachari, N.; Wiggert, B.; Redmond, T.M. Mi-
croRNA expression in human retinal pigment epithelial (ARPE-19) cells: Increased expression of microRNA-9 by N-(4-
hydroxyphenyl)retinamide. Mol. Vis. 2010, 16, 1475–1486.

50. Fan, W.J.; Li, X.; Yao, H.L.; Deng, J.X.; Liu, H.L.; Cui, Z.J.; Wang, Q.; Wu, P.; Deng, J.B. Neural differentiation and synaptogenesis
in retinal development. Neural Regen. Res. 2016, 11, 312–318. [CrossRef]

51. Kovacs-Valasek, A.; Szalontai, B.; Setalo, G., Jr.; Gabriel, R. Sensitive fluorescent hybridization protocol development for
simultaneous detection of microRNA and cellular marker proteins (in the retina). Histochem. Cell Biol. 2018, 150, 557–566.
[CrossRef] [PubMed]

52. Sapkota, D.; Chintala, H.; Wu, F.; Fliesler, S.J.; Hu, Z.; Mu, X. OneCut1 and OneCut2 redundantly regulate early retinal cell fates
during development. Proc. Natl. Acad. Sci. USA 2014, 111, E4086–E4095. [CrossRef]

53. Sempere, L.F.; Freemantle, S.; Pitha-Rowe, I.; Moss, E.; Dmitrovsky, E.; Ambros, V. Expression profiling of mammalian microRNAs
uncovers a subset of brain-expressed microRNAs with possible roles in murine and human neuronal differentiation. Genome Biol.
2004, 5, R13. [CrossRef]

54. Simion, A.; Laudadio, I.; Prevot, P.P.; Raynaud, P.; Lemaigre, F.P.; Jacquemin, P. MiR-495 and miR-218 regulate the expression of
the OneCut transcription factors HNF-6 and OC-2. Biochem. Biophys. Res. Commun. 2010, 391, 293–298. [CrossRef] [PubMed]

55. Lemaigre, F.P.; Durviaux, S.M.; Truong, O.; Lannoy, V.J.; Hsuan, J.J.; Rousseau, G.G. Hepatocyte nuclear factor 6, a transcription
factor that contains a novel type of homeodomain and a single cut domain. Proc. Natl. Acad. Sci. USA 1996, 93, 9460–9464.
[CrossRef]

56. Margagliotti, S.; Clotman, F.; Pierreux, C.E.; Beaudry, J.B.; Jacquemin, P.; Rousseau, G.G.; Lemaigre, F.P. The OneCut transcription
factors HNF-6/OC-1 and OC-2 regulate early liver expansion by controlling hepatoblast migration. Dev. Biol. 2007, 311, 579–589.
[CrossRef] [PubMed]

57. Espana, A.; Clotman, F. OneCut transcription factors are required for the second phase of development of the A13 dopaminergic
nucleus in the mouse. J. Comp. Neurol. 2012, 520, 1424–1441. [CrossRef]

58. Espana, A.; Clotman, F. OneCut factors control development of the Locus Coeruleus and of the mesencephalic trigeminal nucleus.
Mol. Cell. Neurosci. 2012, 50, 93–102. [CrossRef]

59. Roy, A.; Francius, C.; Rousso, D.L.; Seuntjens, E.; Debruyn, J.; Luxenhofer, G.; Huber, A.B.; Huylebroeck, D.; Novitch, B.G.;
Clotman, F. OneCut transcription factors act upstream of Isl1 to regulate spinal motoneuron diversification. Development 2012,
139, 3109–3119. [CrossRef]

60. Goetz, J.J.; Martin, G.M.; Chowdhury, R.; Trimarchi, J.M. OneCut1 and OneCut2 play critical roles in the development of the
mouse retina. PLoS ONE 2014, 9, e110194. [CrossRef]

http://doi.org/10.1007/s004410000221
http://www.ncbi.nlm.nih.gov/pubmed/11236004
http://doi.org/10.1016/j.jneumeth.2008.11.012
http://doi.org/10.1091/mbc.e11-08-0707
http://www.ncbi.nlm.nih.gov/pubmed/22398727
http://doi.org/10.1101/cshperspect.a018978
http://www.ncbi.nlm.nih.gov/pubmed/26238355
http://doi.org/10.1038/s41467-019-11459-4
http://www.ncbi.nlm.nih.gov/pubmed/31387992
http://doi.org/10.1186/1471-2164-11-37
http://doi.org/10.1016/S0006-8993(00)02014-X
http://doi.org/10.1016/S0304-3940(00)01492-0
http://doi.org/10.1074/jbc.M601225200
http://www.ncbi.nlm.nih.gov/pubmed/16831872
http://doi.org/10.1016/j.neuron.2008.05.032
http://doi.org/10.1093/nar/gkx1067
http://doi.org/10.1167/iovs.06-1221
http://www.ncbi.nlm.nih.gov/pubmed/17724173
http://doi.org/10.4103/1673-5374.177743
http://doi.org/10.1007/s00418-018-1705-6
http://www.ncbi.nlm.nih.gov/pubmed/30088096
http://doi.org/10.1073/pnas.1405354111
http://doi.org/10.1186/gb-2004-5-3-r13
http://doi.org/10.1016/j.bbrc.2009.11.052
http://www.ncbi.nlm.nih.gov/pubmed/19913497
http://doi.org/10.1073/pnas.93.18.9460
http://doi.org/10.1016/j.ydbio.2007.09.013
http://www.ncbi.nlm.nih.gov/pubmed/17936262
http://doi.org/10.1002/cne.22803
http://doi.org/10.1016/j.mcn.2012.04.002
http://doi.org/10.1242/dev.078501
http://doi.org/10.1371/journal.pone.0110194


Int. J. Mol. Sci. 2021, 22, 2577 17 of 17

61. Goetz, J.J.; Trimarchi, J.M. Transcriptomic analyses of OneCut1 and OneCut2 deficient retinas. Genom. Data 2015, 4, 88–89.
[CrossRef]

62. van Battum, E.Y.; Verhagen, M.G.; Vangoor, V.R.; Fujita, Y.; Derijck, A.; O’Duibhir, E.; Giuliani, G.; de Gunst, T.; Adolfs, Y.;
Lelieveld, D.; et al. An Image-Based miRNA Screen Identifies miRNA-135s As Regulators of CNS Axon Growth and Regeneration
by Targeting Kruppel-like Factor 4. J. Neurosci. 2018, 38, 613–630. [CrossRef]

63. Ziats, M.N.; Rennert, O.M. Identification of differentially expressed microRNAs across the developing human brain. Mol.
Psychiatry 2014, 19, 848–852. [CrossRef] [PubMed]

64. Caronia-Brown, G.; Anderegg, A.; Awatramani, R. Expression and functional analysis of the Wnt/beta-catenin induced mir-135a-2
locus in embryonic forebrain development. Neural Dev. 2016, 11, 9. [CrossRef]

65. Bringmann, A.; Faude, F.; Reichenbach, A. Mammalian retinal glial (Muller) cells express large-conductance Ca(2+)-activated K+
channels that are modulated by Mg2+ and pH and activated by protein kinase A. Glia 1997, 19, 311–323. [CrossRef]

66. Schopf, S.; Bringmann, A.; Reichenbach, A. Protein kinases A and C are opponents in modulating glial Ca2+ -activated K+
channels. Neuroreport 1999, 10, 1323–1327. [CrossRef]

67. O’Brien, J.; Hayder, H.; Zayed, Y.; Peng, C. Overview of MicroRNA Biogenesis, Mechanisms of Actions, and Circulation. Front.
Endocrinol. (Lausanne) 2018, 9, 402. [CrossRef]

68. Herranz, H.; Cohen, S.M. MicroRNAs and gene regulatory networks: Managing the impact of noise in biological systems. Genes
Dev. 2010, 24, 1339–1344. [CrossRef]

69. Afgan, E.; Baker, D.; Batut, B.; van den Beek, M.; Bouvier, D.; Cech, M.; Chilton, J.; Clements, D.; Coraor, N.; Gruning, B.A.; et al.
The Galaxy platform for accessible, reproducible and collaborative biomedical analyses: 2018 update. Nucleic Acids Res. 2018, 46,
W537–W544. [CrossRef]

70. Trapnell, C.; Williams, B.A.; Pertea, G.; Mortazavi, A.; Kwan, G.; van Baren, M.J.; Salzberg, S.L.; Wold, B.J.; Pachter, L. Transcript
assembly and quantification by RNA-Seq reveals unannotated transcripts and isoform switching during cell differentiation. Nat.
Biotechnol. 2010, 28, 511–515. [CrossRef] [PubMed]

71. Edgar, R.; Domrachev, M.; Lash, A.E. Gene Expression Omnibus: NCBI gene expression and hybridization array data repository.
Nucleic Acids Res. 2002, 30, 207–210. [CrossRef] [PubMed]

72. RStudio, RStudio Team. Integrated Development for R. (Computer Software v0.98.1074); RStudio, Inc.: Boston, MA, USA, 2015.
73. Livak, K.J.; Schmittgen, T.D. Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta

C(T)) Method. Methods 2001, 25, 402–408. [CrossRef] [PubMed]

http://doi.org/10.1016/j.gdata.2015.03.010
http://doi.org/10.1523/JNEUROSCI.0662-17.2017
http://doi.org/10.1038/mp.2013.93
http://www.ncbi.nlm.nih.gov/pubmed/23917947
http://doi.org/10.1186/s13064-016-0065-y
http://doi.org/10.1002/(SICI)1098-1136(199704)19:4&lt;311::AID-GLIA4&gt;3.0.CO;2-
http://doi.org/10.1097/00001756-199904260-00031
http://doi.org/10.3389/fendo.2018.00402
http://doi.org/10.1101/gad.1937010
http://doi.org/10.1093/nar/gky379
http://doi.org/10.1038/nbt.1621
http://www.ncbi.nlm.nih.gov/pubmed/20436464
http://doi.org/10.1093/nar/30.1.207
http://www.ncbi.nlm.nih.gov/pubmed/11752295
http://doi.org/10.1006/meth.2001.1262
http://www.ncbi.nlm.nih.gov/pubmed/11846609

	Introduction 
	Results 
	Discussion 
	Materials and Methods 
	Animal Procedures 
	RNA Isolation 
	Small RNA Sequencing and Computational Analyses 
	Reverse Transcription and Real-Time PCR Quantitation 
	Combined MicroRNA In Situ Hybridization and Immunocytochemistry 

	References

