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MicroRNAs (miRNAs) have been established as important negative post-transcriptional regulators for gene

expression.Within thepastdecade,miRNAstargetingtranscriptionfactors (TFs)hasemergedasanimportantmech-

anism for gene expression regulation. Here, we tested the hypothesis that in TF 3′UTRs, human-specific single nu-

cleotide change(s) that create novel miRNA recognition elements (MREs) contribute to species-specific

differences in TF expression. From several potential human-specific TF MREs, one candidate, a member of the

Forkhead Box O (FOXO) subclass in the Forkhead family known as Forkhead Box O1 (FOXO1; FKHR; NM_002015)

wastestedfurther.HumanFOXO1containstwositespredictedtoconfermiR-183-mediatedpost-transcriptionalregu-

lation: one specific to humans and the other conserved. Utilizing dual luciferase expression reporters, we show that

only the humanFOXO1 3′UTR contains a functionalmiR-183 site, not found in chimpanzee ormouse 3′untranslated

regions(UTRs).Site-directedmutagenesissupportsfunctionalityof thehuman-specificmiR-183site,butnot thecon-

servedmiR-183site.Viaoverexpressionandtargetsiteprotectionassays,weshowthathumanFOXO1isregulatedby

miR-183, butmouse FOXO1 is not. Finally, FOXO1-regulated cellular phenotypes, including cell invasion and prolif-

eration, are impacted bymiR-183 targeting only in human cells. These results provide strong evidence for human-

specific gain of TFMREs, a process that may underlie evolutionary differences between phylogenic groups.

INTRODUCTION

MicroRNAs (miRNAs) are predicted to regulate between 30 and
66%of all protein-coding genes, ranking themamong the largest
classes of gene regulators (1,2). These ≏21–23 nucleotide non-
coding RNAs function by post-transcriptionally silencing gene
expression through imperfect base pairing of target messenger
RNAs (mRNAs) to induce translational repression, deadenyla-
tion or degradation.ManymiRNA gene families are highly con-
served with implications in the regulation of many biological
processes, including cell development, differentiation,metabol-
ism, the cell cycle and ageing (3–5). The canonical miRNA rec-
ognition element (MRE) on a target mRNA consists of a perfect
or near-perfect reverse complement of miRNA nucleotide posi-
tions 2 through 8 from the 5′ end (known as the seed region), to-
gether with partial complementarity throughout the rest of the

miRNA and target transcript sequences. Prediction algorithms
query mRNAs for reverse complement miRNA seed sequences
to identify predicted MREs (6).

Insights into the evolution of miRNAs have emerged from
bioinformatic analyses in whole animal studies, and suggest
that selective pressure can impart their loss or conservation
(7–9). Data support that de novo creation of miRNAs (trans-
evolution) throughout speciation occurs, as evidenced through
computational biology and reporter assay validation (10,11).
Less is known, however, regarding species-specific evolution
and the functional consequences of a single MRE through
cis-evolution. Moreover, no investigation to date has directly
assessed the human cis-evolutionary implications of the rela-
tionship between a miRNA and a target mRNA that encodes a
transcription factor (TF), which can have broad implications
via indirect regulation of TF target genes (12–16).
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TFs can enhance or repress transcription of genes containing
the corresponding TF consensus binding sequence. TF-regulated
genes function as central hubs inwell-established gene regulatory
networks, for example, those that control the cell-cycle state or
cellmigration(17–21).Within thepastdecademiRNA–TFinter-
actions have emerged as important mechanisms for gene expres-
sion regulation, acting either as buffers for gene expression or as
quick repressive switches in a central hub (22–26). Interestingly,
tissue- and species-specific miRNAs have a higher propensity to
target TFs than expected (27). Together with work indicating
that in humans, TF expression diverges more in the brain than in
other tissues (28),wehypothesized that human-specific single nu-
cleotide change(s) in aMRE of a TF 3′UTRswould contribute to
species-specific differences in TF expression and subsequent
downstream TF-regulated functional processes.
Here, we identified using bioinformatic methods candidate

TF:MRE pairs that may be unique to TF regulation in human cells
versus other mammals, including primates. We used wet lab
approaches to fully characterize the functional implications of one
of these, FOXO1, and show that FOXO1 is regulated by miR-183
in human cells through the gain of a single nucleotide substitution,
and that this regulation is important for FOXO1-dependent func-
tions, including proliferation and migration (17–20).

RESULTS

Selection of candidate human-specific MRE

To detect human-specific MREs, we first predicted human
MREs in the 3′UTRs of human TFs. Next, we identified single
nucleotide changes in human MREs in the 3′UTRs of ortholo-
gous TFs in chimpanzee (Pan troglodytes), rhesus macaque
(Macacamulatta) andmouse (Musmusculus). This bioinformat-
ic analysis resulted in 198 human-specific MREs in 100 TFs for
136 conservedmiRs.We supported our output by comparing our
predictions with the PITA (Probability of Interaction by Target
Accessibility) algorithm, which computes a DDG score by sub-
tracting the MRE openness score (DGopen) from the binding
energy ofmiRNA-target duplex (DGduplex) (SupplementaryMa-
terial, Table S1). MiRNA sequence target prediction is greater

when DDG ¼ DGduplex 2 DGopen scores are ,210 units. Add-
itionally, we completed a gene ontology analysis over ortholo-
gous genes with human-specific MREs and found that
biological processes related to neuron and brain function are
highly enriched (Supplementary Material, Table S2).
We chose four candidate human-specific TF MREs from the

bioinformatic analysis for further validation. As the first round
of validation for human-specific TF MREs, we cloned the
human TF 3′UTRs into psiCHECK-2TM dual luciferase
plasmid, downstream of Renilla luciferase to test for miRNA
regulation using pre-miRNAs at increasing doses. We found
that the human-specific predicted miR-145∗ site on RBPJ (re-
combining binding protein suppressor of hairless) and the
miR-183 site on FOXO1 (Forkhead BoxO1) showed significant
decreases in luciferase expression relative to control pre-miRs
(Fig. 1A andFig. 2C).No evidence of luciferase expression regula-
tionwas foundwhenco-transfectingpre-miR-7orpre-miR-7∗with
psiCHECKTM-2-NFYA (nuclear TF Y alpha) or psiCHECKTM-2
MEF2A (myocyte enhancer factor-2a) plasmids, respectively
(Fig. 1B and C).

HumanFOXO1contains predictedmiR-183 regulatory sites

Of the candidate TFs predicted to be regulated by human-
specific MREs, FOXO1 was particularly interesting because
its 3′UTR harbors both conserved and human-specific
miR-183 sites (Fig. 2A). To determine the impact of two
miR-183 MREs on the human FOXO1 mRNA relative to those
from other species, we also amplified genomic DNA from chim-
panzee and mouse FOXO1 3′UTRs and cloned them into
psiCHECKTM-2 dual luciferase plasmids downstream of
Renilla luciferase. A positive control for miRNA regulation
included a perfect target (PT) control cloned into the 3′UTR of
Renilla luciferase.When the PT control plasmidwas transfected
into cells with pre-miR-183, there was significant silencing
(Supplementary Material, Fig. S2). To test for miRNA regula-
tion of the independent MREs, each 3′UTR reporter was
co-transfected with increasing doses of synthetic pre-miR-183.
We also tested the effects of both a scrambled control pre-miR-
NEG and an additional irrelevant pre-miR-146b control, which

Figure1.Humangainof target candidatevalidationofMREin3′UTR.Dual luciferaseplasmids (psiCHECKTM-2)containing thehuman3′UTRofeitherRBPJ,NFYAor
MEF2A were co-transfected with increasing doses of either pre-miR-NEG control (black), relevant pre-miR (blue) or irrelevant pre-miR control (white) into HEK293
cells. (A) Increasing expression of pre-miR-145∗ in cells transfectedwith psiCHECKTM-2-RPBJ 3-UTR plasmid leads to a dose dependent decrease of RLUexpression
relative to controls pre-miRs. (B andC)Nosignificant change inRLUexpressionwas foundwhenco-transfectingpre-miR-7orpre-miR-7∗withpsiCHECKTM-2-NFYA
orpsiCHECKTM-2MEF2Aplasmids, respectively. (C) Interestingly, expressionof pre-miR-183 incells transfectedwithpsiCHECKTM-2-MEF2A3-UTRplasmid led to
a dose-dependent decrease of RLU expression relative to controls pre-miRs. Prediction databases validated this result as a conservedmiR-183 target site in theMEF2A
3′UTR. All luciferase experimentswere performed in triplicate for each pre-miR dose (0–30 nM). Each experiment was repeated in triplicate for each dosewith at least
three biological replicates. Bars represent mean+SEM, ∗P, 0.05, ∗∗P, 0.01 and ∗∗∗P, 0.001.
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is not predicted to target the FOXO1 3′UTR in any species.
Co-transfection of pre-miR-183 and FOXO1 3′UTR reporter
plasmids resulted in a dose-dependent reduction of luciferase
constructs harboring the human FOXO1–3′UTR (Fig. 2B and
C), but no change in chimpanzee (Fig. 2B and D) or mouse
(Fig. 2B and E) FOXO1-3′UTR reporter constructs relative to
negative controls. These data indicate that the conserved
miR-183 MRE is not functional. Interestingly, the conserved
human miR-183 site has a PITA-derived DDG score of 21.86
and the human-specific miR-183 site a DDG score of 210.35.
Combined, these data suggest that the human-specific
miR-183 site is more available for miRNA regulation than the
conserved site (29).
To confirm that the single nucleotide difference in human

FOXO1 3′UTR is the sole contributor to the functional human-
specific miR-183 site, we completed site-directed mutagenesis
to generate single nucleotide seed sequence changes, which
either ablated the potential miR-183MRE in the human-specific
MRE or created a predicted miR-183 MRE in the chimpanzee
and mouse 3′UTRs. We repeated the relative luciferase assay
with these constructs and observed a dose-dependent reduction
in the relative luciferase unit (RLU) expression in the chimpan-
zee (Fig. 2B and H) and mouse (Fig. 2B and I) FOXO1-3′UTR
mutant constructs, which now match the human miR-183
MRE. Conversely, when the human-specific miR-183 site was
mutated to match the analogous chimpanzee 3′UTR, miR-183
repression was lost (Fig. 2B and G). These results show that
the single nucleotide change in human FOXO1 3-UTR is neces-
sary and sufficient to induce miR-183 targeting in the context of

the psiCHECKTM-2 dual luciferase system. Interestingly, abla-
tion of the conserved human miR-183 site via site-directed mu-
tagenesis had no impact on luciferase expression relative to the
normal FOXO1 human 3′UTR (Fig. 2B and F), indicating that
the conserved miR-183 site in the human FOXO1 3′UTR is
not functional.

miR-183 targets endogenous FOXO1 at the
human-specific MRE

Further evidence for human-specific regulation of FOXO1 ex-
pression by miR-183 was tested with the endogenous FOXO1
transcript as a target in human and mouse cell lines. While
FOXO1 transcripts are ubiquitously expressed throughout the
central nervous system, miR-183 is preferentially expressed in
the cerebellum and striatum. Thus, we chose the human ONS-76
medulloblastoma cell line, which arises from granular cells, and
the mouse C17-2 cerebellar stem cell line, also derived from
granule cells (30).Both lineshave robustFOXO1andmiR-183ex-
pression (31).We first added exogenous pre-miR-183 and quanti-
fied FOXO1 mRNA levels by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR). Pre-miR-NEG and pre-
miR-146bwere used as negative controls. Results showed a dose-
dependent decrease in FOXO1 transcripts in humanONS-76 cells
transfectedwith pre-miR-183 (Fig. 3A), but no significant changes
in FOXO1 levels in similarly treatedmouseC17-2 cells (Fig. 3B).
Western blot for FOXO1 protein levels following miR-183 trans-
fection was consistent with this; there was decreased FOXO1
protein levels in miR-183 transfected ONS-76 cells (Fig. 3C),

Figure2.RegulationofhsaFOXO13′UTRbymiR-183MRE. (A)The schematicofFOXO1withboth theconservedandhuman-specificmiR-183predictionMREs in
human (hsa), chimpanzee (pan) andmouse (mmu) 3′UTRs. (B) The schematic of FOXO13′UTRpsiCHECKTM-2 plasmids. PsiCHECKTM-2 plasmids containing the
3′UTRof FOXO1 cloned from (C) hsa, (D) pan and (E) mmuwere co-transfectedwith either pre-miR-NEG control, pre-miR-183 or irrelevant pre-miR-146b control
intoHEK293 cells. Single nucleotide changes in the psiCHECKTM-2 3′UTR constructs included: (F) a nucleotide change at the conserved site of the hsa 3′UTR from
G� A; (G) a nucleotide change at the hsa-specificmiR-183 predict site in the hsa 3′UTR fromG� A; (H and I) a mutation in pan andmmu 3′UTR fromA� Gor
C� G, respectively.All luciferase experimentswereperformed in triplicate for eachpre-miRdose (0–30 nM)with at least three biological replicates.Bars represent
mean+SEM, ∗P , 0.05, ∗∗P , 0.01 and ∗∗∗P , 0.001.
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and no changes inC17-2 cells (Fig. 3D). These results confirm that
in human ONS-76 cells, but not mouse cells, miR-183 can post-
transcriptionally repress FOXO1 transcripts, causing significantly
reduced human FOXO1 protein levels.
We next tested if endogenous miR-183 regulates endogenous

FOXO1 transcripts. For this,wedesignedoligonucleotides to act
as target site protectors (TSPs) to the miR-183 MREs. This pro-
vides a mechanism to test directly the functional activity of a
given MRE on the transcript in question, without sponging
away the miRNA from other potential targets. TSPs blocking
the human-specific MRE (TSP2-183) or sequences that would
recognize the corresponding mouse 3′UTR region of FOXO1
(does not contain a miR-183 MRE) were transfected into
ONS-76 or C17-2 cells, respectively, and FOXO1 levels quanti-
fiedbyRT-qPCRandwesternblot.A scramblednegative control
TSP (TSP-NEG) and TSP against the conserved miR-183 site
(TSP1-183) were also tested. While there were no changes in
transcript levels with any of the TSPs (Supplementary Material,
Fig. S3AandB),we found thatTSP2-183 significantly increased
human FOXO1 protein levels relative to control-treated cells or
TSP1-183-treated cells (Fig. 4A). This change in FOXO1
protein levels was not found in mouse C17-2 cells transfected
with either TSP1-183 or TSP2-183 (Fig. 4B). These results
confirm translational repressionofFOXO1protein at thehuman-
specific miR-183 MRE in human cells.

Functional implications of human FOXO1 regulation
by miR-183: cellular invasion

FOXO1 plays a known role in transcriptionally regulating cell
movement (32). In human medulloblastoma cell lines, altering
miR-183 levels impacts metastasis and invasion (31). We next
confirmed FOXO1’s ability to affect cell invasion by transfect-
ing siRNAs against FOXO1 in human ONS-76 and mouse
C17-2 cells (Supplementary Material, Fig. S4) and assessed in-
vasion using a MatrigelTM invasion assay. In both ONS-76 and
C17-2 cells, there was increased invasion relative to control
treatment (Supplementary Material, Fig. S5). To test whether
miR-183 regulation of FOXO1 is responsible for this effect,
we performed MatrigelTM invasion assays in cell lines after
transfecting with pre-miRs. Overexpression of pre-miR-183
increased the number of invading cells after 24 h in human
ONS-76 cells (Fig. 5A and B) relative to control pre-miRs, but
did not affect cell invasion in mouse C17-2 cells (Fig. 5A and
C). To determine whether increased migration after miR-183
transfection occurs through the human-specific MRE, we trans-
fected ONS-76 or C17-2 cells with TSP2-183 or TSP-NEG.We
found decreased invasion relative to TSP-NEG transfected cells
in human ONS-76 cell lines (Fig. 6A and B), with no significant
change in invasion in similarly treated mouse C17-2 cells
(Fig. 6A and C).

Figure 3. Pre-miR-183modulates FOXO1 expression levels in hsaONS-76 cells but notmmuC17–2 cells.HsaONS-76 andmmuC17-2 cells were transfectedwith
increasing doses of either pre-miR-NEG control, pre-miR-183 or irrelevant pre-miR-146b control. Transfection of pre-miR-183 in hsa ONS-76 cells showed signifi-
cant dose-dependent decreases in hsa FOXO1 (hFOXO1) (A) mRNA expression and (C) protein expression relative to control treatments. (B) Transfection of
pre-miRs in mmu C17-2 cells results in no change to endogenous levels of mouse FOXO1 (mFOXO1) (B) mRNA or (D) protein. All mRNA experiments were per-
formed in triplicate for each pre-miR dose (0–30 nM). Protein assessed after 30 nM pre-miR transfection. Each experiment was repeated in triplicate for each dose.
Bars represent mean+SEM, ∗P , 0.05 and ∗∗P, 0.01.
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Figure4.TSPofFOXO13′UTRregulates expression levels at the human-specificMRE in hsaONS-76cells.HsaONS-76andmmuC17-2 cellswere transfectedwith
either TSP-NEG control, conserved TSP1-183 or human-specific TSP2-183. Transfection of TSPs in (A) hsa ONS-76 and (B) mmu C17-2 cells, showed significant
changes in FOXO1protein expression inTSP2-183 transfected hsaONS-76 cells, but notmmuC17-2 cells.All experimentswere performed in triplicate for eachTSP
(30 nM). Bars represent mean+SEM, ∗P , 0.05.

Figure 5. Pre-miR-183 induces cell invasion in hsa ONS-76 cells but not mmuC17-2 cells.HsaONS-76 andmmuC17-2 cells were transfected with 30 nM of either
pre-miR-NEG control, pre-miR-183 or irrelevant pre-miR-146b control and plated into MatrigelTM transwells. (A) Representative images from aMatrigelTM trans-
well invasion show significant increase in cell invasion upon overexpression of pre-miR-183 in ONS-76 cells, but not in C17-2 cells. (B) Hsa ONS-76 and (C) mmu
C17-2 migrated cells were quantified from 20× fields and normalized to the average number of pre-miR-NEG cells with FBS chemo-attractant in at least three in-
dependent experiments. Bars represent mean+SEM, ∗P, 0.05, ∗∗P, 0.01 and ∗∗∗P , 0.001.
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Functional implications of human FOXO1 regulation
by miR-183: cellular proliferation

FOXO1 is also implicated in transcriptional regulation of cell-
cycle progression (33–35). We first validated this finding in
our cell models using siRNAs against FOXO1. Using flow cyto-
metry to determine 5-bromo-2′-deoxyuridine/propidium iodide
(BrdU/PI) DNA content, we found that decreased FOXO1 ex-
pression caused corresponding increases in cells entering
S-phase relative to control-treated cells (Supplementary Mater-
ial, Fig. S6). We next tested whether FOXO1-mediated changes
were recapitulated after overexpression of pre-miR-183 in
human ONS-76 but not mouse C17-2 cells. Interestingly, quan-
tification ofBrdU/PIDNAcontent showed a decrease in the total
number of cells entering S-phase after pre-miR-183 transfection
in both humanONS-76 cells (SupplementaryMaterial, Fig. S7A
and B) and mouse C17-2 cells (Supplementary Material,
Fig. S7A and C). This suggests that pre-miR-183 regulates cell
proliferation in each of the tested cell lines. To test the relevance
of the human-specific miR-183 MRE in proliferation, we trans-
fected TSP2-183 and the analogous mouse FOXO1 3′UTR-
specific TSP into ONS-76 cells and C17-2 cells, respectively.

Quantification showed an increase in total number of cells enter-
ingS-phasewhen thehuman-specificmiR-183MREisprotected
relative to a TSP-NEG in ONS-76 cells (Fig. 7A and B). No
effect on cell cycle was found in mouse C17-2 cells transfected
with sequences analogous to TSP2-183 (Fig. 7A and C). These
results indicate that the human-specific miR-183 site and other
miR-183 gene targets contribute to a cellular proliferation
phenotype.

DISCUSSION

One of the central sources of phenotypic evolution is changes in
regulation of gene expression via mechanisms that act directly
on the genome, such as TFs, or through post-transcriptional
mechanisms, such as occurs with miRNAs (36). A potential
source for positive selection by miRNA regulation is 3′UTR
changes. Interestingly, work by Miura et al. (37) indicate that
3′UTRs in the mammalian brain are elongated by ≏5–6 Mb
relative to all other mammalian tissues analyzed. Furthermore,
in silico studies by Gardner et al. (38) implicate mutations
causing functional loss of MREs during human evolution;

Figure 6. TSP of human-specific miR-183MRE impedes cell invasion in hsa ONS-76 cells but not mmuC17-2 cells.Hsa ONS-76 andmmu C17-2 cells were trans-
fected with 30 nM of either TSP-NEG control, conserved TSP1-183 or human-specific TSP2-183 and plated intoMatrigelTM transwells. (A) Representative images
from a transwell MatrigelTM invasion show significant decrease in cell invasion upon target-site protection with TSP2-183 in ONS-76 cells, but not in C17-2 cells.
(B) Hsa ONS-76 and (C) mmu C17-2 migrated cells were quantified from 20× fields and normalized to the average number of TSP-NEG cells with FBS
chemo-attractant in at least three independent experiments. Bars represent mean+SEM, ∗P, 0.05 and ∗∗∗P , 0.001.
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however, no gain of functionMRE analyses has been completed
to date. Phenotypic differences within species may also be
caused by changes inmiRNA-mediated regulation of target tran-
scripts. For example, the TYRP1 is regulated by miR-155, and
changes in the MREmay underlie differences in skin pigmenta-
tion (39). Combining the two central sources of phenotypic evo-
lution, miRNAs have been found to preferentially target genes
with high regulatory complexity (e.g. TFs), and both TF and
miRNAregulation have strongdependent effects onprotein evo-
lutionary rates (16,40,41). Together with our data showing gain
ofMRE target sites inTFs regulated bymiRNAs, it isworth revi-
siting MREs in the context of large scale phenotypic evolution
through novel targeting of TF 3′UTRs.
We first tested four candidate human-specific TF MRE sites

and showed regulation by the predicted miRNA within two of
theTF3′UTRs, FOXO1 andRBPJ.Given the high false-positive
rates of miRNA target prediction algorithms (42), we were
encouraged that 50% of our tested in silico predictions are puta-
tive MREs. We went on to show that FOXO1 is regulated by
miR-183 in human cells at a novel MRE site that arose from a

single nucleotide substitution. Interestingly, themore conserved
of the predicted sites was not functional. These data help clarify
several conflicting reports regarding the role of miR-183 on the
regulation of FOXO1. Stittrich et al. (20) reported earlier that
increased miR-183 levels after IL-2 induction induced
FOXO1, but concluded that the effect of miR-183 was indirect
because only the contribution of the conservedmiR-183-binding
site on FOXO1was tested. In studies in endometrial cancer cells,
elevated miR-183 correlated with reduced FOXO1 levels com-
pared with control cells, and anti-miR experiments relieved
this repression; however, direct testing of miR-183 MREs was
not done (43). We find that the gain of the MRE is not present
in chimpanzee or mice FOXO1 3′UTRs, indicating that this
site arose after the split of humans and chimpanzees.

Our study shows that the human-specific MRE in FOXO1
impacts TF’s expression and alters downstream phenotypes
associatedwith FOXO1 levels, thus altering in a species-specific
way these TF-regulated phenotypes. More specifically, we
found that miR-183 elevation, or inhibition of its activity at the
FOXO1 3′UTR MRE altered FOXO1 levels and impacted cell

Figure 7. TSP of human-specific miR-183 MRE induces S-phase progression only in hsa ONS-76 cells. Hsa ONS-76 and mmu C17-2 cells were transfected with
30 nM of either TSP-NEG control, conserved TSP1-183 or human-specific TSP2-183. Prior to harvest, cells were pulsed with BrdU for 30 min under proliferating
conditions andprocessed todetermineBrdU incorporation (A488, y-axis) andDNAcontent (PI-A, x-axis). (A)RepresentativeBrdU/PI dot plots are shown, andquad-
rant statistics for three replicate experiments are displayedon thedot plots (mean+SEMof three experiments). (B)HsaONS-76cells displayed significant increase in
relative BrdU-positive S-phase cells upon overexpression of TSP2-183 relative to TSP-NEG, while (C) mmu C17-2 cells displayed no significant change. Bars rep-
resent mean+SEM, ∗P, 0.05.

Human Molecular Genetics, 2014, Vol. 23, No. 10 2599

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/h
m

g
/a

rtic
le

/2
3
/1

0
/2

5
9
3
/6

1
4
0
1
4
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



invasion and proliferation in human cells. These results have
relevance for human cancers, where FOXO1 is decreased and
miR-183 levels are elevated (31,44–46). Interestingly, the
FOXO1 transcript also contains predicted conserved and non-
conserved MREs for the two other miRNAs in the miR-183/
96/182 cluster, although neither miR-96 nor miR-182 were pre-
dicted in our analysis to be human-specificMREs. The predicted
target sites of miR-182/96 in the FOXO1 3′UTR do not overlap
with the target sites of miR-183, and thus do not contribute to
competitive inhibition of miR-183 regulation. Additionally,
PITA predictions of the non-conserved miR-182 and miR-96
sites indicate a low likelihood of targeting potential, similar to
what was found for the non-functional, conserved miR-183
site. It would be interesting in subsequent work to evaluate the
relationship of these miRNAs on FOXO1 regulation, especially
in the context of cancer cell biologywhere this cluster is shown to
be upregulated (47).
We used PITA to identifyMREs of lowDDG score (DDG,10

units), as described in the results section, with the idea that these
may represent novel, human-specific TF MREs. In addition to
the miR-183:FOXO1 interaction, miR-205 may target the human
ras responsive element binding protein 1 (RREB1) 3′UTR. Inter-
estingly, RREB1 is a human oncogene and miR-205 is a putative
tumor suppressor (48–50). Moreover, the TF-specific protein 1
(Sp1) has two conserved miR-7 MREs and one human-specific
miR-7 MRE that provide for additive regulation in human brain
tissue, where both Sp1 and miR-7 are highly expressed (51). Indi-
vidually, Sp1 and miR-7 dysregulation has been found in many
cancers and neurodegenerative disorders, but their relationship
has not been defined.
While we defined in silico predictions based on canonical

seed sequence complementarity, non-canonical miRNA:mRNA
target interactions have been shown to be functional (52,53).
Also, recent work suggests that miRNAs can target coding,
intronic and 5′UTR regions, although these predicted binding
sites have low validation rates. Further experimental analyses
of the TF:MRE sites presented here should consider MRE
accessibility with relation to both mRNA secondary structure
and protein-regulated site competition, as well as miRNA and
mRNA co-expression in the tissue or cell of interest (27,36).
Several methods to identify bona fide targets include HITS-CLIP
(High-throughput sequencing of RNA isolated by crosslinking
immunoprecipitation), PAR-CLIP (Photoactivatable-Ribonu-
cleoside-Enhanced Crosslinking and Immunoprecipitation) and
CLASH (crosslinking, ligation, and sequencing of hybrids)
(54–56). Chi et al. (55) generated the first mouse brain
transcriptome-wide Ago2 binding map, with many Ago2 foot-
prints in 3′UTRs, coding regions and introns corresponding to
known, highly enriched, brain mRNAs. A similar investigation
in human brain samples will increase our understanding of how
miRNA regulation on brain transcripts participates in evolution-
ary speciation.

MATERIALS AND METHODS

Bioinformatic analysis

We retrieved human mature miR sequences (miRBase
release16) (57) and their orthologous sequences in chimpanzee
(panTro2), rhesus macaque (rheMac2) and mouse (mm9) from

the UCSC 46-way alignment of the human genome and 45
other vertebrate genomes (http://hgdownload.soe.ucsc.edu/
goldenPath/hg19/multiz46way/) (58). The 347maturemiR fam-
ilies with conserved seed regions (second to eighth position of
the mature miR) in all four species were retained for MRE pre-
diction. We used TargetScan (59) to predict the MREs of con-
served miRs in the Ensembl 3′UTRs (Ensembl release 63) of
245 humanTFs,whichwere compiled fromTRANSFACw data-
base (60) and filtered for (i) one-to-one orthologous genes in
chimpanzee, rhesus macaque and mouse based on Ensembl
annotation (61) and (ii) the availability of corresponding
ChIP-Seq data in ENCODE project. Next, predicted human
MREswere comparedwith their orthologous sequences in chim-
panzee, rhesus macaque and mouse. If none of the orthologous
sequences of a human MRE forms a canonical base pairing
with the miR according to TargetScan, it is defined as a human-
specific MRE. To focus only on fixed human-specific MREs,
Human dbSNP 138 database was searched for SNPs at themuta-
tion sites of human-specific MREs. The allele frequency data
were retrieved from 1000 Genomes Human Genetic Variation
Project (http://www.1000genomes.org/data). This analysis
identified 198 human-specificMREs from136miRs on 100TFs.

PITA target-site predictions

Binding energies were calculated for each miRNA/target site
pair identified as being a human-specific TF MREs using the
standalone implementation of the PITA target prediction algo-
rithm (http://genie.weizmann.ac.il/pubs/mir07/mir07_exe.htm
l). Target sites overlapping the human-specific TF MREs were
identified. Binding energies (DDG) are reported as the average
score for all miRNAs in the respective miRNA families.

Cultures

Human embryonic kidney 293 cells (HEK293) and ONS-76 cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco-BRL, Grand Island, NY, USA) supplemented with 10%
fetal bovine serum and 1% Penicillin/Streptomycin. Mouse C17-2
cerebellar stem cells were cultured in DMEM supplemented
with 10% fetal bovine serum, 5% equine serum, 1% Penicillin/
Streptomycin and 1% L-glutamine. All cells were incubated at
378C in a 5% CO2 atmosphere.

psiCHECKTM-2 dual luciferase 3′UTR plasmids

The 3′UTRs of candidate TFs from human, chimp and mouse
were amplified from genomic DNA of human HEK293, chimp
fibroblast cell lines and mouse tail fibroblasts using Expand
High Fidelity DNA polymerase (Roche Applied Science) and
3′UTR-specific primers (designed using the Primer3 software
and purchased from Integrated DNA Technologies) (Supple-
mentary Material). Cloned PCR products were ligated into
Topo TA plasmid and maintained as stock. Validation of
correct PCR product insertion into Topo TA plasmid was con-
firmed through restriction enzyme digestion and Sanger
sequencing. Proper PCR amplicons were digested out of Topo
TA plasmid and ligated into a psiCHECKTM-2 dual luciferase
plasmid downstream of Renilla luciferase.
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Perfect target luciferase controls

Artificial 3′UTRPT controlswere created to control for pre-miR
silencing efficiency. PTs were created by complexing 8 mM of
sense and antisense oligonucleotides containing a site with
perfect complementarity to the mature miRNA with random
flanking sequence and restriction sites (Supplementary Mater-
ial). PCR cycles were performed three times at 948C for 3 min,
oligo Tm8C for 2 min and 728C for 15 min. Purified sequences
were cloned downstream of Renilla luciferase.

psiCHECKTM -2 dual luciferase assay

HEK293 cells were transfected on 24-well plates using Lipofec-
tamine 2000 (Invitrogen, CA, USA) per manufacturer’s instruc-
tions to facilitate co-transfection of 4 ng of psiCHECKTM-2
3′UTR plasmids and 0–30 nM of artificial precursor miRNAs
(pre-miRs): pre-miR of interest, irrelevant control pre-miR or
a NEG-control pre-miR. Artificial pre-miRs were purchased
from Life Technologies: pre-miR-NEG 2 (AM17111),
pre-miR-183-5p (PM12830) and pre-miR-146b (PM10105).
Transfection media was completely removed 24 h post-
transfection and cells were washed in ice-cold PBS. RLUs
were measured according to the manufacturer’s instructions
(Promega) using a moon light luminometer (Pharmingen).
Dual luciferase assays are reported by normalizing Renilla luci-
ferase values to firefly luciferase values and normalized relative
to controls. All experiments are performed in triplicate for each
dose with a total of three experiments (n ¼ 3) for statistical ana-
lysis. Data represent an average of the triplicates for each
condition.

Site-directed mutagenesis

Using the psiCHECK-2 dual luciferase plasmids with candi-
date TF 3′UTRs, single nucleotide mutations were made in
the predicted human-specific MREs using the Phusion Site-
Directed Mutagenesis Kit according to the manufacturer’s
instructions (Finnzymes) (Supplementary Material). All con-
structs were sequenced across both junctions to confirm the
correct 3′UTR target was inserted with the proper orientation
and sequence.

Overexpression in vitro studies

In vitro expression assays were completed in both human
ONS-76 medulloblastoma cell line and mouse C17-2 cerebellar
stem cell line. For all expression assay experiments, we used
RNAimax as per the manufacturer’s instructions for more effi-
cient transfection of small RNAs. Overexpression assays con-
sisted of cells transfected with 0–30 nM of artificial pre-miR
as described in psiCHECKTM-2 Dual Luciferase Assays.

Target site protectors transfections

Target site protectors (TSPs) were designed as a variant on the
ZENTM-AMO (Anti-miRNA Oligonucleotides) chemistry
design from Integrated DNA Technologies, Coralville, IA,
USA (Supplementary Material). Each TSP sequence contains
2-O-methyl RNA nucleotides and a ZEN non-nucleotide

modifier between the first two and last two nucleotides of each
sequence. TSP assays consisted of cells transfected with
30 nM of TSP. Experiments were performed using TSP
against the conserved miR-183 (TSP1-183), the human-specific
miR-183 site (TSP2-183) or a negative control TSP (TSP-NEG)
at a final concentration of 30 nM.

RNA isolation and RT-qPCR analysis

Total RNA was isolated from cells 24 h post-transfection using
Trizol reagent according to manufacturer’s protocol (Invitro-
gen). RT was performed on 1 mg of total RNA using the High
Capacity cDNAReverse Transcriptase kit according to theman-
ufacturer’s instructions (Invitrogen). The cDNA was diluted
1:15 in ddH20. Taqman relative quantification PCR was per-
formed on the diluted cDNA of total RNA following the manu-
facturer’s protocol (AppliedBiosystems, Foster City, CA,USA)
and results normalized to total RNA. Analysis was performed
using average adjusted relative quantification on the following
probes from Applied Biosystems: FOXO1 (Hs01054576_m1,
Mm00490672_m1), Human GAPDH (4326317E), Mouse
b-Actin (4352341E), miR-183-5p (002269), RNU48 (1006)
and Sno202 (1232).

Western blot assay

Protein was harvested using RIPA buffer (Pierce) and 1× prote-
ase inhibitor using standard techniques and quantified using DC

Protein Assay (Bio-Rad). Protein extracts were separated on
a 4–12% Bis-Tris Gel with MES (Invitrogen) and transferred
to Immobilon 0.45 mm PVDF (polyvinylidene difluoride)
transfer membranes (Millipore). Primary antibodies to FOXO1
(1:200; sc-11350; Santa Cruz Biotechnology, Inc.) and
b-Actin (1:2,500; A5441; Sigma) were used. Blots were devel-
oped using ECL Plus Western Blotting Detection System (GE
Healthcare) and quantified by VercaDoc 5000 MP (Bio-Rad
Laboratories, Inc.)

Invasion assay

Human ONS-76 and mouse C17-2 cell lines were cultured and
transfected according to techniques described. Prior to transfec-
tion, cells were serum starved in 0.5% serum culture media.
Following 24 h transfection, upper chambers of MitragelTM

Invasion Chambers (354480; BD Biosciences) with 8 mm
pores were seeded with 1.0 × 105 transfected cells in 0.5%
serum culture media and placed in 24-well dishes containing
10% serum culture media. Cells were allowed to migrate to
underside of membrane for 24 h, then gently washed in cold
PBS and fixed in 4% paraformaldehyde for 10 min. Non-
invading cells were removed by gently wiping upper chamber
with cotton-tipped swab. Invaded cells were incubated in
Hoechst (1:5000; 33342; Sigma), washed and imaged by a
Leica Leitz DMRfluorescent microscope at 20×magnification.
Cell counts were determined using the ImageJ software
(Rasband, W.S., ImageJ, U.S. National Institute of Health,
Bethesda, MD, USA, http://imagej.nih.gov/ij, 1997–2011).
All cell counts were normalized to negative control + FBS
(fetal bovine serum) condition. All experiments were performed
in triplicate.
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PI flow cytometric analysis
for DNA content

Human ONS-76 and mouse C17-2 cell lines were cultured and
transfected according to technique describe above.BrdU/PI cell-
cycle analysis (similar to Fineberg et al. (62). Thirty minutes
prior to cell harvest, BrdU (20 mM, Sigma) was added to cell
media for S-phase cell integration. At harvest, cells were disso-
ciated with 0.25% trypsin, pelleted, washed in ice-cold PBS and
resuspended in 0.4 ml of ice-cold PBS. While vortexing, 3.6 ml
of ice-cold 95%EtOHwas added to cells incubated at room tem-
perature (RT) for 45 min. Cells were then washed in PBS-TB
(PBS with 0.2% Tween and 0.1% bovine serum albumin) and
re-suspended in 0.3 ml of 2 N HCL and incubated for 30 min
in the dark at RT. To neutralize, 0.9 ml of 0.1M sodium tetrabo-
ratewas added to acidic cell solution. Pelleted cellswerewashed
and incubated with PBS-TB diluted anti-BrdU (1:50, BD Bios-
ciences #347580) overnight at 48C on the rocker. Cells were
washed 2× in PBS-TB and incubated with Alexa Fluor-488-
conjugated goat anti-mouse IgG (Invitrogen) for 30 min at RT
in the dark. Pelleted and washed cells were then re-suspension
in 500 ml fresh PI/RNaseA solution (PBS with PI at 20 mg/ml,
RNaseA at 200 mg/ml and 0.05% tween-20) and incubated in
the dark for 30 min at RT. Cell samples were stored up to 1
day at 48C before being collected on Becton Dickinson LSR II
with UV at the University of Iowa Flow Cytometry Facility
(http://www.healthcare.uiowa.edu/corefacilities/flowcytometry/).
Fifteen thousand single-nuclei events were acquired and ana-
lyzed using the FlowJo software to determine cell-cycle propor-
tions in quadrants.Upper left andupper right quadrants represent
all S-phase BrdU-positive cells. The lower left indicates G1
phase cells and lower right indicates G2/M phase cells. All
experiments were performed in triplicate.

Statistics

Statistical significance was determined using either Student’s
unpaired t-test, one-way analysis of variance (ANOVA) fol-
lowed by Dunnettt’s post hoc analysis or two-way ANOVA fol-
lowed by Bonferroni post hoc analysis (GraphPad Prism
software, San Diego CA, USA).
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