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Remyelinating Oligodendrocyte Precursor Cell miRNAs from
the Sfmbt2 Cluster Promote Cell Cycle Arrest and
Differentiation
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Oligodendrocyte (OL) loss contributes to the functional deficits underlying diseases with a demyelinating component. Remyelination by
oligodendrocyte progenitor cells (OPCs) can restore these deficits. To understand the role that microRNAs (miRNAs) play in remyelina-
tion, 2�,3�-cyclic-nucleotide 3�-phosphodiesterase-EGFP � mice were treated with cuprizone, and OPCs were sorted from the corpus
callosum. Microarray analysis revealed that Sfmbt2 family miRNAs decreased during cuprizone treatment. One particular Sfmbt2
miRNA, miR-297c-5p, increased during mouse OPC differentiation in vitro and during callosal development in vivo. When overexpressed
in both mouse embryonic fibroblasts and rat OPCs (rOPCs), cell cycle analysis revealed that miR-297c-5p promoted G1 /G0 arrest.
Additionally, miR-297c-5p transduction increased the number of O1 � rOPCs during differentiation. Luciferase reporter assays con-
firmed that miR-297c-5p targets cyclin T2 (CCNT2), the regulatory subunit of positive transcription elongation factor b, a complex that
inhibits OL maturation. Furthermore, CCNT2-specific knockdown promoted rOPC differentiation while not affecting cell cycle status.
Together, these data support a dual role for miR-297c-5p as both a negative regulator of OPC proliferation and a positive regulator of OL
maturation via its interaction with CCNT2.
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Introduction
Oligodendrocytes (OLs) are the only source of myelin in the
CNS, and their loss is partially responsible for the dysfunctional

outcomes observed in individuals with multiple sclerosis (Miller
et al., 2000), the leukodystrophies (Perlman and Mar, 2012), and
spinal cord injury (Emery et al., 1998). Remyelination is driven
by oligodendrocyte progenitor cells (OPCs), which remain mi-
totically competent within the mammalian CNS throughout
adulthood with the ability to respond to OL death and myelin loss
(Franklin and ffrench-Constant, 2008). However, following
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Significance Statement

This work describes the role of oligodendrocyte progenitor cell (OPC) microRNAs (miRNAs) during remyelination and develop-
ment in vivo and differentiation in vitro. This work highlights the importance of miRNAs to OPC biology and describes miR-297c-
5p, a novel regulator of OPC function. In addition, we identified CCNT2 as a functional target, thus providing a mechanism by
which miR-297c-5p imparts its effects on differentiation. These data are important, given our lack of understanding of OPC
miRNA regulatory networks and their potential clinical value. Therefore, efforts to understand the role of miR-297c-5p in patho-
logical conditions and its potential for facilitating repair may provide future therapeutic strategies to treat demyelination.
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extensive demyelination, remyelination fails (Waxman, 1989;
Franklin and ffrench-Constant, 2008). The transcriptional events
that regulate oligodendrocyte development are well understood
as key regulatory elements such as Olig, Nkx, and Sox transcrip-
tion factors have been identified (Wegner, 2008). However, post-
transcriptional regulation by microRNAs (miRNAs) plays an
equally important role in oligodendroglial maturation (Emery,
2010; Barca-Mayo and Lu, 2012; He et al., 2012). Elimination of
miRNA processing in oligodendroglia via Dicer KO results in
severe myelin deficits (Dugas et al., 2010). In addition, specific
miRNAs have been identified both in vivo and in vitro to regulate
OL differentiation (miR-138, miR-219, and miR-338; Dugas et
al., 2010; Zhao et al., 2010; Birch et al., 2014) and OPC prolifer-
ation (miR-92 family, miR-124, and miR-9; Lau et al., 2008;
Budde et al., 2010). However, the role of oligodendroglial
miRNAs during remyelination in a cell-specific manner has not
been described.

Here, we provide evidence supporting a role for OPC miRNAs
during remyelination using the cuprizone model of demyelina-
tion and remyelination. Cuprizone is a copper chelator that in-
duces CNS demyelination (most notably in the corpus callosum)
when fed to mice (Mason et al., 2001; Matsushima and Morell,
2001; Steelman et al., 2012). Remyelination of the affected areas
occurs upon removal of cuprizone from the diet (Mason et al.,
2001; Matsushima and Morell, 2001). We hypothesized that
changes in OPC miRNAs would accompany this response. There-
fore, 2�,3�-cyclic nucleotide 3�-phosphodiesterase (CNPase)-enhanced
green fluorescent protein-positive (EGFP�) OPCs were sorted
from the white matter of cuprizone-treated and control trans-
genic mice, which display CNPase-EGFP specifically in oligoden-
droglia (Yuan et al., 2002), and miRNA expression levels were
analyzed via microarray analysis. We identified multiple mem-
bers of the Sfmbt2 miRNA family whose levels decrease during
remyelination. One miRNA in particular, mmu-miR-297c-5p,
was confirmed with quantitative real-time PCR (qRT-PCR) to
increase concomitant with OPC differentiation in vitro and dur-
ing postnatal development within the corpus callosum.

CCNT2 is a regulatory subunit of the multifunctional positive
transcription elongation factor b (P-TEFb) complex (Peng et al.,
1998). Heterodimerization of CCNT1/2 and Cdk9 (cyclin-
dependent kinase 9), the catalytic subunit of P-TEFb, results in an
activated form of the complex (Graña et al., 1994) with a broad
range of biological activities, including cell cycle control, cytokine
signaling, development, and cancer (De Luca et al., 1997; Simone
et al., 2002; Bettencourt-Dias et al., 2004; Yang et al., 2008; Ko-
houtek, 2009). In OLs, P-TEFb has been implicated as a negative
regulator of differentiation in zebrafish (Kim et al., 2012). Over-
expression of miR-297c-5p antagonized cell cycle progression in
mouse embryonic fibroblasts (MEFs) and rat OPCs (rOPCs)
while promoting rOPC differentiation via repression of its target.
Interestingly, despite the previously described roles for P-TEFb in
cell cycle, CCNT2-specific knockdown influenced only oligo-
dendrocyte differentiation and not cell cycle. Collectively, our
results identify miR-297c-5p as a regulator of oligodendroglia
via repression of OPC cell cycle progression and introduce a
novel miR-297c-5p-CCNT2 mechanism that enhances OL
differentiation.

Materials and Methods
Animals. All animal procedures were performed in strict accordance with
the Public Health Service Policy on Humane Care and Use of Laboratory
Animals, Guide for the Care and Use of Laboratory Animals (Institute of
Laboratory Animal Resources, National Research Council, 1996), and

with the approval of the University of Louisville Institutional Animal
Care and Use Committee and Institutional Biosafety Committee.
CNPase-EGFP � mice were received from the laboratory of Dr. Vittorio
Gallo (Children’s National Medical Center, Washington, DC). These
mice have the EGFP gene inserted downstream of both CNPase promot-
ers C1 and C2 (Yuan et al., 2002), with expression enriched within oli-
godendroglia (Vogel et al., 1988). For genotyping, PCR of genomic DNA
was performed using forward (5�-GGTGGTGCCCATCCTGGTCGA
GC-3�) and reverse (5�-CCAGCATGCCTGCTATTGTCTTCCC-3�)
primers (Life Technologies), and DNA was visualized with ethidium
bromide. All CNPase-EGFP � pups were weaned at 3 weeks, and housed
with CNPase-EGFP � littermates and other age-/sex-matched CNPase-
EGFP � litters for at least 5 weeks (8 weeks of age) before being included
in the study.

Cuprizone treatment. Age- and weight-matched male and female
CNPase-EGFP � mice were fed ad libitum a diet of 0.2% (w/w) oxalic
bis-cyclohexylidenehydrazide (cuprizone; Sigma-Aldrich) mixed into
normal chow (Harlan Teklad) beginning at 8 weeks of age. Equal gender
distributions were maintained across all groups. Mice were distributed
into six treatment groups as follows: groups 1 and 2, no cuprizone at 8
and 20 weeks of age; groups 3 and 4, 3 and 6 weeks of eating the cuprizone
diet; and groups 5 and 6, 6 weeks of eating a cuprizone diet followed by 3
and 6 weeks of recovery while eating normal chow. During cuprizone
treatment, animal weights were monitored weekly throughout the course
of the experiment, and outliers were removed from the study. Any
miRNAs identified as being significantly different between the 8- and
20-week-old control groups were ruled out for further consideration as
they may play a role in aging. For all other comparisons, the 8-week-old
control group was used.

Tissue processing. Mice were killed with an overdose of 2.0% avertin
(2,2,2-tribromoethanol) in sterile saline solution administered intraperi-
toneally before transcardial perfusion with cold PBS until the liver was
clear and subsequent fixation with perfusion of cold 4% paraformalde-
hyde (PFA). Following fixation, brains were removed and postfixed for
24 h in 4% PFA. Cryoprotection was performed by immersion into a 30%
sucrose solution for at least 72 h at 4°C. Brains were blocked in tissue-
freezing medium (Triangle Biomedical Sciences) and frozen at �20°C
before coronal sectioning with a Leica cryostat at 30 �m. Tissue sections
were transferred to gelatin-coated slides and stored at �20°C.

OPC isolation and differentiation assays. To assess the expression of
miRNAs identified via array during in vitro differentiation, mouse OPCs
(mOPCs) were isolated from the cortices of both male and female post-
natal day 5 (P5) C57BL/6 mouse pups with magnetic activated cell sort-
ing (Dincman et al., 2012). Briefly, brains were removed, and cortices
were dissected away from whole brain and diced into 0.5 mm pieces by
hand using a razor blade in 1 ml of fresh HBSS. Tissue homogenates were
collected into a 15 ml conical tube and digested for 15 min at 37°C in
enzyme mix 1 of the Neural Dissociation Kit (Miltenyi Biotec). Following
mechanical dissociation with a wide-bore fire-polished Pasteur pipette,
samples were digested with enzyme mix 2 of the Neural Dissociation Kit
for 10 min at 37°C with gentle agitation. Next, tissue was further mechan-
ically dissociated with a medium and small-bore fire-polished Pasteur
pipette, successively, sieved through a 40 �m cell strainer (BD Falcon, BD
Biosciences), and then incubated at 37°C for an additional 10 min with
agitation before centrifugation. The single cell number was counted with
a hemocytometer, and the cell suspension was diluted 1:5 in cold HBSS
with calcium and magnesium (Life Technologies), and centrifuged for 10
min at 300 � g. Next, the entire cell suspension was incubated for 7 min
at 4°C with a mouse O4 hybridoma supernatant containing antibodies
that recognize the O4 sulfatide. Following incubation, cells were washed
and incubated with rat anti-mouse IgM magnetic beads (diluted 10% in
Miltenyi buffer, Miltenyi Biotec), which ultimately bind only to O4 �

cells within the suspension. Following two washes, the magnetically
bound cell are maintained in the column, while all O4 � cells are eluted
and discarded. O4 � cells were finally eluted and seeded at a density of
8000 –12,000 mOPCs/cm 2 into a pre-equilibrated 10 cm tissue culture
dish coated with poly-D-lysine and laminin (both from Sigma-Aldrich)
containing mOPC-A medium, which was prepared as follows: add 2.1
g/L NaHCO3 (Sigma-Aldrich) to DMEM-F12 lacking HEPES (Life Tech-
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nologies) and supplement with 1� N2, 2� B27, and 1% penicillin/strep-
tomycin (all from Life Technologies); bovine serum albumin (BSA;
0.01%, Sigma-Aldrich), 40 ng/ml fibroblast growth factor 2 (FGF2; Mil-
lipore), and 20 ng/ml PDGF�� (Sigma-Aldrich). Average OPC yield was
1.5–3 � 10 5 cells/brain with 85–95% viability. Following isolation, cells
were incubated at 37°C with 5% CO2.

To assess the role of miRNAs identified via microarray analysis in
differentiating primary mOPCs, 24 h postelution, and incubation in
mOPC-A medium, cells were maintained in mOPC-A medium to drive
proliferation or transferred to mOPC differentiation medium for 72 h.
mOPC differentiation medium was prepared as follows: add 2.1 g/L
NaHCO3 (Sigma-Aldrich) to DMEM-F12 lacking HEPES (Life Technol-
ogies) and supplement with 1� N2, 2� B27, 1% penicillin/streptomycin
(all from Life Technologies), BSA (0.01%), and T3 (40 ng/ml; both from
Sigma-Aldrich). Following experimental condition assignment and the
72 h differentiation or proliferation period, total RNA was collected from
each plate. Total RNA was also collected immediately following the 24 h
postelution time point from a subset of plates to serve as a calibration
control for qRT-PCR experiments. A single plate is considered n � 1, and
each condition (72 h mOPC-A medium, 72 h mOPC differentiation
medium, or the 24 h mOPC-A medium calibration sample) was repli-
cated to achieve n � 4 for qRT-PCR-based experiments and n � 3 for
immunocytochemistry (ICC) assessment of oligodendroglial differenti-
ation markers.

To assess the effect of miR-297c overexpression during differentiation,
O4 � rOPCs were immunopanned from the spinal cord of adult Fischer
344 rats that ubiquitously express human placental alkaline phosphatase,
as detailed previously (Cao et al., 2010). Briefly, the dissected spinal cords
were minced into 1 mm 3 pieces, and incubated in HBSS containing 0.1%
papain, 0.1% neutral protease, and 0.01% DNase for 30 min at 37°C. The
digestion was stopped by the addition of an equal volume of DMEM
containing 20% fetal bovine serum (FBS). Tissues were dissociated by
repeated trituration with fire-polished Pasteur pipettes and were filtered
through 70 �m nylon mesh. The cells were incubated on an anti-RAN-2
antibody-coated dish for 30 min to deplete type 1 astrocytes and menin-
geal cells, and then were transferred to an O4-coated dish for 45 min to
select OPCs. The purified OPCs on the dish were removed with trypsin
and cultured in poly-L-lysine/laminin-coated dishes with DMEM/F12
medium containing 1� N2 and 1� B27 supplements, FGF2 (20 ng/ml),
PDGF�� (10 ng/ml), insulin (5 �g/ml), and BSA (0.1%). Cells were fed
with fresh growth medium every other day. In all cases, an aliquot of cells
was analyzed the next day to determine the efficiency of the immunopan-
ning. Only those cell preparations in which �95% of the bound cells
expressed O4 were used in the experiments. For differentiation assays,
rOPC cultures were transduced with control (catalog #S02-005000-01,
Dharmacon) or miR-297c (catalog #VSM6213-213640643, Dharmacon)
lentivirus at a multiplicity of infection of 5 or with control (catalog
#SHC016V, Sigma-Aldrich) or CCNT2 shRNA (catalog #SHCLNV-
NM_028399, Sigma-Aldrich) overnight. rOPC culture medium was
changed to differentiation medium (rOPC culture medium without
growth factors, supplemented with T3) 24 h after transduction. Cultures
were differentiated for 3 d before staining.

Immunohistochemistry and immunocytochemistry. To distinguish
CNPase-EGFP �-expressing cells from neurons and other glia, sections
were stained with primary antibodies against the intermediate filaments
glial fibrillary acidic protein (GFAP) and neurofilament medium subunit
(NF-M; 145 kDa) to identify astrocytes and neurons, respectively, and
EGFP to identify oligodendroglial lineage cells. Staining protocols were
as follows: tissue sections were blocked with 5% BSA, 10% normal don-
key serum (NDS), and 0.1% Triton X-100 in Tris-buffered saline (TBS)
for 1 h at room temperature. Primary polyclonal antibodies NF-M (rab-
bit, 1:250; Millipore), GFAP (rabbit, 1:500; Dako), EGFP (chicken, 1:100;
Abcam), and NG2 (rabbit, 1:50; Millipore Bioscience Research Reagents)
were incubated for 24 h at 4°C with 5% BSA, 5% NDS, and 0.1% Triton
X-100 in TBS. Sections were next washed at room temperature (3�) with
TBS and incubated with fluorescein isothiocyanate (FITC; 1:200)-
conjugated or rhodamine [tetramethylrhodamine isothiocyanate (TRITC);
1:200]-conjugated F(ab�)2 secondary antibodies (donkey; Jackson Im-
munoResearch) for 1 h at room temperature. Species-specific IgG iso-

type controls were used to account for any nonspecific binding or other
cellular protein interactions. Hoechst staining was used to identify nu-
clei. Fluorescent imaging was performed on a Nikon Eclipse TE 300
inverted microscope with a spot CCD camera. Exposure times remained
identical across all images. Callosal regions of interest (ROIs) were se-
lected in serial cross sections at �2.0 mm from bregma by tracing the
corpus callosum from midline to the lateral extent of the corpus callo-
sum. Bilateral EGFP intensity within the selected ROI of CNPase-EGFP �

brains was used to estimate the relative decrease and return in CNPase-
EGFP expressing oligodendroglia during cuprizone demyelination and
remyelination, respectively. ROI selection and EGFP intensity quantifi-
cation was performed with Elements software (Nikon), and one-way
ANOVA with Tukey’s post-test was performed (n � 3/cuprizone treat-
ment condition). Callosal CNPase-EGFP and NG2 coexpression was
captured at 60� by confocal microscopy using an Olympus FV1000
Confocal Microscope and FluoView software. Orthogonal slices were
generated using the Nikon NIS-Elements software.

For mouse and rat OPC differentiation experiments, staining against
the surface markers A2B5, O4, and O1 was used to assess the oligoden-
droglial ontogenetic stage, and GFAP was used to identify astrocytes. The
staining protocol was as follows: cells were washed with the appropriate
culture medium and incubated with hybridoma supernatant (A2B5, O4,
or O1) diluted to 70% (v/v) in 20% culture medium, and 10% NDS for 45
min at 4°C. Following washes (3�) with culture medium, cells were fixed
with 4% PFA at room temperature for 10 min and washed (3�) with
Dulbecco’s PBS (DPBS) before overnight incubation with GFAP (rabbit,
1:500; Dako) at 4°C diluted in blocking solution containing 10% NDS,
0.5% BSA, and 0.1% Triton X-100 in DPBS. The following morning, cells
were washed (3�) with DPBS and incubated with FITC-conjugated (1:
200) or TRITC-conjugated (1:200) F(ab�)2 secondary antibodies (don-
key; Jackson ImmunoResearch) for 1 h at room temperature. Species-
specific IgG isotype controls were used to account for any nonspecific
binding or other cellular protein interactions. Hoechst staining was used
to identify nuclei. Photomicrographs were captured using a Nikon TiE
300 Inverted Microscope with a DXM-1200C coded digital camera and
NIS-Elements Software (Nikon). Images were randomized and counts
were performed by a laboratory member blinded to group. Percentages
of A2B5 �/Hoechst �, O4 �/Hoechst �, O1 �/Hoechst �, or GFAP �/
Hoechst � cells per total Hoechst � nuclei were used for quantification.
One-way ANOVA with Bonferroni post-test was performed for miR-
297c overexpression, and two-way ANOVA with Tukey’s post-test was
performed for CCNT2 knockdown. Data are presented as a mean per-
centage � SD (n � 3).

Callosal dissection and tissue dissociation. For microarray experiments,
the corpora callosa of 10 CNPase-EGFP � mice within the same experi-
mental group were pooled to yield a single sample and were collected in
replicates of n � 3. A sample from two wild-type (WT) mice that were
subject to the same dissection and digestion protocol served as a negative
control to EGFP expression in fluorescence-activated cells sorting
(FACS) experiments. Mice were anesthetized with 2.0% avertin in sterile
saline solution administered intraperitoneally before transcardial perfu-
sion with cold PBS. Following perfusion, brains were removed and the
corpus callosum from bregma to �2.5 mm from bregma was dissected
away from surrounding cortical and striatal tissue in cold HBSS lacking
calcium and magnesium (Life Technologies). Following dissection, cor-
pora callosa were diced by hand using a razor blade in 1 ml of fresh HBSS.
Tissue homogenates were collected into a 15 ml conical tube and digested
for 15 min at 37°C in enzyme mix 1 of the Neural Dissociation Kit
(Miltenyi Biotec). Following mechanical dissociation with a wide-bore
fire-polished Pasteur pipette, samples were digested with enzyme mix 2
of the Neural Dissociation Kit for 10 min at 37°C with gentle agitation.
Next, tissue was further mechanically dissociated with a medium-bore
and small-bore fire-polished Pasteur pipette, successively, sieved
through a 40 �m cell strainer (BD Falcon, BD Biosciences), and then
incubated at 37°C for an additional 10 min with agitation before centrif-
ugation. The single-cell number was counted with a hemocytometer. The
cell suspension was diluted 1:5 in cold HBSS with calcium and magne-
sium (Life Technologies) and centrifuged for 10 min at 300 � g. Cell
pellets were resuspended in 8.5 ml of buffer stock (Miltenyi Biotec) con-
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taining 0.5% BSA and 5 �g/ml insulin, which was added to 5.7 ml of 90%
Percoll (Sigma-Aldrich) in 10� HBSS and centrifuged at 15,000 � g for
15 min to remove myelin. Following centrifugation, myelin was aspirated
from the top, and the middle glial layer of cells was removed and centri-
fuged at 1200 � g for 10 min to remove the Percoll. Cells were washed
twice and resuspended in a final volume of 0.5 ml of buffer stock (Milte-
nyi Biotec) containing BSA and insulin in preparation for FACS. For
white matter development studies, C57BL/6 pups at 1, 2, and 3 weeks of
age were perfused, and corpora callosa were dissected, as stated above, in
replicates of n � 3/time point.

FACS. FACS was performed using a MoFlo system (DAKO). Cells
remained on ice throughout all sorting experiments. The triggering set-
ting was reconfigured for cell size and fluorescence for each experiment.
Live analysis of the pulse width versus forward scatter excluded doublets.
When sorting CNPase-EGFP � cells, event triggering was based on the
fluorescence of endogenous EGFP at an excitation of 488 nm and detec-
tion at 530/40 nm. To assess the presence of any myeloid lineage cells in
sorted populations, triggering was based on common leukocyte antigen
CD45-conjugated peridinin chlorophyll protein (perCP) fluorescence
(1:100; BD Biosciences) at an excitation of 488 nm and detection at 678
nm. To establish background expression and gating parameters, callosal
tissue from WT mice was used as a negative control for EGFP expression,
and perCP-conjugated IgG isotype control (1:100; BD Biosciences) was
used for CD45-perCP expression. Dissociated cell suspensions were in-
cubated with primary antibodies for 30 min on ice in buffer (Miltenyi
Biotec) with 0.5% BSA and 5 �g/ml insulin before washing 1� with cold
DPBS. Cells were resuspended in cold buffer (Miltenyi Biotec) lacking
serum for sorting.

Microarray analysis. Sorted cells were centrifuged at 300 � g for 10
min, and the supernatant was aspirated. Total RNA was extracted from
cell pellets immediately following sorting using the mirVana miRNA
Isolation Kit (Life Technologies) as per the manufacturer protocol.
Eluted total RNA was immediately frozen and stored at �80°C. Once all
microarray samples were collected (n � 3/group), samples were shipped
on dry ice to Exiqon where a single-color (Hy5), genome-wide miRNA
expression profile analysis was performed using miRCURY LNA miRNA
Arrays. Exiqon performed all miRNA quality control, extraction, enrich-
ment, and normalization, and the data were received as expression values
above background. Differentially expressed miRNAs were identified sta-
tistically by group ANOVAs performed across cuprizone treatment con-
ditions with Benjamini–Hochberg correction for a 10% false discovery
rate (FDR; Reiner et al., 2003). Three-dimensional principal component
analysis (PCA) and unsupervised hierarchical clustering across both
sample and miRNA expression values were performed using log2-
transformed fold change values of the 97 most differentially expressed
miRNAs versus controls (top 40%). All analyses were performed with the
software package R (public domain; http://www.r-project.org). To estab-
lish a functional role for Sfmbt2 miRNA downregulation at 6 weeks of
cuprizone treatment, the miRanda algorithm (www.microrna.org) was
used to generate a list of targets common to each of the miRNAs listed in
Table 1. Gene ontology (GO) analysis was performed using ingenuity

pathway analysis on target genes with a mirSVR score cutoff of �1.3
(lower values represent more reliability in target prediction). For identi-
fying targets of miR-297c-5p specifically, we used miRanda, miRDB
(www.mirdb.org), and Target Scan (www.targetscan.org) to identify
predicted target–seed sequence interactions common to each algorithm.
Conservation of the miR-297c-5p–CCNT2 interaction in humans was
assessed with miRanda.

miR-297c-CCNT2 targeting validation. To generate the Luciferase re-
porter containing the CCNT2 3�UTR, the full-length CCNT2 3�UTR was
amplified from mouse genomic DNA by nested PCR using the following
primers: 5�-CTCGCTGCTAAGTGCCCAAGG-3� (outer forward); 5�-
GCCAGTTCCAAGTGAATTCGAGG-3� (outer reverse); 5�-GTGTGT
CTCGAGTAATGAAAGCTTCCTTTGTTTAGGTCAACTT-3� (inner
forward); and 5�-GTGTGTCTCGAGTCTGTGGTTATTATTGTCAGG-3�
(inner reverse). The PCR product was digested by XhoI and ligated
downstream of the firefly luciferase coding sequence in pcDNA (pro-
vided by Yue Feng, Emory University, Atlanta, GA). Mutagenesis of the
sequence in the CCNT2 3�UTR complimentary to the miR-297c seed
region was performed using the Quick Change Lightning Mutagenesis
Kit (Agilent) and the following primers: 5�-GTATTTATGGTAATAT
CTAAACATACAAAAATCTTTCTACATTTTTCTCCACTTTCTTGTA
AACAGCTG-3� (forward); and 5�-CAGCTGTTTACAAGAAAGTGGA
GAAAAATGTAGAAAGATTTTTGTATGTTTAGATATTACCATAAA
TAC-3� (reverse). HEK 293FT cells were reverse transfected with 100 ng
of firefly luciferase (empty vector, CCNT2 3�UTR, or mutant CCNT2
3�UTR), 20 ng of renilla luciferase (provided by Yue Feng, Emory Uni-
versity), and 75 nM control (catalog #4464059, Life Technologies) or
mmu-miR-297c mimic (catalog #4464066, Assay MC12307, Life Tech-
nologies) using RNAiMax (Life Technologies). Luciferase readings were
measured 24 h after transfection using the Dual Luciferase Reporter As-
say (Promega), and levels in miR-297c-5p mimic transfected cells were
quantified as a percentage of the levels in control mimic transfected cells.
Data were analyzed by one-way ANOVA with Bonferroni post-test and
are presented as the mean percentage � SD (n � 3).

qRT-PCR. All qRT-PCR experiments were performed using an ABI
7900HT real-time PCR instrument (Life Technologies). For mOPC dif-
ferentiation and white matter development experiments, total RNA was
extracted with the mirVana miRNA Isolation Kit (Life Technologies) as
per the manufacturer protocol. RNA concentrations were estimated with
a NanoDrop 5000 machine with RNA elution buffer as a blank. For
phenotypic mRNA analysis, first-strand synthesis of cDNA was per-
formed using the RT 2 First Strand Kit, and RT 2 SYBR Green ROX Mas-
ter Mix (both from Qiagen) was used for qRT-PCR. Mouse-specific
mRNA primer assays are as follows: oligodendrocyte transcription factor
2 (Olig2; PPM04752B), platelet-derived growth factor receptor �
(PDGFR�; PPM03640D), proteolipid protein 1 (PLP1; PPM04717C),
and glyceraldehyde-3-phosphate dehydrogenase (Gapdh; PPM02946E;
all purchased as predesigned primer sets from Qiagen), while custom
Invitrogen primers were used to access gene expression levels for myelin
basic protein (MBP; forward primer 5�-GCCCATTGGTACACACT
AAC-3� and reverse primer 5�-CTCGATTCAGTGACAGGAAC-3�),

Table 1. Sfmbt2 family miRNAs identified in remyelinating OPCs

miRNA ID Mature sequence
Repeats in
cluster

Log2 FC value
(6 weeks vs control)

p value (Benjamini–
Hochberg correction)

mmu-miR-297a-5p AUGUAUGUGUGCAUGUGCAUGU 5 �1.50 4.54E-05
mmu-miR-297b-5p AUGUAUGUGUGCAUGA ACAUGU 1 �1.35 5.79E-02
mmu-miR-297c-5p AUGUAUGUGUGCAUGUACAUGU 1 �1.44 6.17E-03
mmu-miR-466b-5p UGAUGUGUGUGUA CAUGUACAU 7 �2.28 2.45E-05
mmu-miR-467a-5p UAcAGUGC CcUGCAUGUAUAUGCG 9 NA NA
mmu-miR-669a-5p AGUUGUGUGUGCAUGUUC AUGUCU 12 �1.04 5.64E-03
mmu-miR-297a-3p/miR-297b-3p/

miR-297c-3p
UAUACAUACA C ACAUACCC AUA 7 �2.54 1.66E-05

mmu-miR-466b-3p AUACAUACA CGCACACAUAAGA 7 �2.09 3.41E-05
mmu-miR-467a-3p C AUAUACAUACACACAC CUACA 9 �2.37 1.82E-05
mmu-miR-669a-3p ACAUAACAUACA CACACACGUAU 12 �2.45 2.45E-05

The mature sequences, log2 fold change (FC) values, and FDR p values are shown for the Sfmbt2 family miRNAs identified in remyelinating OPCs that are most highly represented on the genome. Sequence similarity across 3p and 5p miRNA
sequences is high, and common bases are underlined.
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GFAP (forward primer 5�-TCCTGGAACAGCAAAACAAG-3�, and
reverse primer 5�-CAGCCTCAGGTTGGTTTCAT-3�), microtubule-
associated protein 2 (Map 2; forward primer 5�-GAACTGACTCT
CTCTGGATCTG-3�, and reverse primer 5�-ACCTTCAGCCAAACT
GAGC-3�). Data were analyzed as a percentage of the control corpus
callosum by one-way ANOVA with Tukey’s post-test and are presented
as the mean � SD (n � 3). For mOPC differentiation and callosal devel-
opment experiments, miRNA reverse transcription (RT) was performed
with the TaqMan MicroRNA Reverse Transcription Kit (Life Technolo-
gies) in combination with 5� miRNA-specific RT primers, and qRT-
PCR analysis was performed by adding miRNA-RT product to TaqMan
Universal PCR Master Mix (Life Technologies). TaqMan 20� miRNA
primer assays were as follows: mmu-miR-338-5p, mmu-miR-297c-5p,
U6 small nucleolar RNA (U6 snRNA), and small nucleolar RNA 135
(snoRNA 135; all purchased from Life Technologies). For all qRT-
PCR experiments, target and reference gene amplification was per-
formed in separate tubes and run in triplicate. RNA levels were
quantified using the 		CT method. For normalization, Gapdh was
used for SYBR Green ROX-based experiments, and U6 snRNA or
snoRNA135 was used for TaqMan-based experiments. Data were an-
alyzed by one-way ANOVA with Tukey’s post-test and are presented
as the mean � SD (n � 4).

Cell cycle analyses. To assess the role of miR-297c-5p mimic transfec-
tion on cell cycle, P0 MEFs (SCRC-1040; ATCC) were expanded for at
least two passages in treated 10 cm tissue culture dishes lacking a sub-
strate coating. MEF expansion medium was prepared as follows: add 3.7
g/L NaHCO3 (Sigma) to DMEM with high glucose, and supplement
with 1% nonessential amino acids, 1% sodium pyruvate, 0.1 mM

�-mercaptoethanol, 1% penicillin/streptomycin (all from Life Technol-
ogies), and 10% FBS (Atlanta Biologicals) maintained at 37°C with 5%
CO2. MEFs were plated at 20,000 cells/cm 2 and allowed to incubate for
24 h before transfection. MEF transfection medium is identical to MEF
expansion medium but contains 5% FBS rather than 10% and excludes
penicillin/streptomycin. Mimic transfection was performed by first in-
cubating RNAiMAX (Life Technologies) with either miR-297c-5p
mimic, FAM-labeled negative control mimic or transfection reagent
alone (all from Life Technologies) for 30 min in serum-free Opti-MEM
(Life Technologies) at 37°C according to the manufacturer protocol.
Mimics were added at 10 pmol/ml to cultures already containing MEF
transfection medium and allowed to incubate overnight. An Opti-MEM-
alone condition was also included to identify effects of transfection re-
agent alone. The following morning, cells were washed (2�) with DPBS
to remove serum containing media and harvested by trypsinization for 3
min at 37°C, after which cells were collected and diluted with MEF media
containing 10% FBS and centrifuged at 300 � g for 5 min. Following
centrifugation, cell pellets were washed (2�) with DPBS to remove me-
dia and trypsin. Finally, the supernatant was aspirated, and ice-cold 70%
ethanol (EtOH) was added to the cell pellets with gentle trituration and
allowed to fix for at least 48 h at �20°C. Following fixation, cells were
centrifuged at 300 � g for 5 min and washed (2�) with DPBS. Cells were
then stained overnight with the DNA intercalator propidium iodide (PI)
in PBS containing 600 �g/ml RNase A to assess DNA content. The fol-
lowing day, cells were analyzed with a FACSCaliber Flow Cytometer
(Immunocytometry Systems, BD Biosciences). Data were exported as
FCS files and further analyzed using Flowjo software (www.treestar.
com).

To assess the effect of miR-297c-5p overexpression or CCNT2 knock-
down on the oligodendroglial cell cycle, rOPC cultures were transduced
with lenti-miR-297c-5p, lenti-CCNT2-shRNA, or control, as stated
above. Transduced rOPCs were collected by trypsinization 3 d after
transduction, fixed with cold 70% EtOH overnight at �20°C, and
stained with 300 �g/ml PI in PBS containing 3.8 mM trisodium citrate,
600 �g/ml RNase A, and 0.1% Triton X-100 for 1 h at 37°C. Cells were
analyzed using a BD-LSRII (BD Biosciences) and FlowJo. For all cell
cycle experiments, G1/G0 and G2/M histogram peaks were fit to the
Watson pragmatic model (Watson et al., 1987), and the G1/G0,
S-phase and G2/M frequencies were quantified. Two-way ANOVA
was performed with Bonferroni post-test, and data are presented as

the mean � SD (MEF cell cycle experiments, n � 5; rOPC cell cycle
experiments, n � 3).

Results
CNPase-EGFP � cells sorted from the corpus callosum
following cuprizone demyelination and remyelination have
an OPC phenotype
Immunohistochemistry (IHC) staining of CNPase-EGFP�

brains confirmed that EGFP was specific to oligodendroglia and
not to other CNS cell types (Fig. 1A–C). Confocal microscopy of
CNPase-EGFP and NG2 coexpression demonstrates the presence
of CNPase-EGFP�/NG2� OPCs within the adult mouse corpus
callosum (Fig. 1D). EGFP intensity was used to confirm that
cuprizone-induced demyelination and remyelination within the
corpus callosum was accompanied by a reduction and return of
callosal CNPase-EGFP expression, respectively. EGFP intensity
within the callosal ROI was significantly decreased at 6 weeks of
cuprizone treatment compared with control (p 
 0.05) and was
not significantly different from control at 6 weeks of recovery
(Fig. 1E–H).

FACS analysis showed a bright cell population of CNPase-
EGFP� OPCs (gate R3; Fig. 2B) that was consistently present
above background established with WT corpus callosum (gate
R1; Fig. 2A). For all samples, EGFP� cells accounted for 52.34 �
7.45% of total events (gate R3/R1; Fig. 2B). To confirm the phe-
notype of CNPase-EGFP� cells, gene expression levels of sorted
populations from mice treated for 6 weeks of cuprizone and con-
trols were assessed with qRT-PCR for the following genes: OPCs
(Olig2 and PDFGR�), OLs (Olig2, PLP, and MBP), astrocytes
(GFAP), and neurons (Map2; Fig. 2E). When compared with
RNA isolated from an equal postdissection volume of whole cal-
losal tissue (which contains RNA from all CNS cell types), expres-
sion profiles were highly consistent with an OPC phenotype (Fig.
2E). Sorted cells displayed robust expression levels of Olig2 and
PDGFR�, highly expressed genes in OPCs (Fig. 2E). PLP and
MBP (two genes specifically expressed in myelinating OLs) were
not highly expressed in sorted control cells, suggesting an absence
of mature OLs from sorted populations (Fig. 2E). This is not
surprising as mature OLs are more susceptible to death than
OPCs during the isolation protocol. Interestingly, PLP expres-
sion was significantly higher in OPCs treated for 6 weeks with
cuprizone versus controls (Fig. 2E). PLP mRNA expression has
been previously described in premyelinating NG2� OPCs during
development (Mallon et al., 2002; Ye et al., 2003), thus suggesting
that during cuprizone remyelination, CNPase-EGFP� OPCs
represent a more mature population of OPCs compared with the
naive corpus callosum. Genes representative of astrocytes (GFAP)
and neurons (Map2) displayed low expression levels compared
with whole corpus callosum, suggesting that there is little con-
tamination from these cell types in the sorted population.
CNPase has previously been suggested to be expressed in acti-
vated microglia (Wu et al., 2006; Yang et al., 2014). To confirm
that sorted CNPase-EGFP� populations did not contain cells of a
myeloid lineage, anti-CD45-perCP was used to identify the pro-
portion of CD45�/CNPase-EGFP� cells. No CD45� cells were
present when sorting with the IgG-perCP isotype control (gate
R4; Fig. 2D). Although CD45-perCP� cells were present, only a
negligible proportion was CD45�/CNPase-EGFP� representing

0.2% of all CNPase-EGFP� events (gate R4; Fig. 2C). These
data suggest that sorted callosal CNPase-EGFP� cells represent a
highly enriched population of OPCs in both cuprizone-treated
and control brains.
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Sfmbt2 cluster miRNAs share similar expression profiles
during cuprizone-induced demyelination and remyelination
Of 1215 mouse miRNAs assayed in the microarray, 325 were
identified as being present in each sample and three-dimensional
PCA showed good clustering of samples within each group (data
not shown). Group ANOVA revealed that 252 miRNAs changed

significantly across control and cuprizone treatment conditions.
No differences were identified between the 8 and 20 week no-
cuprizone groups. Therefore, the 8 week control group was used
for all fold change comparisons, and no miRNAs were excluded
on the basis of age-dependent expression. We compared log2 fold
change values for each experimental condition versus control (no

Figure 1. Oligodendroglia-specific CNPase-EGFP reporter expression decreases during cuprizone-induced demyelination and returns during remyelination. A–C, CNPase-EGFP is expressed in
oligodendroglial lineage cells throughout the cortex (Ctx), striatum (Str), and corpus callosum (CC) with no coexpression with GFAP � astrocytes or �-tubulin-positive (�-Tub �) neurons. D,
Confocal microscopy within the adult mouse CC demonstrates the coexpression of CNPase-EGFP in NG2 � OPCs (highlighted by the white arrows). The crosshairs correspond to the orthogonal slice
for one example of a CNPase-EGFP �/NG2 � OPC. E–H, Following 6 weeks of cuprizone treatment, CNPase-EGFP expression is diminished within the CC compared with no cuprizone control
(demyelination) but recovers 6 weeks after removal of cuprizone (remyelination). Data in H are reported as the mean � SD (n � 3/group). *p 
 0.05. Scale bars: A, 1500 �m; B, C, 100 �m; E–G,
1000 �m.
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cuprizone) of the 97 most significant
miRNAs (top 40% organized by p value)
identified via array (group ANOVA with a
Benjamini–Hochberg FDR correction).
Dendrogram analysis demonstrated that
samples within a particular cuprizone
treatment condition were highly consis-
tent (Fig. 3A). Hierarchical clustering
analysis revealed a cluster of 51 miRNAs
all sharing similar expression patterns
(fold change vs control) with the lowest
values occurring at 6 weeks of cuprizone
treatment (Fig. 3A,B). Thirty-eight miR-
NAs within this cluster (73%) are mem-
bers of the Sfmbt2 miRNA family (Fig. 3B,
identified with *), a rodent-specific clus-
ter of 65 miRNAs located inside a 54 kb
region within intron 10 of the polycomb
group gene Sfmbt2 (Wang et al., 2011).
Several Sfmbt2 miRNAs are represented
multiple times within the cluster, many of
which display high target sequence simi-
larity with other Sfmbt2 cluster members
(some with near perfect alignment; Table
1). Specifically, miRs-297a, �297b,
�297c, �466b, �467a, and �669a are the
most represented members of the cluster
(Table 1). Expression patterns of all
Sfmbt2 miRNAs are similar across cupri-
zone treatment conditions (Fig. 3B). Post
hoc tests revealed that at 3 weeks of cupri-
zone treatment, no Sfmbt2 miRNAs were
significantly different from control while
a significant downregulation was identi-
fied at 6 weeks of cuprizone treatment
(Fig. 3B). At 3 and 6 weeks of recovery,
expression values approached control lev-
els, with no Sfmbt2 miRNAs being signif-
icantly different from control at 6 weeks of
recovery (Fig. 3B). Target prediction (mi-
Randa) of Sfmbt2 miRNAs listed in Table
1 generated a final list of 463 genes for
which disease and biofunction analysis re-
vealed enrichment for nervous system de-
velopment, cellular movement, cellular
growth and proliferation, cell cycle, pro-
liferation, and migration of neuroglia/
brain cells (Table 2). Pathway analysis
revealed enrichment for axonal guidance,
neuregulin, PDGF, FGF, glioma, and EGF
signaling pathways (Table 2). These data
suggest that Sfmbt2 miRNAs display a
collective decrease in expression at 6
weeks of cuprizone treatment and are pre-
dicted to repress genes involved in OPC
proliferation pathways.

miR-297c expression accompanies both mOPC
differentiation in vitro and white matter development in vivo
We assessed the miRNA expression of several Sfmbt2 miRNAs to
identify which could potentially regulate oligodendroglial func-
tion in isolated O4� mOPCs with qRT-PCR following 72 h of
proliferation (Fig. 4A) or differentiation (Fig. 4B). IHC analysis

confirmed appropriate differentiation conditions. At 72 h in pro-
liferation condition, 93.94 � 6.84% of total Hoechst� nuclei
were also A2B5�, and 83.24 � 9.35% were O4� (Fig. 4A,C).
Following 72 h of differentiation in media lacking mitogenic
growth factors and containing T3, process elongation and ar-
borization were accompanied by a reduced percentage of A2B5�

cells to 14.87 � 7.77% and O4� cells 46.23 � 7.77% relative to

Figure 2. Sorted callosal CNPase-EGFP � cells express mRNA transcripts consistent with an OPC phenotype with little contam-
ination from other CNS cell types. A, Histograms of EGFP � cell counts from WT and CNPase-EGFP � mice. B–D, FACS plots of
CNPase-EGFP �, CNPase-EGFP �/IgG-perCP �, and CNPase-EGFP �/CD45-perCP � sorts. E, qRT-PCR data of phenotypic gene
markers vs whole CC. Data in E are reported as the mean � SD (n � 3/group). *p 
 0.05.
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total Hoechst� nuclei (Fig. 4B,C). Moreover, O1� cells, which
were not present in proliferation conditions, were identified fol-
lowing 72 h differentiation constituting 41.88 � 18.64% of total
Hoechst� nuclei (Fig. 4B,C). GFAP� immunoreactivity follow-
ing 72 h of proliferation was 1.54 � 0.05% of total Hoechst�

nuclei (Fig. 4A,C) and increased to 27.50 � 8.83% of total
Hoechst� nuclei following 72 h of differentiation (Fig. 4B,C). Of
miRNAs screened with qRT-PCR, one was found to be consis-
tently upregulated during primary OPC differentiation versus
proliferation: mmu-miR-297c-5p. Greater expression of miR-
297c-5p consistently accompanied differentiation with 3.18 �
0.71-fold higher values than for proliferating OPCs (p 
 0.05;
Fig. 4D). As a positive control for differentiation, mmu-miR-
338-5p was also included as it is an oligodendrocyte-specific
miRNA that is well known to increase concomitant with OPC
differentiation in vitro (Dugas et al., 2010; Zhao et al., 2010).
Following differentiation, miR-338-5p values were 1.74 � 0.03-
fold greater than proliferating mOPCs (p 
 0.05; Fig. 4D).

To determine whether miR-297c-5p levels are regulated dur-
ing myelin development, we isolated RNA from dissected corpus
callosum at 1, 2, and 3 weeks of postnatal development, coincid-
ing with early to vigorous myelin development. We detected a
significant increase in miR-297c-5p levels at 2 weeks compared
with 1 week by qRT-PCR (Fig. 5A). miR-297c-5p levels returned
to baseline at 3 weeks (Fig. 5A). Levels of miR-338-5p, a known
regulator of oligodendrocyte development in vivo (Lau et al.,
2008; Zhao et al., 2010), were significantly increased at 2 and 3
weeks of postnatal development (Fig. 5B). These data suggest that
miR-297c-5p may also play a role in the development of the
oligodendroglial lineage in vivo.

miR-297c regulates cell cycle and differentiation
To identify miR-297c-5p as a regulator of cell cycle, we ectopi-
cally expressed miR-297c-5p via mimic transfection into prolif-
erating MEFs. Following transfection, MEF cell cycle G1/G0

frequencies were significantly higher than in control transfected

Figure 3. miRNA microarray expression patterns in callosally derived CNPase-EGFP � cells after a cuprizone diet for 3 and 6 weeks or recovery for 3 and 6 weeks. A, Heat map displaying log2 fold
change (FC) vs control (no cuprizone) for the top 40% (97) most significant miRNAs (FDR 10%) identified via array. B, Hierarchical clustering of differentially expressed miRNAs identified a cluster
of miRNAs sharing similar expression patterns, with the lowest values occurring at 6 weeks of cuprizone treatment. Heat map represents the mean FC vs control for each group. Thirty-eight of the
clustered miRNAs (73%) are members of the Sfmbt2-miRNA family (highlighted with an *). Red and blue values indicate positive and negative fold change values, respectively.

Table 2. Functional enrichment of Sfmbt2 miRNA target genes

Diseases and biofunctions No. of genes (of 463) p value (IPA) Signaling pathways No. of genes (of 463) p value (IPA)

Nervous system development 78 4.15E-03-1.41E-06 Axonal guidance 22 1.15E-04
Cellular movement 77 4.15E-03-1.81E-04 Neuregulin 7 2.40E-03
Cellular growth and proliferation 65 4.10E-03-1.14E-04 PDGF 5 2.22E-02
Cell cycle 59 4.15E-03-5.83E-05 FGF 5 3.23E-02
Proliferation 50 4.05E-03-2.96E-04 Glioma 5 4.83E-02
Migration of neuroglia and brain cells 11 3.35E-03-1.81E-04 EGF 4 2.91E-02

Functional enrichment was performed using ingenuity pathway analysis (IPA) of the common target genes of Sfmbt2 miRNAs identified in Table 1. Target prediction was performed with miRanda and only targets with a mirSVR score less
than �1.3 were considered, resulting in a final list of 463 common targets. Lower mirSVR scores correspond to a stronger predicted miRNA-target interaction. Enriched disease and biofunctions were consistent with cellular activities
commonly associated with remyelinating OPCs, such as migration and proliferation. Signaling pathways known to be involved in proliferating and migrating OPCs were also enriched.
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MEFs (Fig. 6A). To determine the func-
tion of miR-297c-5p in oligodendrocytes,
rOPC cultures were transduced with a
lentivirus-expressing miR-297c. Cell cycle
analysis of the transduced rOPC cultures
revealed a significant increase in the
G1/G0 frequency of cultures transduced
with the miR-297c-5p lentivirus (Fig. 6B).
Together, the MEF and rOPC cell cycle
analyses suggest disruption of the G1/G0

to S-phase transition.
To assess the role of miR-297c-5p in

oligodendrocyte differentiation, we tested
whether OPC differentiation was affected
by overexpression of miR-297c-5p. rOPC
cultures were differentiated for 3 d after
transduction with miR-297c-5p lentivirus and stained for mark-
ers of OL differentiation as well as GFAP to identify astrocytes.
No appreciable GFAP staining was observed in cultures trans-
duced with control or miR-297c-5p lentivirus (data not
shown). A significant increase in O1 � cells was detected in
cultures transduced with miR-297c-5p lentivirus (Fig. 6C–E),
suggesting that miR-297c-5p promotes oligodendrocyte
differentiation.

miR-297c functionally targets the cyclin T2 (CCNT2) 3�UTR
To identify the mechanism by which miR-297c-5p regulates
OPCs, we tested whether it binds within the 3�UTR of its pre-

dicted target gene, CCNT2 (Fig. 7A). HEK 293FT cells were
cotransfected with renilla luciferase, control or mmu-miR-297c
mimic, and either an empty vector, CCNT2 3�UTR-containing,
or mutant CCNT2 3�UTR-containing firefly luciferase reporter.
After 24 h, luciferase activity was measured in lysates, and firefly
luciferase levels were normalized to renilla luciferase levels. Lu-
ciferase activity from reporters not containing the CCNT2
3�UTR were unaffected by the presence of the mmu-miR-297c
mimic. Activity of the CCNT2 3�UTR-containing reporter in the
presence of mmu-miR-297c mimic was 29 � 15% of the activity
seen when control mimic was present (Fig. 7B). To determine
whether this effect was due to targeting of the identified site from

Figure 4. Increased miR-297c-5p levels during OPC differentiation. A, ICC of proliferating mOPCs treated with FGF2 and PDGFR� (O4/GFAP/Hoechst). B, ICC of differentiating mOPCs lacking
mitogens plus T3 (O1/GFAP/Hoechst). C, Quantification of ICC data (counts/Hoechst � cells). D, qRT-PCR of miR-338-5p and miR-297c-5p in proliferating and differentiating mOPCs normalized to
SnoRNA135. Data in C and D are reported as the mean � SD (C, n � 3; D, n � 4). *p 
 0.05. Scale bars: A, B, 100 �m.

Figure 5. Increased miR-297c-5p levels during oligodendroglial development. A, B, Total RNA was isolated from corpus callo-
sum of wild-type mice at 1, 2, and 3 weeks of age, and levels of mir-297c-5p and miR-338-5p were measured by qRT-PCR and
normalized to U6 snRNA (n � 4). Data are reported as the mean � SD. *p 
 0.05, **p 
 0.01, ***p 
 0.001.
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Figure 7A, site-directed mutagenesis was performed to alter three
nucleotides within the sequence complimentary to the miR-
297c-5p seed region (Fig. 7A). Activity of the CCNT2 3�UTR
mutant-containing reporter in the presence of mmu-miR-297c
mimic was 54 � 13% of the activity seen when control mimic was
present (Fig. 7B), but this was not significant from either the
full-length 3�UTR or empty vector groups. These data suggest
that miR-297c-5p targets the CCNT2 3�UTR, primarily through
the identified target sequence.

To confirm that the effect of miR-297c-5p overexpression on
rOPC differentiation was mediated by its interaction with
CCNT2, rOPCs were transduced with two different shRNAs tar-
geting CCNT2 or control shRNA for 24 h before differentiation
(Fig. 7C–F). After 72 h of differentiation, a significant increase in
O1� staining was observed in cultures transduced either with
CCNT2 shRNA (CCNT2 shRNA1 and CCNT2 shRNA2; Fig.
7D–F) or with control (Fig. 7C,F). However, transduction of

either CCNT2 shRNA1 or CCNT2
shRNA2 had no effect on cell cycle (data
not shown). These data suggest that, while
miR-297c-5p disrupts cell cycle progres-
sion and promotes differentiation of
rOPCs, the mechanisms (and gene tar-
gets) by which it does so are distinct.

Discussion
CNPase-EGFP� cells were phenotypic of
OPCs (Fig. 1) and when sorted from the
corpora callosa of cuprizone-treated mice
(Fig. 2), displayed dynamic miRNA ex-
pression patterns accompanying demyeli-
nation and remyelination compared with
control (Fig. 3). Microarray analysis iden-
tified a cluster of miRNAs that decrease at
6 weeks of cuprizone treatment and pro-
gressively return to control levels at 3 and
6 weeks of recovery (Fig. 3). The process
of cuprizone remyelination is complex,
involving an initial OPC propagation
phase and a subsequent maturation phase
(Kipp et al., 2009). Although there is some
overlap between these two events, previ-
ous studies have shown that during the 6
weeks on– 6 weeks off cuprizone treat-
ment paradigm, the peak of OPC prolifer-
ation begins by 5– 6 weeks despite
ongoing cuprizone treatment (Mason et
al., 2001; Gudi et al., 2014). Following the
cessation of cuprizone treatment, the peak
of oligodendrocyte maturation occurs at
2–3 weeks post-cuprizone treatment with
remyelination resolving by 6 weeks of recov-
ery (Morell et al., 1998; Jurevics et al., 2001).
The decreased expression of Sfmbt2 miR-
NAs at 6 weeks of cuprizone treatment and
their returning expression (relative to
control) at 3 and 6 weeks off cuprizone
treatment suggest involvement in the prolif-
eration and maturation phases of remyeli-
nation, respectively.

Although OPCs retain mitotic compe-
tence well past developmental gliogenesis
(ffrench-Constant and Raff, 1986; Wols-

wijk and Noble, 1989), robust OPC proliferation occurs only in
the presence of demyelination-induced cues (Keirstead et al.,
1998; Redwine and Armstrong, 1998). In the context of the cu-
prizone model, the callosal environment at 6 weeks of cuprizone
treatment contains high levels of the growth factor FGF2, a potent
OPC mitogen (Mason et al., 2000; Hibbits et al., 2012). Consid-
ering the canonical role for miRNAs in translational repression of
targeted transcripts, the decreased expression of Sfmbt2 miRNAs
at 6 weeks of cuprizone treatment (a time point when callosal
growth factors are highest) suggests that these miRNAs normally
prevent proliferation by repressing the expression of genes in-
volved in mitogenic signaling pathways. However, during
demyelination-induced OPC proliferation, Sfmbt2 miRNA levels
decrease, thereby de-repressing translation of their targets and
thus promoting proliferation. Past studies have shown that clus-
tered miRNAs often share similar expression patterns (Basker-
ville and Bartel, 2005; Chan et al., 2012), and we hypothesized

Figure 6. miR-297c-5p blocks cell cycle progression in MEFs and rOPCs, and promotes oligodendrocyte differentiation. A, MEFs
transfected with miR-297c-5p mimics displayed greater G1/G0 frequencies compared with scrambled miRNA control mimics (n �
5). B, rOPCs transduced with a lentivirus-expressing miR-297c-5p display greater G1/G0 frequencies compared with scrambled
miRNA control (n � 3). C–E, Cell counts of differentiating rOPCs transduced with miR-297c-5p lentivirus demonstrated a greater
proportion of O1 �/Hoechst � cells compared with control (n � 3). Data are reported as the mean � SD. *p 
 0.05. Scale bars:
C, D, 100 �m.
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that Sfmbt2 miRNAs also adhere to this
principle. Together, the coexpression
patterns of Sfmbt2 miRNAs and high se-
quence similarity to other family mem-
bers (Table 1) suggest that they may act
in concert to repress genes that regulate
similar biological functions and signal-
ing pathways. Functional enrichment of
genes predicted as common targets of
miRNAs listed in Table 1 (Table 2) dem-
onstrate that the predicted target gene
signature of highly represented Sfmbt2
miRNAs is not only consistent with cel-
lular proliferation in general (i.e., cell
cycle, cellular growth, and prolifera-
tion), but more specifically with OPC
proliferation (i.e., PDGF, FGF, neu-
regulin, and glioma pathways).

To more directly assess the role of
Sfmbt2 miRNAs in OPCs, we compared
expression levels of selected Sfmbt2
miRNAs in proliferating versus differenti-
ating primary mOPCs in vitro and found
miR-297c-5p to be consistently upregu-
lated during differentiation (Fig. 4).
Moreover, when ectopically expressed in
both MEFs and rOPCs, miR-297c-5p-
induced cell cycle arrest (Fig. 6A,B). In
MEFs, miR-297c-5p is not normally ex-
pressed and thus provided a platform to
assess its functional role with no interfer-
ence from endogenous expression (Hou-
baviy et al., 2003), while rOPCs provided
functional assessment in the context of
oligodendroglia. While cell cycle arrest
alone is not sufficient to induce OL differ-
entiation, it is a necessary prerequisite for
the transition to a mature phenotype
(Casaccia-Bonnefil et al., 1997; Durand et
al., 1998; Tang et al., 1999; Casaccia-
Bonnefil and Liu, 2003). Thus, we also
tested the possibility that miR-297c-5p
regulates OL development in vivo and dif-
ferentiation in vitro. To that end, we as-
sessed the expression levels of callosal
miR-297c-5p and �338 –5p (a known
regulator of oligodendrocyte develop-
ment and differentiation; Zhao et al.,
2010) throughout early mouse develop-
ment. Both increased in expression from 1
to 2 weeks (Fig. 5), but only miR-338-5p
levels continued to increase as miR-297c-5p levels were no differ-
ent from control by 3 weeks (Fig. 5B). The difference at 3 weeks
suggests that miR-297c-5p may only regulate the transition from
OPC to early OL and its levels decrease as myelination completes
by 3 weeks. However, miR-338-5p levels continue to increase as
callosal OLs begin to outnumber OPCs, which is not surprising
considering its robust expression in differentiating OLs (Dugas et
al., 2010; Zhao et al., 2010; Birch et al., 2014). To confirm a role
for miR-297c-5p during the OPC-to-OL transition in a cell-
specific manner, we overexpressed miR-297c-5p in differentiat-
ing rOPCs and found that it increased the proportion of cells
expressing O1, a marker of OLs (Fig. 6C–E). These data suggest

that miR-297c-5p has a dual role in repressing OPC proliferation
and promoting OL maturation.

To understand the mechanism by which miR-297c-5p im-
pacts in vitro proliferation and differentiation as well as in vivo
development, target prediction was performed using three sepa-
rate algorithms (microRNA.org, miRDB.org, and targetscan.org)
that each predicted an interaction between miR-297c-5p and
CCNT2, the regulatory subunit of the P-TEFb complex (Peng et
al., 1998). Moreover, this interaction is also conserved in hu-
mans. Interestingly, several other Sfmbt2 miRNAs are also pre-
dicted to target loci within the mouse CCNT2 3�UTR, a likely
consequence of the high seed sequence homology among Sfmbt2

Figure 7. miR-297c-5p targets the CCNT2 3�UTR to promote oligodendrocyte differentiation. A, Top, Alignment showing base
pairing of the miR-297c-5p seed region and CNT2 3�UTR. Bottom, Alignment displaying the mutation introduced into the CCNT2
3�UTR sequence complimentary to the miR-297c-5p seed region. B, HEK-293FT cells were cotransfected with a renilla luciferase
internal control vector and a firefly luciferase vector containing no 3�UTR, full-length CCNT2 3�UTR, or full-length CCNT2 3�UTR
with mutated miR-297c-5p seed region and either control or miR-297c-5p mimic. Firefly luciferase levels normalized to renilla
luciferase levels in miR-297c-5p mimic transfected cells were quantified as a percentage of levels in control mimic transfected cells
(n � 3). Data are reported as the mean � SD. *p 
 0.05. C–F, Cell counts of differentiating rOPCs transduced with lentivirus-
expressing shRNA targeting CCNT2 demonstrated a greater proportion of O1 �/Hoechst � cells compared with control (n � 3).
Data are reported as the mean � SD. *p 
 0.05. Scale bars: C–E, 50 �m.
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miRNA family members (Table 1). The binding of miR-297c-5p
to the target site within the CCNT2 3�UTR was confirmed with a
luciferase reporter assay (Fig. 7A,B). Unexpectedly, there was
also moderate knockdown observed for the mutated target site
(Fig. 7B). This suggests that additional CCNT2 target sites may
exist and/or that miR-297c-5p targeting may be partially deter-
mined by non-seed sequence binding rather than seed sequence
complementarity alone. Although the seed sequence is the most
evolutionarily conserved miRNA region (Lewis et al., 2003) and
is commonly regarded as the most important to mRNA targeting
(Bartel, 2004), the contribution of non-seed sequence binding
has recently received more consideration (Bartel, 2004). Se-
quence pairing outside of the seed region can both supplement
seed–target site recognition and compensate for seed mismatches
in cases where matches are present between miRNA nucleotides
13 and 16, and the complimentary 3�UTR region (Grimson et al.,
2007; Bartel, 2009). Both the full-length and mutated 3�UTR
sequences we describe here have two matches within the 13–16 nt
miRNA region (Fig. 7A).

To confirm that CCNT2 is a functional target of miR-297c-5p,
we transduced rOPCs with two different CCNT2-specific
shRNAs to assess the effects on cell cycle and differentiation.
While cell cycle was not altered, transduction of CCNT2 shRNA1
and shRNA2 both enhanced differentiation compared with con-
trol (Fig. 7C–F). Together, these data suggest that miR-297c-5p
regulates both oligodendrocyte cell cycle exit and the initiation of
differentiation. However, these effects occur via distinct mecha-
nisms as only differentiation was affected in a CCNT2-dependent
manner. This supports previous work demonstrating that phar-
macological inhibition of P-TEFb rescued impaired OL differen-
tiation and MBP expression in developing myelin-deficient
zebrafish (Kim et al., 2012). Moreover, the CCNT2-independent
effect of miR-297c-5p overexpression on cell cycle arrest is not
unexpected as target prediction analysis reveals a number of
genes with known roles in proliferation, including the cell cycle
regulators cell cycle progression 1 (CCPG1), cell division cycle 23
(CDC23), and the Wnt signaling pathway-associated frizzled 1
(FZD1), each of which were predicted to be targeted by miR-
297c-5p by at least two algorithms. These data are in support of
distinct mechanisms for miR-297c-5p in differentiation and
proliferation, and suggest that miR-297c-5p may provide a
transitional link between the two states (i.e., proliferation to
differentiation).

Together, the decreased OPC expression values (array) at 6
weeks of cuprizone treatment, GO, mOPC differentiation assays,
in vivo development analysis, rOPC overexpression experiments,
cell cycle assays, and confirmation of a miR-297c-5p-CCNT2
functional interaction provide strong evidence that miR-297c-5p
is a regulator of OPC differentiation. It is unclear what cues
drive miR-297c-5p and/or the expression of the entire Sfmbt2
cluster. Identifying the specific factors responsible for its tran-
scription and the extracellular and intracellular signaling
events involved is crucial to developing a complete under-
standing of the biological activity of miR-297c-5p in OPCs.
However, its ability to induce OPC differentiation makes it an
intriguing target with potential therapeutic relevance, consid-
ering the restricted differentiation of OPCs within demyeli-
nating lesions (Goldman and Osorio, 2014). Therefore, efforts
to understand the role of miR-297c-5p in pathological condi-
tions and its potential to facilitate repair may provide future
clinical value.
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