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Introduction

Abstract

Objective: Remyelination in multiple sclerosis has been attributed to the pres-
ence of oligodendrocyte progenitor cells (OPCs) in brain parenchyma. However,
the precise identity of these progenitors is poorly defined. Here, we characterized
populations of OPCs in the adult human brain and examined their myelination
capacity and profile of miRNAs. Comparisons were made with fetal OPCs and
mature oligodendrocytes. Methods: We isolated human adult and fetal (early-
to-mid second trimester) OPCs from surgically resected brain tissues using O4-,
A2B5-, and MOG-directed fluorescence activated cell sorting and transplanted
them into dysmyelinated shiverer slices to examine their myelination capacity.
We used qRT-PCR to analyze expression of selective miRNAs implicated in OPC
biology. Results: Three subsets of putative OPCs were identified in adult brains:
(1) A2B5(+), (2) 04", and (3) A2B5(+)04""MOG(+) progenitors. In compar-
ison, fetal brains contained (1) A2B5(+), (2) O4(+), and (3) A2B5(+)O4(+)
progenitors, but no MOG(+) cells. We demonstrate that like fetal OPCs, adult
OPCs have the capacity to ensheathe cerebellar axons. However, adult OPCs
exhibit low to undetectable expression of miRNAs that were highly expressed in
O4-expressing fetal OPCs. Adult OPCs also express different miRNAs compared
to mature oligodendrocytes. Interpretation: We conclude that phenotypically
distinct subsets of OPCs are present in adult human brain and these OPCs show
differential miRNA expression compared to fetal OPCs and mature oligodendro-
cytes. These suggest that remyelination in adult brain may involve multiple
populations of progenitors within the brain and that OPC differentiation in
adulthood may be differentially regulated compared to development.

MicroRNAs (miRNAs) are critical regulators of oligo-
dendrocyte maturation and are important candidates to

Oligodendrocyte progenitor cells (OPCs) are distributed
throughout the parenchyma of adult central nervous sys-
tem (CNS). While robust remyelination can be consis-
tently achieved in experimental models of demyelination,
the extent of OPC differentiation and subsequent remyeli-
nation in the acquired demyelinating human disorder,
multiple sclerosis is variable and often limited';
reviewed by.® While many studies have addressed the
population of OPCs that mediate robust remyelination in
rodent brain,”® the identity and characteristics of these
OPCs in human brain remain poorly defined.

influence endogenous myelin repair.”'® MiRNAs are non-
coding RNAs that are part of the posttranscriptional gene
silencing machinery.'"'* Their capability to intrinsically
modulate the expression of effector proteins can result in
changes in cellular responses to extracellular cues. To
date, two large-scale microarray studies have examined
expression of miRNAs in OPCs at various developmental
stages. These studies utilized either OPCs from P7 rat
brains or human embryonic stem cell (hESC) derived
OPC lineages."”'* Although both studies showed that
miRNA expression was dynamically regulated during
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OPC differentiation, they lack consensus regarding which
specific miRNAs regulate OPC lineage transition.

In the current study, we used samples of surgically
resected tissue from adult human brains to address
whether different subsets of OPCs are present and exam-
ined these OPCs for myelination capacity and expression
of selective miRNAs implicated in OPC biology. We iso-
lated the OPCs based on their expression of O4, A2B5,
and MOG myelin lineage surface markers using fluores-
cence activated cell sorting (FACS). Subsequently, the
isolated subsets of OPCs were assessed for expression of
additional myelin lineage gene transcripts using qRT-
PCR. Finally, we examined the capacity of the OPCs to
ensheathe dysmyelinated shiverer axons and the expres-
sion of selective miRNAs reported to influence OPC dif-
ferentiation. These parameters were compared between
adult and fetal OPCs from early-to-mid second trimester
brains.

Materials and Methods

Ethics statement

All procedures with human adult and fetal CNS tissues
were approved by the Montreal Neurological Institute
and Hospital Research Ethics Board (approval ID
#ANTJ1988/3) and the Albert Einstein College of Medi-
cine Institutional Review Board (approval ID #1993-042).
Informed consent was received from all tissue donors.
Experiments using animals were approved by the Mon-
treal Neurological Institute Animal Care Committee
(approval ID #4330) and performed in accordance with
the Canadian Council on Animal Care guidelines for the
use of animals in research.

Cell isolation

Adult and fetal brain cell isolations were prepared based
on published protocols.'> Adult brain tissue was obtained
from surgical resections from patients (26-39 years old)
undergoing nontumor-related intractable epilepsy surgery.
Fetal brain tissue (15-20 gestation weeks) was acquired
from the Human Fetal Tissue Repository (Albert Einstein
College of Medicine, Bronx, NY). Tissue was first dissoci-
ated in 0.25% trypsin (Invitrogen, Burlington, Canada)
and 25 ug/mL DNase I (Roche, Laval, Canada) for
30 min at 37°C and then passed through a 140 um nylon
mesh. Adult brain cells were further separated on a linear
30% Percoll gradient (GE Healthcare, Baie d’Urfe, QC,
Canada) to remove myelin debris and red blood cells.
Fetal brain cells were obtained from a premyelinating
time point; hence no additional separation step was
required. Total brain cells were cultured in N1 and bovine
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serum albumin (BSA) containing Dulbecco’s Modified
Eagle Medium (DMEM)/F12 medium overnight and the
floating cell fraction was collected for FACS.

Fluorescence activated cell sorting

To identify myelin lineage cell subsets, total brain cells were
labeled with anti-human PE-conjugated mouse anti-O4
(Miltenyi Biotec, Auburn, CA), APC-conjugated mouse
anti-A2B5 (Miltenyi), mouse anti-MOG (Millipore, Teme-
cula, CA), V450-conjugated rat IgGl (BD Biosciences,
Mississauga, ON), or concentration-matched isotype con-
trols at 4°C in 1 mmol/L ethylenediaminetetraacetic acid
(EDTA)/fetal bovine serum supplemented phosphate-
buffered saline (FBS-PBS). Immunolabeled neural cells
were analyzed for expression of the surface markers on BD
FACSAria™ 1I (BD Biosciences) (equipped with 405 nm,
488 nm and 633 nm lasers) using BD FACSDiva™ 6.1.3
software (BD Biosciences). To gate for viable cells, propi-
dium iodide (Invitrogen) was added to the labeled cell
samples just before sorting.

Organotypic slice cultures and OPC
transplantation

Organotypic cerebellar slice cultures from shiverer /'~

mice were prepared based on a published protocol.'®
Briefly, cerebellum from PO shiverer pup was extracted in
L15 medium and 300 um sagittal slices were cut using a
Mcllwain tissue chopper. Slices were separated and plated
onto Millicel-CM culture inserts (Millipore) in 6-well cul-
ture plates. Each culture well contained 1 mL of minimal
essential medium containing 25% heat-inactivated (HI)
horse serum, 25% Earle’s balanced salt solution, 6.5 mg/
mL glucose (Sigma-Aldrich, St Louis, MO) and penicillin/
streptomyosin and glutamax supplements (all from Invi-
trogen). Culture inserts were transferred into fresh media
every 2-3 days. Slices were cultured for 10-12 days in vi-
tro (DIV) prior to OPC transplantation to allow for clear-
ance of debris. Cultures were gradually switched to
serum-free medium starting from the second media
change. Serum-free media was composed of DMEM/F12
supplemented with N2, B27, and penicillin/streptomyosin.
At the time of transplant and thereafter, cultures were
maintained in serum-free media. For OPC transplanta-
tions, each shiverer cerebellar slice received 20,000 cells in
two 0.5 uL injections using a glass-pulled pipette tip.
Transplanted slices were cultured for 5 weeks before
analysis. Ensheathment efficiency was measured as the
number of times myelin basic protein (MBP)(+) myelin
was detected relative to the number of transplants and
number of ensheathments was defined as the number of
MBP(+) patches per slice.
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Immunochemistry

At 5 weeks posttransplantation, cerebellar slices were
rinsed and fixed in 4% paraformaldehyde (PFA) for 1 h
at room temperature. Individual slices were cut out from
culture inserts and blocked for 3 h at room temperature
in Hank’s Balanced Salt Solution (HBSS) containing
1 mmol/L  4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 2% HI horse serum, 10% HI goat serum,
and 0.25% Triton x-100. Slices were incubated with the
following antibodies: mouse anti-MBP (Sternberger Mon-
oclonals Inc, Lutherville, MD), chicken antineurofilament
medium chain (NFM) (EnCor Biotech, Alachua, FL) and
mouse anti-human nuclei (Millipore) diluted in blocking
solution for 48 h at 4°C. Slices were washed 3 x 1 h in
PBS and then incubated with anti-mouse IgG2b Texas
Red (AbD serotec, Raleigh, NC), anti-chicken Alexa488
(Molecular Probes, Eugene, OR) and
Alexa647 (Molecular Probes) secondary antibodies also
diluted in blocking solution for 24 h at 4°C. Slices were
washed then mounted in Fluoromount G (Southern Bio-
tech, Birmingham, AL).

anti-mouse

RNA isolation and qRT-PCR

Total RNA was extracted from cell samples using stan-
dard Trizol® protocol followed by DNase treatment
according to manufacturer’s instructions (Qiagen, Valen-
cia, CA). Multiplexed RT reactions were performed using
a mixture of miRNA-specific RT primers and a Tagman®
MicroRNA RT kit (Life Technologies Inc., Burlington,
ON, Canada). Individual miRNA expression assays were
done using specific miRNA Tagman® probe in an ABI
7000 thermocycler. For gqRT-PCR of myelin lineage tran-
scripts, individual transcript expression was done using a
specific primer set for each transcript. Fold change calcu-
lations for myelin lineage transcript expression were per-
formed using the AACT method."”

MicroRNA analysis

For miRNA expression analysis, we selected a specific
panel of miRNAs based on reports implicating them
in OPC development.”'®'>'*!% Data S1 summarizes the
reported detection and/or functions of the selected miR-
NAs, together with their reported targets. Detectable miR-
NAs were defined as having Ct values <35. RNU48 was
used as an endogenous qRT-PCR control. Standard devia-
tion of the Ct values of 0.5 < Ct SD > 1 between dupli-
cates were accepted. Delta Ct values of all miRNAs
relative to RNU48 were imported into Partek Genomics
Suite 6.0 for principal component analysis (PCA), Pear-
son correlation, and hierarchical clustering analyses. All
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miRNAs with an expression value below detection were
assigned a delta Ct value of 20. Principle component
analysis was performed to identify main sources of varia-
tion in the expression data matrix. To investigate which
conditions (cell subsets) were more or less similar, a simi-
larity matrix based on Pearson correlation analysis was
constructed. A correlation coefficient of r=1 was
observed when the conditions were compared to them-
selves. To identify the patterns of individual miRNA
expression, hierarchical clustering was performed.

Results

Phenotypic characterisation of human adult
progenitor cells

Three distinct subsets of myelin lineage progenitors were
identified in adult human brains. First, the A2B5(+)04(—)
MOG(—) OPCs which we refer to as adult A2B5(+) OPCs
(highlighted in blue Fig. 1B and D); second, the A2B5(—)
04°"MOG(—) that we refer to as adult 04" OPCs
(highlight in yellow Fig. 1C-C” and D); and third, the
A2B5(+)O4(+)highMOG(+) OPCs which we refer to as
adult triple positive OPCs (highlighted in pink in Fig. 1D-
D’). Adult A2B5(+) OPCs made up to 2.38 + 0.38% of
total viable oligodendroglial cells, while adult 04" OPCs
and triple positive OPCs were 13.38 + 3.48% and
12.87 £+ 1.18%, respectively (Table 1A). As anticipated,
the majority (63.06 £ 2.61%) of adult myelin lineage cells
were mature oligodendrocytes which were A2B5(—)04"&"
MOG(+) (highlighted in green in Fig. 1D-D’).

Fetal CNS derived progenitor cells

We identified three myelin lineage subsets from fetal
human brains at T1 (15-17 gestation weeks) and T2
(18-20 gestation weeks). At both developmental stages,
fetal brains contained (1) A2B5(+)O4(—) glial precur-
sors (GPCs) which we refer to as fetal A2B5(+) GPCs
(highlighted in blue Fig. 2B and D); (2) A2B5(—)04(+)
OPCs which we refer to as fetal O4(+) OPCs (high-
lighted in green Fig. 2C and D); and (3) A2B5(+)04(+)
double positive OPCs (highlighted in pink Fig. 2D).
Fetal A2B5(+) GPCs were relatively abundant, account-
ing for 73.18 & 13.18% at T1 and 37.87 £ 16.89% at
T2 of total viable oligodendroglial cells (Table 1B). Fetal
O4(+) OPC numbers were 11.18 £ 8.96% at TI1, and
increased to 42.17 £ 24.66% at T2. Double positive
OPCs accounted for 15.65 £ 4.63% and 19.93 + 8.02%
at T1 and T2, respectively (Table 1B). Fetal brains of
the gestation ages used in the current study were
premyelinating and did not contain MOG(+) OPCs or
oligodendrocytes.'® 2!
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Figure 1. Three populations of oligodendrocyte progenitor cells and one population of mature oligodendrocytes were isolated from adult human
brain by 04-, A2B5- and MOG-directed FACS. (A) A two-dimensional plot of unstained sample for total viable neural cells derived ex vivo from
adult temporal cortex. Plot is also representative of isotype controls. (B) Single labeling of total neural cells with A2B5 monoclonal antibody
(isotype controls for anti-O4 and anti-MOG added) revealed only one population of A2B5(+) progenitors (blue). (C) Single labeling of total neural
cells with O4 monoclonal antibody (isotype controls for anti-A2B5 and anti-MOG added) revealed an 04w (yellow) and an 04high (green)
population. (C’-C”) Histograms showing 100% of the 04" subset (yellow in C’) that was negative for A2B5 (C”) and MOG (C"). (D) Triple-
labeling of total neural cells shown on A2B5-APC and O4-PE axes. The 04" subset (indicated in yellow) that was A2B5(-~) and MOG(—)
remained to be detected. A small number of A2B5(+) progenitors were O4(—) (indicated in blue) and most A2B5(+) cells colabeled with 04high
population (indicated in pink). (D) Of the 04M9" population including those expressing A2B5 (green and pink in D), 98.4% of these cells were
MOG(+) which represented the mature oligodendrocytes in adult brain. The histogram also depicts the subset which was 04"9" A2B5(+) (pink in
D) that was also MOG(+).
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Table 1. Multiple populations of myelin lineage cells in (A) adult and
(B) fetal brains.

(A) Age

Markers 28-39 years old'
A2B5(+)04(—)MOG(—) 2.38 +£0.38
A2B5(—)04°“MOG(—) 13.38 &+ 3.48
A2B5(+)04""MOG(+) 12.87 +1.18
A2B5(—)04"IPMOG(+) 63.06 + 2.61

(B) Gestation weeks

Markers Tl, 15-172 T2, 18-20°
A2B5(+)04(—) 73.18 £ 13.18 37.87 + 16.89
A2B5()04(+) 15.65 + 4.63 19.93 + 8.02
A2B5(—)04(+) 11.18 & 8.96 42.17 + 24.66

(A) Oligodendrocyte progenitor cells from adult brains could be
divided into three subsets; (1) the A2B5(+)04(—)MOG(—) OPCs, (2)
the A2B5(—)04(+)°“MOG(—) OPCs, and (3) the A2B5(+)04""MOG
(+) OPCs. Mature oligodendrocytes were defined as A2B5(—)04"i9h
MOG(+) cells and represented the largest subset of oligodendroglial
cells in adult brains. (B) During development, the relative abundance
of fetal progenitors altered with gestation weeks. The A2B5(+)04(—)
glial precursors were the majority, especially in younger brains (T1, 15
—17 gestation weeks), and their numbers decreased at later stages
(T2, 18-20 gestation weeks). Both A2B5(+)O4(+) and A2B5(—)04(+)
OPCs increased in numbers with increasing gestation weeks. Percent-
ages +SEMs were calculated based on viable (PI-) total labeled oligo-
dendroglial cells (combined A2B5(+),04(+) and MOG(+) fractions for
adult cells and A2B5(+) and O4(+) fractions for fetal cells).

'n = at least 4 independent adult specimens.

2n = 4 independent T1 fetal specimens.

3n = 4 independent T2 fetal specimens.

Quantitative RT-PCR of myelin lineage
transcripts

Isolated adult O4"" (green bars Fig. 3A) and fetal O4-
expressing OPCs (pink and green bars Fig. 3B) expressed
higher levels of Olig2, Nkx2.2, and platelet derived growth
factor (pdgf)aR compared to A2B5(+) progenitors (blue
bars Fig. 3A and B). We found that adult O4'°" and fetal
04(+) OPCs expressed high levels of myelin-associated
glycoprotein (MAG) in addition to the OPC transcripts,
which was not observed in A2B5(+) progenitors from
either adult or fetal brains (Fig. 3A and B). Mature oligo-
dendrocytes expressed a high level of MAG and very little
Olig2, Nkx2.2, and PDGFoR (red bars Fig. 3A).

FACS-isolated OPCs from adult and fetal
brains ensheathed dysmyelinated cerebellar
axons of shiverer brains

We transplanted adult and fetal OPCs into cerebellar or-
ganotypic slices derived from dysmyelinated shiverer mice
as described.'® For fetal cells, we combined both subsets
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of OPCs expressing O4 (the O4(+) and A2B5(+)04(+))
and refer to this group as O4-expressing OPCs. For adult
cells, we transplanted A2B5(+) OPCs and 04°% OPCs,
respectively. All adult and fetal progenitors transplanted
were able to ensheathe cerebellar axons to varying extents.
At 5 weeks posttransplantation, adult 04°Y OPCs
matured into oligodendrocytes and showed MBP(+) en-
sheathment of shiverer axons (Fig. 4A). Confocal z-stack
imaging revealed individual NFM(+) axons wrapped by
MBP(+) membranes, typical of myelination (arrowheads
in Fig. 4A). Adult A2B5(+) or 04" OPCs showed simi-
lar ensheathment efficiency (~60% of slices contained
MBP(+) ensheathments) (Fig. 4C). Fetal O4-expressing
OPCs also differentiated into oligodendrocytes with
extended cell processes and showed MBP(+) ensheath-
ment of NFEM(+) axons (Fig. 4B-B"). Fetal O4-express-
ing OPCs exhibited a higher number of patches of MBP
(+) ensheathment per slice (closed squares Fig. 4D) com-
pared to fetal O4(—) OPCs (closed circles Fig. 4D).
In addition, fetal O4-expressing OPCs ensheathed at a
higher efficiency, on average 71 % 9.54% compared to
30.56 £ 10% by O4(—) OPCs (Fig. 4C).

MicroRNA analysis in adult and fetal
progenitor cells

PCA was used to identify the main sources of variation in
the miRNA expression dataset (Fig. 5A). Adult OPCs and
oligodendrocytes formed a cluster distinct from progeni-
tors derived from the developing brains. Within the
developing brain samples, progenitors from T1 (15-17
gestation weeks) and T2 (18-20 gestation weeks) sepa-
rated into two clusters (Fig. 5A). These indicate that a
key factor segregating the pattern of miRNA expression in
these human cell subsets is the maturation stage of the
individuals from which the cells were isolated.

Pearson correlation analysis confirmed that the overall
pattern of miRNA expression of adult OPCs (A2B5(+),
04" and triple positive) were more similar with one
another (0.89 <r<1) than with fetal-derived T1
(=0.11 £r<0.19) or T2 (0.46 <r <0.63) progenitors
(Table 2A). Correlation of adult 04" OPCs to fetal O4
(+) OPCs at Tl was r=0.03 and r =046 at T2
(Table 2A). Correlation of adult A2B5(+) (r = 0.59) and
04°% OPCs (r = 0.56) with mature oligodendrocytes was
also low. However, there was a stronger correlation of
adult triple positive OPCs (r = 0.79) with mature oligo-
dendrocytes (Table 2A). These findings indicate that (1)
the pattern of miRNA expression in adult OPCs differs
from fetal OPCs and (2) that although they are of
the same adult origin, expression of miRNA in adult
A2B5(+) and 04" OPCs also differ from mature oligo-
dendrocytes. In developing brains, we documented that
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Figure 2. Two subsets of oligodendrocyte progenitor cells and a subset of glial precursors were isolated from fetal human brain of early-to-mid
second trimester. (A) Isotype controls or unstained (shown) plot of total viable neural cells derived ex vivo from fetal cortex. (B) Single labeling of
total neural cells with an A2B5 monoclonal antibody (isotype control for anti-O4 added) showed one population of A2B5(+) precursors. (C) Single
labeling of total neural cells with an O4 monoclonal antibody (isotype control for anti-A2B5 added) also showed one population of O4(+) OPCs.
(D) Double-labeled total neural cells showed an A2B5(+)O4(—) glial precursor subset (blue), an A2B5(—)04(+) OPC subset (green) and an A2B5(+)

O4(+) double positive OPC subset (pink) in fetal human brain.

progenitor subsets shared more similarity in miRNA
expression within a given developmental time point than
between time points (Table 2B). T1 O4(+) OPCs shared
closer miRNA expression with T1 double positive OPCs
(r=0.89) than with T2 0O4(+) OPCs (r=0.32)

© 2014 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.

(Table 2B). This result supports a temporal regulation of
miRNA expression during OPC development.

Hierarchical clustering of the miRNA expression data
revealed that all three subsets of adult OPCs have low to
undetected expression of the selective miRNAs that were
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Figure 3. Myelin lineage specific transcripts expressed by FACS-isolated adult and fetal oligodendrocyte progenitor cells. (A) Adult 04'° OPCs
(green bars) showed higher expression of Olig2, Nkx2.2, and PDGFaR transcripts compared to adult A2B5(+) OPCs (blue bars). Adult 04" OPCs
showed an increased level of MAG transcripts compared to A2B5(+) OPCs. 04" OPCs showed comparable level of MAG transcripts to mature
oligodendrocytes (red bars). (B) Fetal O4(+) (green bars) and double positive OPCs (pink bars) showed increased levels of Olig2, Nkx2.2, and
PDGFaR transcripts compared to fetal A2B5(+) GPCs (blue bars). In addition, fetal O4(+) OPCs showed a high level of MAG expression, which was
not reproduced by A2B5(+) GPCs or A2B5(+)04(+) OPCs. Data in (A) and (B) represented fold change in transcript level +SEM relative to fetal
A2B5(+) GPCs. n = 4 independent brain samples. MAG, myelin-associated glycoprotein.

highly expressed in O4-expressing fetal OPCs (the O4(+)
or A2B5(+)O4(+)) (Fig. 5B). These included miRs-449a,
-145-5p, -483-5p, -22-3p, -338-5p, -490-3p, and -184 that
were expressed at a higher level in T1 than T2 O4-
expressing OPCs; and miRs-100-5p, -18la-5p, -99a-5p,
and -214-3p that were more highly expressed in T2 than
T1 O4-expressing OPCs. We found that miRs-219-5p and
-155-5p were the only miRNAs highly expressed in adult
OPCs that were expressed to a lesser extent by fetal T1 or
T2 O4-expressing OPCs (Fig. 5B). As might be antici-
pated, mature oligodendrocytes expressed a high level of
miRs-219-5p and -219-2-3p. In addition, we found that
mature oligodendrocytes expressed miRs-338-5p, -9-5p,

-125-5p, -100-5p, -18la-5p, -99a-5p, and -34a-5p
(Fig. 5B).
Discussion

We have identified three subsets of OPCs from adult
human brain that were capable of initiating axon en-
sheathment and demonstrated that these OPCs express
different combinations of miRNAs compared to fetal
OPCs and mature oligodendrocytes. We showed that the
isolated adult O4'°" OPCs expressed higher level of the
Olig2, Nkx2.2, and PDGFaR myelin lineage transcripts
than adult A2B5(+) OPCs. In addition, adult 04" OPCs
also expressed higher level of MAG, which is typically
associated with cells late in the OPC lineage,”"** thus
confirming that these progenitors correspond to a late
OPC subset.

Adult A2B5(+) OPCs have previously been shown to
myelinate when transplanted into dysmyelinated shiverer
mouse brain in vivo.”*** Our own findings indicated that
such cells were capable of differentiation and ensheathment

when cocultured with rat dorsal root ganglion neurons.*
These previous studies did not distinguish A2B5(+)
OPCs expressing O4 and MOG (triple positive) identi-
fied in the current study. We cannot resolve whether
triple positive OPCs found in adult brains have emerged
from an initial double positive subset or whether they
may have arisen from dedifferentiation of 04Me"MOG(+)
mature oligodendrocytes.”® However, MOG-expressing
A2B5(+) OPCs have been previously isolated from rat
spinal cords and they were identified as a specific OPC
subset capable of remyelination.’”” In our study, we
showed that adult A2B5(+) and 04'°% OPCs could dif-
ferentiate into MBP(+) oligodendrocytes when trans-
planted into shiverer slices and were able to ensheathe
cerebellar axons. We did not observe a difference in effi-
ciency and number of ensheathed patches between A2B5
(+) and 04" OPCs.

The relatively limited amount of ensheathment
observed using human-derived OPCs compared to trans-
plants of rodent-derived OPCs prevented us from further
quantification of myelination such as internodes forma-
tion, and evaluation of compact myelin and paranodes
formation by electron microscopy, as we did in a previ-
ous study.'® Nevertheless, our data suggests that more
than one OPC species could contribute to remyelination
in vivo.

In comparison, we derived two subsets of O4-express-
ing OPCs from early (T1) and mid second trimester (T2)
fetal brains. These are the A2B5(—) and the A2B5(+) O4-
expressing OPCs. Like adult O4'°% OPCs, fetal O4-
expressing OPCs exhibited a higher level of Olig2,
Nkx2.2, and PDGFoR transcripts than non-O4-expressing
progenitors. MAG was also expressed at a high level in
fetal O4(+) OPCs, confirming that O4(+) progenitors
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Figure 4. Isolated oligodendrocyte progenitor cells from adult and fetal brains ensheathed dysmyelinated cerebellar axons of shiverer organotypic
slices. (A) A representative orthogonal view of a confocal Z-stack image showing elaborate MBP(+) ensheathment of dysmyelinated axons of
shiverer cerebellar slices by adult 04'°¥ OPCs at 5 weeks posttransplantation. Magnified x- and y-planes showed individual axonal ensheathments
(arrowheads) corresponding to individual axons within the white-boxed regions (arrows). (B-B") Selective x- and y-planes within a confocal z-stack
image of ensheathments made by fetal O4-expressing OPCs in a shiverer cerebellar slice at 5 weeks posttransplantation. B” depicts a merged
image of MBP (red), NFM (geen) and human nuclei, hNu (blue) staining showing the overlay (yellow) of MBP-wrapped NFM(+) axons
(arrowheads). (C) Fetal O4-expressing OPCs showed higher frequency of axonal ensheathment of cerebellar slices than fetal O4(—) OPCs. Relative
to the number of slices transplanted, fetal O4-expressing OPCs ensheathed axons in 71 + 9.54% of slices, while O4(—) OPCs in 30.56 + 10% of
slices. Adult-derived OPCs with or without O4 expression showed a similar frequency for ensheathment. (D) Fetal O4-expressing OPCs showed a
higher number of ensheathments compared to all other cell types transplanted. Data in (C) and (D) represent frequency of ensheathments in%
+SEM and number of MBP(+) patches per slice =SEM. n = 3-5 independent experiments, except for adult 04'°% OPC subset where n = 2
independent experiments were used in the final data.
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Figure 5. MicroRNA (miRNA) expression analysis of adult and fetal myelin lineage cells. (A) Principal component analysis identified three main
clusters of overall mIRNA expression between adult-derived, fetal T1 (15-17 gestation weeks) and fetal T2 (18-20 gestation weeks) cell subsets.
Adult OPCs and oligodendrocytes formed a cluster distinct from progenitors derived from the developing brains. Within the fetal brain samples,
T1 glial precursors and OPCs clustered separately from T2 glial precursors and OPCs. (B) Hierarchical clustering of the gRT-PCR expression data
showed that all three adult OPC subsets expressed low to undetectable levels of most of the miRNAs highly expressed in T1 or T2 fetal OPCs (O4-
expressing subsets). In addition, fetal OPCs of T1 highly expressed a distinct set of miRNAs, which was different from the miRNAs highly
expressed in T2 OPCs. n = 4 or more independent adult, fetal T1 and T2 brain samples. All values to the right of the “x” we considered below

the reliable level of detection. OL, oligodendrocyte.

correspond to a late OPC subset. We speculate that the
double positive subset likely corresponds to progenitors
in a stage of developmental transition as this population
is not retained in adult brains. In addition, there is a sub-
stantial proportion of A2B5(+)O4(—) precursors in

human fetal brains. Previous transplant studies indicated
that myelination by A2B5(+) cells is dependent on
progenitors expressing CD140a, which was detected in a
small minority of the overall A2B5(+) cell subset.?**® We
thus refer to the fetal A2B5(+)04(—) cells as GPCs. We
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Table 2. Pearson correlation analysis of overall miRNA expression among each (A) adult- and (B) fetal-derived myelin lineage populations.

Adult

(A) A2B5(HO4(—)MOG(—)  A2B5(—)04°"MOG(—)  A2B5"9" 04"9"MOG(+)  A2B5(—)04MI"MOG(+)

Fetal TI A2B5(+)04(—) 0.18 0.18 0.19 0.28
A2B5(H)04(+) 0.11 0.13 0.03 —0.02
A2B5(—)04(+) -0.05 0.03 —0.11 -0.18

Fetal T2 A2B5(+)04(-) 0.54 0.50 0.63 0.66
A2B5(+)04(+) 0.56 0.48 0.60 0.68
A2B5(—)04(+) 0.54 0.46 0.56 0.63

Adult A2B5(+)04(—)MOG(—) 1.00 0.89 0.88 0.59
A2B5(—)04°“MOG(—) 0.89 1.00 0.87 0.56
A2B5MNO4NINNOG(+) 0.88 0.87 1.00 0.79
A2B5(—)04"IPMOG(+) 0.59 0.56 0.79 1.00

Fetal Tl Fetal T2

(B) A2B5(H)04(—)  A2B5(+)04(+)  A2B5(—)04(+)  A2B5(+)04(—)  A2B5(H04(+)  A2B5(—)04+)

Fetal TI A2B5(+H)04(—) 1.00 0.86 0.77 0.67 0.70 0.72
A2B5(+)O0 4<+) 0.86 1.00 0.89 0.41 0.42 0.45
A2B5(—)04(+) 0.77 0.89 1.00 0.30 0.27 0.32

Fetal T2 A2B5(+)O 4( ) 0.67 0.41 0.30 1.00 0.96 0.94
A2B5(+)0 4(+) 0.70 0.42 0.27 0.96 1.00 0.98
A2B5(—)04(+) 0.72 0.45 0.32 0.94 0.98 1.00

Adult AZBS(+)O4( MOG(—)  0.18 0.11 —0.05 0.54 0.56 0.54
A2B5(—)04°“MOG(-)  0.18 0.13 0.03 0.50 0.48 0.46
A2B5MINO4MIMOG(+H)  0.19 0.03 —0.11 0.63 0.60 0.56
A2B5(—)04"IPMOG(+)  0.28 —0.02 -0.18 0.66 0.68 0.63

Correlation coefficient (r) ranges from —1 to 1. When the conditions were compared to themselves, r = 1 was observed. n = 4 or more indepen-
dent adult, fetal T1 and T2 brain samples. Subsets of adult OPCs shared a closer overall miRNA expression with one another than with fetal-
derived T1 or T2 progenitors. On the other hand, fetal progenitor subsets were more similar in overall miRNA expression within a given develop-

mental time point than between time points.

observed that O4-expressing OPCs (with or without A2B5
expression) more efficiently ensheathed shiverer axons
than O4(—) progenitors. This is most probably due to
the lower number of cells committed to the oligoden-
droglial lineage in the O4(—) A2B5(+) GPC population.
Correlation analysis demonstrated that adult OPC sub-
sets were more similar in overall expression of miRNAs
with one another than with fetal-derived T1 or T2 pro-
genitor subsets. Individually, all three subsets of adult
OPCs showed low to undetected expression of miRs-449a,
-145-5p, -483-5p, -22-3p, -338-5p, -490-3p, -184 (highly
expressed in T1 O4-expressing OPCs), and miRs-100-5p,
-181a-5p, -99a-5p, and-214-3p (highly expressed in T2
O4-expressing OPCs). This finding supports the conclu-
sion that a different set of miRNAs regulates OPC differ-
entiation in adulthood compared to development. In
contrast, miR-219-5p was more highly expressed in adult
OPCs, especially the 04'°" and triple positive OPCs, than
fetal T1 or T2 O4-expressing OPCs. Previous studies
reported that expression of miRs-219-5p was induced in
rodent OPCs in response to mitogen withdrawal and that

forced expression of this miRNA resulted in OPC differ-
entiation by direct repression of PDGFoR, Sox6, FoxJ3,
and ZFP238.”'° Although these findings raise the possibil-
ity that miR-219-5p might similarly direct OPC differenti-
ation in the adult human CNS, the relatively low level of
expression of this miRNA detected in human fetal OPCs
suggests that miR-219-5p may not be critical in the regu-
lation of OPC differentiation at the premyelinating stage
in the human CNS. Our findings do not rule out the pos-
sibility that miR-219-5p expression may be upregulated
later and contribute during the peak period of myelina-
tion in human (late third trimester to first decade of
life).*>*® MiR-155-5p was also more highly expressed in
adult OPCs than fetal OPCs. This miRNA is predomi-
nantly known for a mediatory role in inflammation in
immune cells.”’ * It is intriguing that this miRNA was
highly expressed in adult OPCs. The function and puta-
tive targets of this miRNA in human myelin lineage cells
remain to be determined.

Our findings also indicate that adult OPCs harbor a
different set of regulatory miRNAs compared to mature
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oligodendrocytes. Correlation of miRNA expression was
closest between adult triple positive OPCs and mature
oligodendrocytes. We detected high expression of
miRs-338-5p, -219-5p, and -219-2-3p in mature oligo-
dendrocytes, which is consistent with reports that these
are oligodendrocyte-specific miRNAs.”'*'® MiR-219-5p
was also detected in adult OPCs, indicating that miR-
219-5p may have different targets and/or functions in the
different cells. In addition, mature oligodendrocytes
expressed a number of miRNAs found in developing
OPCs such as miRs-9-5p, -125-5p, -100-5p, -18la-5p,
-99a-5p, and -34a-5p. The presence of miRNAs in mature
oligodendrocytes that are thought to be more characteris-
tic of OPCs suggests that these miRNAs may have differ-
ent roles in mature oligodendrocytes other than their
reported function for OPC differentiation. We speculate
that the expression of these miRNAs in oligodendrocytes
may influence plasticity for myelin maintenance and
repair.

Conclusions

We conclude that phenotypically distinct subsets of OPCs
are present in the adult human brain and that these OPCs
express different combinations of miRNAs compared to
fetal OPCs and mature oligodendrocytes. These findings
provide evidence that remyelination in the adult CNS
may involve multiple subsets of oligodendrocyte progeni-
tors, and that different miRNA-mediated mechanisms
regulate OPC differentiation in the adult human brain
and during development.
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