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ABSTRACT

Oligodendrocyte progenitor cells (OPCs) are a mitotically active population of glia that
comprise approximately 5% of the adult brain. OPCs maintain their proliferative capacity
and ability to differentiate in oligodendrocytes throughout adulthood, but relatively few
mature oligodendrocytes are produced following developmental myelination. Recent work
has begun to demonstrate that OPCs likely perform multiple functions in both
homeostasis and disease, and can significantly impact behavioral phenotypes such as
food intake and depressive symptoms. However, the exact mechanisms through which
OPCs might influence brain function remains unclear. In this work, we demonstrate that
OPCs are transcriptionally diverse and separate into three distinct populations in the
homeostatic brain. These three groups show distinct transcriptional signatures and
enrichment of biological processes unique to individual OPC populations. We have
validated these OPC populations using multiple methods, including multiplex RNA in situ
hybridization and RNA flow cytometry. This study provides an important resource that
profiles the transcriptome of adult OPCs and will provide a significant foundation for

further investigation into novel OPC functions.
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INTRODUCTION

First described in the early 1980’s, oligodendrocyte progenitor cells (OPCs) are the fourth
major glial subtype present in the brain. Depending on the region examined, OPCs
makeup anywhere from 2-8% of the adult central nervous system (CNS) cells."2. Adult
OPCs belong to the same population of progenitors that give rise to oligodendrocytes
during CNS development. However, a large fraction of OPCs do not differentiate, but
instead remain in a progenitor state throughout adulthood, a property not consistent with
the relatively small need to generate new oligodendrocytes?®. While it has been
demonstrated that the differentiation of OPCs into myelinating oligodendrocytes is critical
for processes such as motor learning during adulthood, recent evidence indicates that
mature oligodendrocytes are a relatively stable population in the adult brain”®. The slow
rate at which oligodendrocytes are replaced throughout life does not correlate with the
maintenance of a highly dynamic and energetically costly population of OPCs’-810, With
this discordance between the dynamics of the OPC population and the relatively small
need for newly differentiated oligodendrocytes in adulthood, the field has begun to explore
alternate functions of adult OPCs'"-12,

Under homeostatic conditions, OPCs express distinct ion channel profiles that vary with
both the brain region and developmental stage of the organism, indicating that
subpopulations of OPCs maintain unique electrical properties and therefore may be
performing multiple functions within the brain'3. Furthermore, loss of OPCs, either globally
or regionally, has been shown to result in significant depressive-like behavior, persistent
weight-gain and leptin-insensitivity, as well as microglial activation and subsequent
neuronal death'#'6_ In pathological conditions, OPCs can upregulate cytokine production
in response to IL-17 signaling and greatly contribute to CNS pathogenesis'’. Surprisingly,
OPCs also upregulate antigen presentation machinery in the demyelinating CNS, and
can regulate T cell function'®2°. Taken together, these studies illustrate the dynamic role
OPCs can play in the adult CNS and build a strong case in support of exploring adult
OPCs diversity at the transcriptional level. Such an overview will provide an important

resource for further functional investigation of OPCs in the CNS.
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Here, we have developed an inducible OPC reporter mouse strain, which expresses YFP
in PDGFRa-expressing cells after tamoxifen administration. After extensive validation, we
used this tool to isolate OPCs from the adult brain by fluorescent activated cell sorting
(FACS) and perform single-cell sequencing. We demonstrate the presence of three novel
populations of transcriptionally distinct OPCs in the adult brain. Gene Ontology (GO) term
analysis and gene expression analysis of identified OPC subtypes suggest specialization
of OPCs, encompassing potential functions such as immune system modulation and
neuronal regulation. Sequencing results were further validated by measuring co-
expression of canonical OPC markers along with cluster-specific genes identified from
our sequencing dataset using RNAscope and gPCR. Taken together our results present
a unique toolbox to support functional exploration of OPCs under homeostatic and

pathological conditions.
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METHODS

Animals

PDGFRa-CreER mice (Jackson #018280) were crossed to R26-EYFP (Jackson, #006148)
animals to generate PDGFRa-CrefR; R26-EYFP, a previously described model?'.
C57B/6J were purchased from Jackson. Mice were maintained on a 12 hours light/dark
cycle with lights on at 7am. Behavior was performed on mice used in single-cell
sequencing run 1. Testing consisted of sucrose preference, elevated plus maze, open
field, and forced swim test. All animal experiments were approved and complied with
regulations of the Institutional Animal Care and Use Committee at the University of
Virginia (#3918).

Tamoxifen injections

Tamoxifen (C8267, Sigma-Aldrich) was dissolved in corn oil at 37°C overnight at 20
mg/ml. Tamoxifen was administered i.p. at 200 mg/kg with a maximum dose of 4 mg per
injection. For single-cell sequencing experiments, 6 week old mice were given 2 injections
of tamoxifen 3 days apart. For validation of Cre recombination in PDGFRa-CrefR R26-
EYFP brains, 5-6 week old mice were injected with 0, 1, 2, or 3 doses of tamoxifen, each
given three days apart. For those mice receiving three doses of tamoxifen, the final dose

was given at 150 mg/kg.

Immunofluorescence

Mice were deeply anesthetized with pentobarbitol and subsequently perfused with 5
units/MI heparin in saline followed by 10% buffered formalin, each for approximately 1
minute. For brain tissue, brains were rapidly dissected and post-fixed in 10% buffered
formalin overnight at 4°C. Tissue was then transferred into 30% sucrose in PBS and
allowed to sink for at least 24 hours. Brains were frozen in OCT, sectioned, and stored in
PBS+0.02% NaAz until further staining.

Tissue was blocked with PBS, 1% BSA, 0.5% Triton-X 100, 2% normal donkey serum,
and 1:200 CD16/CD32 (14-0161-82, 1:200, eBioscience) for at least 1 hour at room
temperature. For stains utilizing a mouse primary antibody, tissue was blocked in Mouse
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on Mouse Blocking Reagent (MKB-2213, Vector Laboratories) according to
manufacturer’s instructions for at least 1 hour at room temperature. Tissue was incubated
in primary antibodies overnight at 4°C with gentle agitation. Tissue was washed three
times in TBS and 0.3% Triton-X 100 and incubated in secondary antibodies overnight at
4°C with gentle agitation. Following secondary incubation, tissue was stained with
Hoechst (1:700, ThermoFisher Scientific, H3570) for 10 minutes at room temperature,
washed 3 times TBS and Triton-X 100, and mounted on slides using Aqua Mount Slide
Mounting Media (Lerner Laboratories). Images were collected on a Leica TCS SP8

confocal microscope and processed using Fiji.

Antibodies for Immunofluorescence

Primary antibodies used for immunofluorescence were PDGFRa (1:200, R&D Systems,
AF1062), Olig2 (1:200, Millipore, MABN50), GFP-488 (1:400, Fisher Scientific, A21311),
and GFP (1:1000, Invitrogen, A10262). Secondary antibodies used were Donkey anti-
Goat Cy3 (2pug/mL, Jackson ImmunoResearch, 705-165-147), Donkey anti-Mouse 647
(2ug/mL, Jackson ImmunoResearch, 715-605-150), Donkey anti-Mouse 546 (2ug/mL,
Life Technologies, A10036), Donkey anti-Chicken 488 (2ug/mL, Jackson
ImmunoResearch, 703-545-155), and Donkey anti-Goat 647 (2ug/mL, Invitrogen,
A21447).

Isolation of CNS cells

To prepare cells for single-cell sequencing, adult mice (8-20 weeks) were anesthetized
with pentobarbitol and subsequently perfused with 5 units/ml heparin in saline for
approximately 1 minute. Brains were rapidly dissected and finely minced. Tissue was
digested in HBSS with calcium and magnesium (Gibco, 14025-092) supplemented with
20 units per mL papain (Worthington Biochemical LS003126) and 50 units per mL DNase
(Worthington Biochemical, LS002139) for single-cell sequencing experiments. For OPC
cluster sorting, tissue was digested in HBSS with calcium and magnesium (Gibco, 14025-
092) supplemented with 7.5-20 units per mL papain (Worthington Biochemical LS003126)
and 50 units per mL DNase (Worthington Biochemical, LS002139) or DMEM (Gibco,
11965-092) supplemented with 1mg/ml collagenase VIII (Sigma, C2139) and 50 units per
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mL DNase (Worthington Biochemical, LS002139). Tissue was digested at 37°C with
gentle shaking for 45 minutes, with trituration after every 15-minute interval to dissociate
the tissue. Following digestion, a 40% Percoll gradient (GE Healthcare, 17-0891-01) was
used to remove myelin and other debris from the samples. Resulting single-cell
suspensions from 4-5 mice were pooled for each sequencing sample and subsequently
stained for FACS sorting.

FACS sorting

For single-cell sequencing experiments, single-cell suspensions were stained for 30
minutes at room temperature with the following antibodies: O4-APC (04, 10uL/test,
Miltenyi, 130-095-891), CD11b-e450 (M1/70, 0.5 pL/test, eBioscience, 48-0112-82),
TER119-APC/Cy7 (TER-119, 1.25 ulL/test, Biolegend, 116223), PDGFRa-PE/Cy7
(APA5, 0.625 pL/test, Invitrogen, 25-1401-82), CD45-PerCP/Cy5.5 (30-F11, 0.5 uL/test,
eBioscience, 45-0451-82), and CD16/31 (93, 0.5 ulL/test, Invitrogen, 14-0161-82).
Viability was determined using Ghost Dye Violet 510 (0.5 yL/test, Tonbo biosciences, 13-
0870). Cells were sorted using a 16-color BD influx cell sorter. Cells sent for sequencing
were gated on live/singlets/TER119-/CD45-/CD11b-/YFP+. Following sorting, cells were
washed three times with 0.04% BSA and then processed for sequencing according to the

10x Genomics protocol.

For sorting of individual OPC clusters, single-cells suspensions were stained for 30
minutes with CD45-PerCP/Cy5.5 (30-F11, 0.5 pL/test, eBioscience 45-0451-82 or BD
Pharmingen 550994), CD16/31 (93, 0.5 pL/test, Invitrogen, 14-0161-82), Ghost Dye
Violet 510 (0.5 pL/test, Tonbo biosciences,13-0870), and an antibody against one of the
following: Decorin (20ug/test, Invitrogen, PA5-13538), Neurexin 1 (2ug/test, Invitrogen,
PA5-79764), or Aquaporin 1 (3ug/test, Invitrogen, PA5-78805). Samples were then
stained with Donkey anti-Rabbit 647 (0.2 ug/test, Jackson ImmunoResearch, 711-605-
152) or Donkey anti-Rabbit 647 (0.125 pg/test, Biolegend, 406414 ) for 30 minutes at room
temperature. Cells were sorted using a 16-color BD Influx cell sorter. All cells were gated

on Live/scatter/singlets/CD45-/YFP+ with an additional gate for Decorin+, Neurexin1+, or
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Aquaporin1+ cells. Following sorting, cells were spun down and stored at -80°C until RNA

extraction.

Single-Cell Sequencing and Analysis

Library Preparation and Sequencing

Samples were processed for single-cell sequencing according to manufacturer’s
instructions using the Chromium Next GEM Single-cell 3' Reagent Kit (10xGenomics) and
Chromium Controller (10xGenomics). Single-cell libraries were sequenced using the
NextSeq 500 Sequencing System (lllumina). Library preparation and sequencing was

completed by the Genome Analysis and Technology Core at the University of Virginia.

Quantification
All steps of the quantification process were performed with Cellranger. The fastq files for
the samples were quantified using the mkfastq utility, and were quantified against the

mm10 mouse genome with the count utility.

Pre-processing

We used Seurat for the single-cell analysis??23, and for each of the healthy brain datasets,
we followed the same procedure. First, we performed a QC step to identify and remove
cells that were potential outliers. This included removing potential multiplets (i.e., cells
that had clear outlier gene expression) and cells that had approximately ten percent or
more of mitochondrial gene expression (i.e., cells that were likely to have high technical
variation). After filtering out these suspect cells, we then normalized and log-transformed
the data (using the 'LogNormalize' method), regressed out unwanted sources of technical
variation (i.e., the number of detected molecules and mitochondrial contribution to gene

expression) %4, and scaled the counts.

Integration
To make comparative analyses possible between the healthy brain datasets, we
integrated the datasets with Seurat using the alignment strategy described previously??.

The first step was to select the genes to be used as the basis for the alignment. Here we
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took the union of the 1000 genes with highest variability in each of the datasets, and then
filtered this down to only those genes found in each of the datasets, giving us 2,285 genes
for the alignment. Next, we identified common sources of variation between the six
datasets (3 sequencing runs with 2 samples each) by running a canonical correlation
analysis (CCA) with the highly variable genes as features. By examining the strength of
the thirty calculated canonical correlations (CCs), we found that the first twelve CCs were
driving the variation between the datasets. We then aligned the subspaces % (i.e., the
first twelve CCs), giving us an integrated dataset with features on a common scale.

Analysis

We then used Seurat on the aligned dataset to identify eight clusters of cells, and then
used t-SNE to visualize the similarity between cells. Next, we assigned cell types to these
clusters based upon the expression of pre-defined marker genes, and then identified
cluster markers by finding the differentially expressed genes in one cluster compared to
all other clusters (one-vs-all). Using the gene markers for each cluster, we then used gene
set analysis (Fisher's exact test, as implemented in the clusterProfiler Bioconductor
package?®) to identify GO gene sets that were enriched. To better identify markers that
differentiated the three OPC clusters from each other, we excluded the other five non-
OPC clusters, and then compared each OPC cluster to the other two individually (one-
vs-all) and identified the differentially expressed genes. As before, we used these marker
genes to identify GO gene sets that were functionally enriched. All analyzed single-cell
sequencing data has been uploaded in a searchable database located at
http://165.22.7.10:3838/seurat_viewer/seurat_viewer_4.Rmd.

RNAscope

C57B/6J mice (8-10 weeks) from Jackson were anesthetized with pentobarbitol and
subsequently perfused with ice-cold 5 units/ml heparin in saline for approximately 1
minute. Brains were rapidly dissected, flash frozen in OCT (Fisher Healthcare, 4585), and
stored at -80°C until further processing. Frozen tissue was cut sagittally (15um),
immediately slide-mounted, allowed to dry for approximately 1 hour at -20°C and then

stored at -80°C. All tissue was used within three months of dissection.
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Tissue was processed using the RNAscope Fluorescent Multiplex Reagent Kit (Advanced
Cell Diagnostics, 320850) according to manufacturer’s instructions. Briefly, tissue was
fixed for 15 minutes in 10% buffered formalin (Fisher Scientific, 23-245685) at 4°C,
dehydrated, and then incubated in Protease IV (Advanced Cell Diagnostics, 320850) at
room temperature for 30 minutes. Target probes were hybridized to the tissue for 2 hours
at 40°C, followed by hybridization of AMP1-FL (30 minutes, 40°C), AMP2-FL (15 minutes,
40°C), AMP3-FL (30 minutes, 40°C), and AMP4-FL (15 minutes, 40°C). Samples were
counterstained with supplied DAPI or Hoechst 33342 (1:700, ThermoFisher Scientific,
H3570) and mounted on slides using ProLong Glass Antifade Mountant (ThermoFisher,
P36980). The following target probes were used: Olig?7 (Advanced Cell Diagnostics,
480651-C2), Olig2 (Advanced Cell Diagnostics, 447091-C2), Pdgfra (Advanced Cell
Diagnostics, 480661), Clusterin (Advanced Cell Diagnostics, 427891-C3), Gpr17
(Advanced Cell Diagnostics,318131-C3), Cspg4 (Advanced Cell Diagnostics, 404131),
Lumican (Advanced Cell Diagnostics, 480361-C3), RNAscope 3-plex Positive Control
Probes (Advanced Cell Diagnostics, 320881), and RNAscope 3-plex Negative Control
Probes (Advanced Cell Diagnostics, 320871). Sections were imaged using a Leica TCS

SP8 confocal microscope.

RNAscope Quantification

Following imaging, max projected confocal images were analyzed using CellProfiler
Software. RNA expression per cell was quantified using a modified version of a previously
published pipeline?8. Briefly, automated steps were used to draw nuclear masks and
subsequently quantify the number of RNA puncta from each channel that colocalized with
each nuclear mask. Threshold values for each channel were set based negative control
images. Automatic nuclear identification was reviewed and any nuclear mask that clearly
contained a large group of nuclei or was located on the edge of an image such that part
of the nuclei was not visible was excluded from further analysis. Cells were considered
positive for an OPC marker (Pdgfra, Cspg4, Olig1, or Olig2) if 4 or more puncta
colocalized with a particular nucleus to account for background in the assay?’. OPCs were

defined by the co-expression of two canonical OPC transcripts encoding for cell surface

10
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markers (Pdgfra or Cspg4) and oligolineage transcription factors (Olig7 or Olig2). The
number of transcripts of cluster markers Clu, Lum, or Gpr17 were recorded for each
identified OPC.

RT-gPCR

RNA was extracted from sorted cell populations using the ISOLATE Il RNA Micro Kit
(Bioline, BIO-52075). All isolated RNA was reverse transcribed using the SensiFAST
cDNA Synthesis Kit (Bioline, BIO-65054). RT-qgPCR was performed using the SensiFAST
Probe No-ROX Kit (Bioline, BIO-86005) and TagMan probes for Gapdh (ThermoFisher,
Mm99999915 g1), Olig? (ThermoFisher, Mm00497537_s1), Olig2 (ThermoFisher,
MmO01210556_m1), Pdgfra (ThermoFisher, MmO00440701_m1), and Cspg4
(ThermoFisher, MmM00507257_m1). Data was collected using the CFX384 Real-Time
System (Bio-rad).

RNA Flow Cytometry

Cells were isolated from the brains of C57B/6J mice (9-16 weeks, males) according to
the same protocol used for single-cell sequencing. Digestion buffer was comprised of
HBSS with calcium and magnesium (Gibco, 14025-092) supplemented with 10 units per
mL papain (Worthington Biochemical LS003126) and 50 units per mL DNase
(Worthington Biochemical, LS002139). Cells were stained with CD45-e450 (0.5 uL/test,
Invitrogen, 48-0451-82), CD16/31 (93, 0.5 ulL/test, Invitrogen, 14-0161-82), and Ghost
Dye Violet 510 (0.5 pL/test, Tonbo biosciences, 13-0870) for 20-30 minutes at room
temperature. Cells were subsequently processed for RNA staining according to
manufacturer’s instructions using the PrimeFlow RNA Assay Kit (ThermoFisher Scientific,
88-18005-204). Cells were incubated with probes targeting Olig2 (Affymetrix, VPFVKKV-
210), Gpr17 (Affymetrix, VPGZE6T-210), Clu (Affymetrix, VB10-3283998-210) and
Pdgfra (Affymetrix, VB6-3197712-210). A probe targeting Actb (Affymetrix, VB1-10350-
210) was used as a positive control to ensure good RNA quality. Samples were run using
a 16-color Life Technologies Attune Nxt flow cytometer and data was analyzed using

FlowdJo software.
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RESULTS

Validation of Inducible OPC Reporter Mouse Line

In order to selectively label oligodendrocyte progenitor cells (OPCs) in the adult mouse
brain with as little off-target labeling as possible, we utilized a PDGFRa-CrefR; R26-EYFP
mouse line®. Animals were injected with tamoxifen at 6 weeks of age to avoid labeling the
pool of OPCs that differentiate into oligodendrocytes during developmental myelination?8,
Two tamoxifen injections were sufficient to label the majority (93.56% * 1.98) of OPCs in
the brain (Supplemental Fig. 1A, C). Immunohistochemistry revealed that yellow
fluorescent protein positive cells (YFP+) following 2 tamoxifen injections were composed
of OPCs (81.5%; PDGFRa+/0Olig2+), mature oligodendrocytes (10.9%, PDGFRa-/Olig2+)
or other cell types not belonging to the canonical oligolineage (7.6%, PDGFRa-/Olig2- or
PDGFRa+/0lig2-), presumably endothelial cells, as they are also known to express
PDGFRa (Supplemental Fig. 1B,D)?°.

Isolation and Sequencing of YFP+ Cells

Whole brains, including the cerebellum but excluding the spinal cord, were collected from
adult PDGFRa-CrefR; R26-EYFP mice and processed into a single-cell suspension for
FACS. Four to five brains were pooled for each sample, and male and female brains were
processed separately to allow for analysis of potential sex differences in YFP+ cells
(Supplemental Fig. 2A). YFP+ cells were selected by gating on live cells while excluding
immune (CD45+) and red blood cells (TER119+), thus ensuring that the population of
YFP+ cells collected were viable and highly enriched (Supplemental Fig. 2B). YFP+ cells
were barcoded and prepared for single-cell sequencing using Next GEM reagents and
Chromium microfluidics supplied by 10x Genomics. Cell sorting and sequencing was
performed three independent times for a total of 6 independently sequenced samples.
Unbiased clustering of each independent run revealed overlap between distinct
sequencing runs and no clustering of cells driven by sequencing run alone (Supplemental
Fig. 3A). For all future analysis, all sequencing runs were combined to form one large

dataset.
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Profiling the Molecular Signature of OPCs in the Adult Brain

Unbiased clustering of sequenced cells using the Seurat package??? revealed that cells
sorted from PDGFRa-CrefR; R26-EYFP brains clustered into 8 distinct populations (Fig.
1A). Mature oligodendrocytes comprise one cluster, having potentially differentiated
following initial tamoxifen labeling of PDGFRa expressing progenitor cells. Also captured
in the sequencing were three cell-types outside the oligolineage that are known to either
express PDGFRa or come from PDGFRa expressing precursors, including fibroblasts,
endothelial cells, and 2 populations of pericytes?®-32. These clusters were identified by
expression of known cell type markers such as Igfbp6 and Fn1 (fibroblasts), Tek,
Pecam1, and Kdr (endothelial cells), as well as Rgs5, Pdgfrb, and Des (pericytes)33-3.
The remaining 3 clusters of cells (OPC1, OPC2, and OPC3) expressed at least 2 of the
5 canonical OPC markers Ptprz, PDGFRa, Olig1, Olig2, and Cspg4 (Fig. 1B). Importantly,
each OPC cluster of cells expressed a unique transcriptional signature distinct from the

gene expression in every other cluster (Fig. 1C).

In order to further investigate how these clusters of OPCs are distinct from one another,
we identified a significantly upregulated gene from each cluster that offered potential
indications of distinct functions of these subpopulations (Fig. 1D). OPC1 expressed high
levels of Clusterin, a secreted glycoprotein that can play either pro-apoptotic or anti-
apoptotic roles, depending on the splice variant that a cell expresses®-3°. OPC2
expressed high levels of Lumican, an extracellular matrix protein known to bind collagen
and play an important role in tissue healing*®42. OPC3 shows significant upregulation of
the G-protein coupled receptor Gpr17, the only currently known marker of molecular

diversity in OPCs, when compared to all other cell types sequenced (Fig. 1D)*344.

Lastly, in order to gain insight into how these subpopulations of OPCs potentially differ at
the functional level, we analyzed GO terms that were significantly upregulated in each
OPC cluster and were not shared with either of the other OPC clusters (Fig. 1E). OPCA1
showed unique upregulation in genes involved in ATP metabolic processes, cellular
respiration, and oxidative phosphorylation, including Chchd10, Mdh1, and Uqcrq. Genes

related to extracellular matrix organization, cytokine-mediated signaling pathways, and
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regulation of cell-cell adhesion were significantly upregulated in OPC2, and included
genes such as Mfap4, Ifitm2, and Lgals1. Lastly, OPC3 show unique upregulation in
genes involved in the positive regulation of neuron differentiation, synapse organization,
and cerebral cortex cell migration, including Stmn2, Pfn2, and Dcx (Supplemental Table
1).

In sum, our single sequencing data reveal three unique subpopulations of OPCs that
reside in the adult brain under homeostatic conditions and are suggestive of functional

diversity based on unique gene expression profile.

Sex Differences in OPCs

Since sex differences have been implicated in multiple types of glia including microglia
and astrocytes, we investigated whether OPCs isolated from male or female mice
exhibited significant transcriptional differences*>46. Interestingly, both males and female
cells were found in all 8 clusters, and the number of significantly different genes between
male and female cells in each cluster fell within the range of statistical noise (data not
shown). However, each cluster of OPCs did not have an equal distribution of cells from
males and females, with males exhibiting a higher frequency of cells in OPC1 and females
exhibiting a higher frequency of cells in OPC3. A relatively equivalent frequency was
found in OPC2 (Supplemental Fig. 3C). While this data indicates that no sex-specific
OPC signature found in the adult brain, the proportions of OPC subpopulations may be

sexually dimorphic.

In Vivo Validation of OPC Subpopulations

Since gene expression can be altered by tissue processing before sequencing®’, we
validated the expression of each OPC cluster marker using RNAscope in adult mouse
brain. OPCs were defined by the co-expression of two canonical OPC transcripts
encoding for cell surface markers (Pdgfra or Cspg4) and oligolineage transcription factors
(Olig1 or Olig2). Using a Cell Profiler pipeline to unbiasedly quantify RNA puncta
expression per cell?®, we subsequently quantified expression of each OPC cluster gene.
OPCs in both gray and white matter express a range of both Clusterin and Gpr17

transcripts, with a population of cells expressing little to no RNA for these markers, a
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population of cells showing medium expression, and a smaller population of cells
expressing very high levels of these transcripts (Fig 2A, C). Lumican, the marker for
OPC2, showed much lower expression in the brain, although we still observed some
OPCs expressing low levels of Lumican, and many OPCs expressing no observable
levels of Lumican (Fig 2B). We were therefore able to detect and validate, using the novel
selected cluster markers and canonical OPC genes, each cluster of OPCs in vivo.

Expression of Canonical Markers in OPC Clusters

While single-cell sequencing provides gene expression data on an individual cell basis,
its relatively shallow depth of sequencing can result in little to no detected expression of
genes with known low expression“®4°. In order to confirm that the 3 identified clusters of
OPCs express canonical OPC markers using a more sensitive method of gene detection,
we individually sorted each cluster of OPCs based on expression of cell surface proteins.
OPC1 was identified by expression of Aquaporin1 (Supplemental Fig 4A), OPC2 was
identified by expression of Decorin (Supplemental Fig. 4B), and OPC3 was identified by
expression of Neurexin1 (Supplemental Fig. 4C). Each cluster of OPCs was sorted by
FACS based on their co-expression of YFP and Aquaporin1 (for OPC1), Decorin (for
OPC2), and Neurexin1 (for OPC3) (Supplemental Fig. 4D). Expression of Olig1, Olig2,
Pdgfra, and Cspg4 was then determined by qPCR. While each cluster demonstrated
expression of at least 2 canonical OPC markers, each cluster demonstrated a unique
combination of each of these genes (Fig. 3A). For example, OPC1 expresses Olig1,
Olig2, and Pdgfra with relatively low expression of Cspg4, OPC3 expresses both Pdgfra
and Cspg4 with relatively low expression of Olig7 and Olig2, and OPC2 expresses all 4
canonical markers. Our results offer additional validation of canonical OPC marker

expression in the 3 clusters of adult OPCs identified by single-cell sequencing.

Clusterin and Gpr17 are exclusively expressed in OPC1 and OPC3 subsets

While both RNAscope and RT-qPCR of canonical OPC markers within each cluster have
demonstrated that these clusters of OPCs are expressed within the brain and belong to
the oligolineage, neither of these techniques have demonstrated that these markers

characterize clusters that are unique from one another. Using PrimeFlow, a technique
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that allows for the combination of cellular-resolution RNA detection with the multiplexing
capabilities of flow cytometry, we demonstrate that a subset of Olig2 expressing cells
express Clusterin (OPC1), and a mutually exclusive population expresses Gpr17 (OPC3),
with very few OPCs expressing detectable levels of both cluster markers (Fig 3. B,C).
While this does not rule out the possibility that an individual OPC might express genes
enriched in different clusters at different times, it does demonstrate that, at any given

point, genetic markers of these 2 clusters of OPCs largely do not overlap.
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Discussion

With the development of novel tools that allow for the analysis of tissue at single-cell
resolution, interest has surged in outlining how cell-types that express the same canonical
cell type markers may represent more diverse subpopulations than previously thought®%-
54, Here, we demonstrate that OPCs from the adult brain cluster into three distinct

subpopulations characterized by a transcriptional signature and Gene Ontology profile.

A small number of studies have investigated the transcriptional profiles of OPCs present
during development and have described relatively little transcriptional diversity. Marques
and colleagues transcriptionally profiled oligolineage cells from both juvenile and adult
brains and, while mature oligodendrocytes clustered into seven subpopulations, their data
indicated one population of progenitor cells®. However, their population of sequenced
OPCs was relatively small (approximately 300 cells) and the maijority of their OPCs came
from juvenile animals®. A more recent study from the same group characterized the
transcriptional profiles of OPCs from E13.5, E17.5, and P7 mice and found three clusters
of OPCs that shared similar transcriptional signatures, but clustered by the age of the
cells, and one cluster of cycling OPCs®. From this data, they concluded that, during
development, the three known waves of developmental OPCs converge into a
transcriptionally homogenous group of OPCs by P7. Importantly, this sequencing dataset
only profiles prenatal and early postnatal OPCs, a time window in which OPCs are
preparing to generate a large population of mature oligodendrocytes to support the
developmental myelination that occurs during early postnatal timepoints?®. Therefore, it
is likely that OPCs during this early stage of development may represent a relatively
homogenous population of progenitors destined to give rise to myelinating glia®.
However, following developmental myelination, oligodendrocytes represent a relatively
stable population that require minimal replacement, yet OPCs continue to represent
approximately 5% of cells in the adult brain and tile every brain region®%5, It is therefore
reasonable to hypothesize that as the CNS matures, and no longer requires the
production of large numbers of mature oligodendrocytes, OPCs may develop diverse
transcriptional repertoires, as demonstrated here, to perform alternative functions

throughout adulthood. Indeed, recent data from Spitzer and colleagues demonstrated that
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OPCs throughout the brain express a diverse array of electrophysiological properties and
ion channels and that these characteristics become more diverse with age'3. Additionally,
data obtained from zebrafish has demonstrated that OPCs can be categorized into two
functionally distinct subpopulations that demonstrate different calcium dynamics®S.
Interestingly, one population of OPCs was found to rarely differentiate in vivo, although
these cells maintained their differentiation capacity, indicating that the main functions of
this population of OPCs is likely something other than serving as a progenitor pool for
mature oligodendrocytes®®.

Our in-depth analysis of canonical OPC marker expression in each OPC cluster
surprisingly indicated that both OPC1 and OPC3 expressed a unique subset of common
OPC markers. While PDGFRa, CSPG4, Olig1, and Olig2 have historically all been
thought to be expressed in the vast majority of OPCs®/, recent data from zebrafish
indicates that approximately 80% of gray-matter OPCs and 30% of white matter OPCs
express Cspg4 transcripts®®. This differential expression of canonical OPC markers may
indicate that OPCs can express a unique array of OPC genes based on their function,
and canonical OPC markers may not be as critical to OPC functioning as previously
thought. This idea is supported by the recent description of the development and

differentiation of a PDGFRa-independent subpopulation of OPCs®.

It is also important to note that both sequencing studies previously mentioned utilized
different mouse lines to identify OPCs than the PDGFRa-CrefR; R26-EYFP used in this
study, which may have also contributed to the difference between our dataset and the
previous observations of a homogenous population of OPCs. Excitingly, recent
sequencing data from human Alzheimer's disease patients and healthy controls
demonstrated that healthy controls have three subpopulations of OPCs, and that one of
these populations expressed high levels of Clusterin, one of the genes we identified as
significantly upregulated in OPC15°. Additionally, single-cell sequencing data from human
patients at fetal, adolescent, and adult timepoints reveal multiple transcriptionally distinct
populations of oligo-lineage cells that largely clustered based on the age of the patient®®.

The addition of our study to the previously published datasets, detailing the transcriptional
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profile of developmental OPCs will provide the field with a better understanding of how
OPCs might change as the brain matures. Indeed, our works highlights how the function

of OPCs might shift as development ends and the brain enters adulthood.

Many of the differentially expressed genes and related biological processes found in each
OPC cluster complement emerging literature that indicates non-canonical roles for OPCs
during homeostasis, and a more active role of this cell type in multiple diseases. For
example, OPC1 expresses high levels of Clusterin, a gene known to be upregulated in
both Alzheimer's disease and multiple sclerosis (MS)®'62, OPCs have recently been
shown to potentially play an active role in the pathology of MS and have been implicated
in the progression of Alzheimer's disease'”?%83, Given these associations with
Alzheimer’s disease and MS, and the known role of clusterin in multiple CNS pathologies,
interrogating the functions of this cluster of OPCs may be particularly important in
revealing novel ways OPCs help maintain homeostasis and how they subsequently may

be playing an active role in contributing to or protecting against CNS pathology®3-6.

OPC2 shows particular enrichment of Lumican, an important extracellular matrix
component and potent modulator of multiple signaling pathways*'’. In addition to
Lumican, multiple other proteins involved in extracellular matrix organization, a role
already attributed to OPCs, are particularly enriched in this cluster®®70. Intriguingly,
Lumican is known to be involved in the recruitment of immune cells and the regulation of
cellular infiltration of tissue’'74. This cluster showed significant upregulation of genes
related to cytokine mediated signaling, consistent with recent papers indicating that OPCs
may be playing an active role in regulating the immune system, interrogating the function
and transcriptional signature of this cluster of OPCs may further elucidate how OPCs may
be interacting with the immune system and modulating the CNS environment to affect

neuronal behavior and function6.17.20.63,

OPC3 shows significant upregulation of the G-protein coupled receptor Gpr17 (Fig. 1D).
Importantly, Gpr17 is the only documented marker of molecular diversity in OPCs

described to date and is only found in one cluster of OPCs in our dataset*344. This cluster
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shows unique upregulation of genes related to neuronal differentiation and synapse
organization (Fig. 1E). These processes are particularly intriguing given that OPCs are
the only known glial cell to form canonical synapses with neurons, and have recently been
shown to be critical in regulating circuit formation during development'?75. Birey and
colleagues demonstrated that ablating OPCs significantly altered neuronal function and
resulted in depressive and anxiety-like behavior'. It still remains to be seen if this effect
of OPC loss on neuronal function is mediated through another cell type. Yet those studies,
coupled with the sequencing data described here, makes investigation of this
subpopulation of OPCs crucial in understanding how OPCs are directly influencing

neuronal health, circuit functioning and formation, and overall behavioral outcomes.

While we describe the transcriptional profile of OPCs during homeostasis, it is important
to note that understanding the role of OPCs in the healthy brain will provide a necessary
foundation for examining any protective or detrimental novel functions in desease
pathology. Previous work has demonstrated that OPCs exhibit significant transcriptional
heterogeneity and disease-associated signatures in models of multiple sclerosis and
cerebral ischemia, and showed significant transcriptional changes in human Alzheimer’s

disease patients'85°.76,

We believe that the work presented here provides a critical foundation and basis for the
investigation of non-canonical roles of OPCs This dataset will not only assist the field in
discovering novel roles for OPCs in both health and disease, but can also offer potential
mechanistic explanations for intriguing phenotypes observed in OPC deletion

paradigms4-17.
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FIGURE LEGENDS

Figure 1: Adult OPCs cluster in three distinct subpopulations. (A) tSNE plot of all
sequenced cells isolated from PDGFRa-CreER reporter brains. Clusters were labeled
with cell-type classifications based on expression of common cell-type markers. N=3
independent experiments, n=6 samples. (B) Violin plots depicting expression of
common OPC markers in each cluster. Each dot represents a cell. Expression value is
plotted on the y-axis. (C) Heatmap depicting the scaled and log-normalized expression
values of the top 10 most highly enriched genes in each cluster. (D) Cell-specific
expression of markers used for cluster validation including clusterin (OPC1), lumican
(OPC2), and Gpr17 (OPC3) overlaid on tSNE map. (E) Significant GO terms uniquely

upregulated in one OPC cluster compared to the other two OPC clusters. PC=Pericytes.

Figure 2: In vivo OPC expression of cluster markers clusterin, lumican, and
GPR17. (A) RNAscope expression of Pdgfra (red), Olig1 (green), Clu (white), and
Hoechst (blue). Quantification of the number of Clu transcripts in individual OPCs. Data
plotted as a histogram of Clu expression in OPCs with a bin width of 10 transcripts. N=2
individual experiments, n=4 samples, with a total of 205 OPCs quantified. (B)
RNAscope expression of Pdgfra (red), Olig2 (green), Lum (white), and DAPI (blue).
Quantification of the number of Lum transcripts in individual OPCs. Data plotted as a
histogram of Lum expression in OPCs with a bin width of 2 transcripts. N=3 individual
experiments, n=4 samples, with a total of 205 OPCs quantified. (C) RNAscope
expression of Pdgfra (red), Olig2 (green), Gpr17 (white), and Hoechst (blue).
Quantification of the Gpr17 expression in OPCs with a bin width of 5 transcripts. N=3
individual experiments, n=4 samples, with a total of 247 OPCs quantified. In all
RNAscope experiments, OPCs were identified as cells co-expressing an OPC surface
marker (Pdgfra or Cspg4) and an oligolineage transcription factor (Olig1 or Olig2). Each
sample includes quantification of marker expression from the cortex, hippocampus,
corpus callosum, and cerebellum. Scale bar = 10uM
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Figure 3: OPC clusters express multiple canonical OPC markers, but do not
express markers of multiple clusters. (A) gPCR relative quantification of canonical
OPC markers Olig1, Olig2, Pdgfra, and Cspg4 in OPC1 (YFP+/AQP1+), OPC2
(YFP+/DCN+), OPC3 (YFP+/NRXN1+), and all YFP+ cells. Values plotted are the 2-24C4
relative to the average ACq in all YFP+ cells. N=4 independent experiments, n=4
samples per group. (B) Representative PrimeFlow gating of brain cells stained for CD45
protein and Clu, Gpr17, Pdgfra, and Olig2 RNA. (C) Quantification of Live/CD45-/Olig2+
cells that express Clu alone, Gpr17 alone, or both Clusterin and Gpr17. N=2 individual
experiments, n=9 samples. Analyzed using one-way repeated measures ANOVA.
****n<0.0001, *p<0.05. Error bars represent SEM.

Supplemental Figure 1: Validation of PDGFRa-CrefR; R26-EYFP reporter mouse.
(A) Timeline of tamoxifen injections and tissue harvest used to validate YFP expression
in OPCs and titrate optimal tamoxifen dosing paradigm. (B) Immunofluorescence of
PDGFRa (red), Olig2 (blue), and YFP (green) in PDGFRa-CrefR; R26-eYFP mice
receiving no tamoxifen injections (- Tamoxifen) or 2 tamoxifen injections (+Tamoxifen).
Arrows represent OPCs expressing YFP and arrowheads represent OPCs lacking YFP
expression. Scale bar = 30uM. (C) Percentage of OPCs (PDGFRa+/Olig2+) that also
express YFP following 0, 1, 2, or 3 tamoxifen injections. N=3 independent experiments,
n=2-3 per group. Error bars represent SEM. (D) Proportion of YFP+ cells identified as
OPCs (PDGFRa+/0lig2+), Oligodendrocytes (OLG, PDGFRa-/Olig2+), or neither of
these cell types (Other, PDGFRa+/0lig2- or PDGFRa-/Olig2-) following 2 tamoxifen
injections. N=2 independent experiments, n=3 samples. Data quantified in (C) and (D)

include images from the prefrontal cortex, hippocampus, and corpus callosum.

Supplemental Figure 2: Isolation of YFP+ cells from PDGFRa-creERT2 x YFP
brains for sequencing. (A) Experimental strategy used for the isolation and single-cell
sequencing of cells analyzed in Figure 1. (B) Gating strategy for YFP+ cell sorting

following Live/Scatter/Singlet gating.
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Supplemental Figure 3: (A) tSNE map depicting cell clusters colored by sequencing
run. (B) tSNE map depicting cell clusters colored by sequencing sex. (C) Percent of
male and female cells that fall within each cluster. Each bar represents the percentage

of all male (blue) or female (red) cells sequenced.

Supplemental Figure 4: Isolation of Specific OPC clusters. Expression of genes
used to sort out individual OPC clusters including Aquaporin1 (A), Decorin (B), and
Neurexin 1 (C) overlaid on tSNE map. (D) Gating strategy used to isolate OPC1
(YFP+/AQP1+), OPC2 (YFP+/DCN+), and OPC3 (YFP+/NRXN1+) clusters from brains
of PDGFRa-creERT2 x YFP mice.

Supplemental Table 1: Most highly enriched genes in each OPC cluster. Top 60
most highly enriched genes in each OPC cluster. Log-fold change is calculated based

on comparison to all sequenced cells.
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Supplemental Table 1: 60 most highly enriched genes in each OPC cluster

OPC1 OPC2

Gene [Average log-Fold Change|Adjusted p-value| Gene |[Average log-Fold Change|Adjusted p-value
Ttr 3.901936032 1.39E-211 Dcn 4.252957397 1.09E-198
Chchd10 2.793180871 2.60E-290 Sppl 3.151773765 4.74E-126
Mt3 2.724969741 1.96E-292 Apod 3.122033317 5.75E-68
Enpp2 2.571921705 2.71E-204 Lum 2.920359913 0
2900040C( 2.39207625 0 Nuprl 2.518673563 7.77E-126
Clu 2.264515279 6.72E-253 1tih5 2.42278495 2.22E-125
Calml4 2.058906776 0 Gsn 2.38442152 1.71E-38
Sostdcl 2.020727096 0 Slc6al3 2.381802092 1.47E-202
Folrl 2.019371041 0 5100a6 2.27243541 3.52E-88
Ppplrlb 1.959986814 0 Serpingl 2.270938358 2.50E-164
Atp5gl 1.939614649 1.59E-195 Cebpd 2.09527536 4.77E-51
Spint2 1.848225166 4.48E-289 Cxcll 2.065038645 1.11E-62
Clice 1.812397865 0 Serpinfl 2.052267702 8.01E-154
Fxyd1 1.767568793 5.21E-225 Bgn 1.968865735 4.59E-100
Pcp4 1.764162682 1.60E-259 Ccl2 1.934917354 6.65E-27
Ldhb 1.728069974 5.86E-179 Pcolce 1.929435744 1.64E-84
Kenj13 1.71251155 0 Igfbp4 1.915877508 2.88E-99
Igfbp2 1.704417232 3.36E-214 Crispld2 1.902692084 4.72E-161
Kl 1.698103936 0 Mfap4 1.89024342 5.01E-145
15000150 1.676022595 4.62E-181 Collal 1.888933325 3.06E-122
Mdh1 1.637387195 2.55E-176 OlfmlI3 1.886209696 1.82E-145
Usmg5 1.601343139 9.60E-165 Tgfbi 1.869526186 5.20E-91
Hemk1 1.585765071 9.57E-280 Inmt 1.862681344 1.87E-161
2010107E( 1.520242307 2.62E-164 Cfh 1.807268101 4.01E-119
Ndufad 1.47924378 2.28E-174 Prelp 1.797285855 2.05E-90
Cab39l 1.478976831 5.50E-224 Colec12 1.786707656 3.05E-233
Cox7b 1.472849883 1.36E-142 Snhgl1 1.784827073 2.46E-80
Ndufal 1.453224181 2.92E-169 Phldal 1.752012615 2.97E-45
Prdx5 1.43900941 5.71E-148 Colla2 1.719805726 3.34E-99
Kcne2 1.422483955 1.86E-280 Edn3 1.713609982 4.65E-101
Rdh5 1.396015593 5.04E-235 Clec3b 1.711411884 1.20E-152
Cox8a 1.385264622 2.91E-172 Cebpb 1.67832069 5.95E-60
Atp50.1 1.369420193 1.93E-137 Pdgfra 1.676853276 4.21E-124
Defb11 1.346478016 3.31E-268 Col3al 1.663723837 3.18E-151
Elob 1.334404966 2.26E-119 Pam 1.630222477 2.28E-40
Atp5I 1.329250494 1.91E-157 Cp 1.56678805 1.23E-94
Cox8b 1.321240543 1.22E-129 Atpla2 1.565695244 4.48E-77
Pgkl 1.287659797 5.47E-131 Slc7all 1.563075655 1.29E-131
Enol 1.267669202 1.15E-129 Aldhlal 1.538907037 1.85E-87
Uqcrl0 1.266134585 3.22E-132 Empl 1.529993226 2.26E-127
Col9a3 1.26501598 4.20€E-179 Timp3 1.523532559 3.22E-50
Prr32 1.258835547 8.10E-266 Col15a1 1.50818889 7.56E-186
Apoo 1.254842615 4.38E-186 Rcn3 1.504084849 3.24E-99
Atp5e 1.251780641 3.18E-147 Cemip 1.48611691 7.25E-206
Ndufall 1.249092075 3.86E-130 Rarres2 1.485122141 1.13E-115
Gm17018 1.248333101 1.86E-174 Lgalsl 1.484761019 3.33E-61
Slc22a17 1.241501397 1.21E-123 Lrpl 1.444164737 6.68E-67
Uqerll 1.233919971 1.50E-146 Ifitm2 1.431830833 8.33E-59
Gm19935 1.200990521 9.71E-228 Selenbpl 1.426342744 4.89E-105
Atp5g3 1.190597538 2.34E-117 Vcam1l 1.413353519 1.09E-64
Cox6b2 1.182789456 8.63E-144 Coch 1.410260543 3.38E-34
Ndufv3 1.177414583 5.26E-114 Fam180a 1.401458771 3.01E-133
Arl6ipl 1.16162565 6.83E-122 Fgfrl 1.382914159 2.09E-91
Smim22 1.145726157 2.07E-223 Efempl 1.352639996 3.01E-73
Uqcrb 1.144378814 1.17€-131 Fmod 1.345067247 7.23E-25
Tomm?7 1.138348472 2.61E-123 Ctsl 1.323685493 2.25E-49
Mrps6 1.137522633 8.98E-117 Fxyd6 1.319889862 4.67E-108
Uqcrq 1.133283778 7.00E-124 Pi16 1.312526424 5.81E-51
Cox6c 1.131404933 6.48E-155 Hsd11b1 1.301203659 5.34E-139
Ndufcl 1.113267686 1.95E-106 Ctgf 1.300934467 1.64E-54

OPC3

Gene |Average log-Fold Change|Adjusted p-value|
Tubb2b 2.750565175 1.13E-87
Meg3 2.602122331 1.06E-62
Nnat 2.556147402 2.65E-157
Rtnl 2.382934212 1.24E-141
Fabp7 2.354098293 1.44E-43
Tubb3 2.282059611 6.14E-46
Sox11 2.185063854 2.93E-201
Gpr37I1 2.083066838 1.33E-88
Sox4 2.029870653 7.05E-47
Cend2 2.009175142 7.15E-23
Hmgn2 1.92825696 4.58E-11
Aldoc 1.927535012 0.00014405
Stmn2 1.901991561 2.40E-48
Tubb5 1.8965387 2.15E-09
Igfbpll 1.893778194 3.76E-148
Baspl 1.887128477 1.32E-158
Marcksl|1 1.867880033 3.90E-33
Meis2 1.848086406 4.68E-85
Cspg5 1.816439793 2.51E-30
Gm3764 1.80509589 1.65E-215
Ptprzl 1.794272071 2.52E-139
Cd24a 1.778222317 3.43E-54
Npy 1.751498349 5.65E-18
Tmsb10 1.671805939 6.82E-07
Slcla3 1.656525106 3.35E-13
Pfn2 1.648676252 2.41E-18
Hmgb2 1.640339073 3.51E-06
Tubala 1.612592012 8.78E-18
6330403K({ 1.598197332 5.36E-165
Hnl 1.5648415 5.21E-51
Stmn3 1.553419811 9.54E-119
Xist 1.53791178 2.02E-20
Marcks 1.535567979 1.94E-41
Celf2 1.453888057 1.64E-53
Ncam1 1.440159861 3.71E-32
Gria2 1.435714131 4.29E-97
Dcx 1.431714375 3.47E-153
Bcan 1411910932 2.11E-88
Ntm 1.409112141 7.97E-36
Bex2 1.362657375 7.83E-53
Ppplrldb 1.354476429 8.06E-40
Nrxn3 1.349102596 2.44E-169
DIx6os1 1.347692313 2.14E-128
Hnrnpal 1.336328025 9.44E-15
Celf4 1.290826736 7.40E-52
Gm17750 1.28394324 3.29E-55
Fxyd6 1.261125923 3.97E-75
Pbx1 1.258544066 8.61E-18
Hmgb3 1.251227119 6.25E-41
Nsgl 1.237314062 5.41E-56
Dix1 1.228051311 8.93E-139
Gpm6a 1.22434178 7.25E-28
Matn4 1.209209052 2.09E-06
H2afz 1.206116964 5.21E-05
Serpine2 1.187037209 0.000252198
Gm1673 1.182518192 5.71E-25
Histlh2ap 1.177457478 7.62E-30
Map1lb 1.168622439 6.72E-09
Clqgll 1.155220203 5.50E-36
DIx2 1.14996757 8.06E-112
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